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ABSTRACT

In this thesis the structural properties of solid ionic 
halides and in particular several classes of fluorite 
structured materials have been investigated. The systems 
studied include: rare-earth fluorides and the anion excess 
alkaline earth fluorides, perovskite and elpasolite 
structured halides. The aim of this work is to understand 
and investigate:
1) The complex defect structures of the CaF2 - (Ln)F3

systems where Ln = La, Er and Nd. Chapter 3 of this
thesis determines the effects of ageing (investigated 
by annealing samples at high temperatures for 
variable times) and dopant ion radius on the defect 
structures of the solid solutions of composition 95- 
50 mole per cent CaF2-(Ln)F3. The prepared and 
annealed compounds of all the three systems where 
characterized by X-ray powder diffraction.

2) The anion disorder of the perovskite fluoride KCaF3.
Chapter 4 describes a series of experiments using 
single crystal neutron diffraction on the D9 
diffractometer at the ILL. The aim is to identify 
the nature and concentration of these defects, as has 
been achieved using single crystal neutron techniques 
for the high temperature superionic fluorites. This 
experiment therefore has offered an excellent 
opportunity to investigate a simple member of a



potentially larger and important class of high 
temperature superionics.

3) Several elpasolite structured halides, of general 
formula A2BReX6 (where A and B are monovalent ions 
and Re is a rare-earth cation). We present in 
Chapter 5 a study of several members of the A2BReX6 
system which have been investigated by High 
Resolution X-ray Diffraction using the synchrotron 
radiation source at the Daresbury Laboratory. This 
work provides a basis for the further systematic 
investigation of these systems.
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Introduction

In this thesis we investigate the structural properties of 
a number of compounds which are chemically and structurally 
related to, or are themselves, good ionic conductors. This 
rapidly expanding field of solid state science has led to 
major new areas of scientific research and many 
applications in modern technology.

Solids which exhibit high ionic conductivities comparable 
to those of molten salts, are an important class of 
materials with a number of possible applications in 
technological systems ranging from high-energy-density 
batteries to lasers [1]. Consequently the investigation of 
these solids which are termed "solid electrolytes" or 
"fast-ion conductors" or "superionic conductors" is 
currently one of the most active areas of scientific 
research. The interest in this field is reflected in the 
numerous studies reported in review articles [2-5]. Among 
solid electrolytes, fast fluorine ion conductors 
particularly, have become a research field of growing 
importance. Materials with very good electrical 
performances have been prepared in this work with 
particular emphasis on fluorite-type materials. Solids 
with the fluorite structure are chosen because they are 
good models for superionic materials due to their relative 
structural simplicity and availability as large single 
crystals. Such materials have useful applications in
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thermodynamic measurements, specific electrodes, solid- 
state batteries, electrochromic devices, gas sensors etc.

The performance of electrolytic oxides such as those 
derived from Zr02 with CaF2-type structure, whose 
conduction is due to 02“ migration, is only good at high 
temperatures (t>600°C) [6-8]. In contrast, isostructural 
fluorides have a significant anionic conduction at 
relatively low temperatures [9]. This property is 
obviously a consequence of the higher mobility of F” as a 
result of smaller size, but even more of lower electric 
charge and less covalent bonding. As a consequence, 
fluorides can be predicted to be the best anionic 
conductors. The hope therefore of discovering a suitable 
solid with a high F~ ion conductivity is not beyond reach. 
Furthermore, these materials are very often electronic 
insulators, an essential property for their use as 
electrolytes in electrochemical batteries [10-12].

An essential feature is the role which defects play in 
determining the macroscopic properties of technologically 
important materials. Knowledge of the nature and behaviour 
of defects is vital in order to gain detailed understanding 
of solid state phenomena in Chemistry, Physics, Metallurgy, 
Geology and in the production of catalysts, ceramics, 
semiconductor components and solid electrolytes.



The mechanisms affecting ion transport are almost 
invariably associated with point defects [13]. In addition 
to these thermally produced defects, other point defects 
can be formed by incorporation of aliovalent impurities in 
the crystal. Charge compensation requires the generation 
of extrinsic defects to preserve overall electrical 
neutrality. For instance, trivalent cations in alkaline- 
earth fluorides can produce F” interstitials, whereas 
monovalent cations produce F” vacancies. Fluorine ion 
vacancies can also result from the presence of divalent 
anions such as oxygen. Ionic diffusion in solids usually 
proceeds by the motion of these defects within the lattice 
[14].

The introduction of both experimental and theoretical 
techniques together with major development in existing 
methods have greatly increased the understanding of the 
defective solid state in the last decade.

The structural properties of solid ionic halides and in 
particular several classes of fluorite structured materials 
have been investigated. The systems studied include: rare- 
earth fluorides and the anion excess alkaline earth 
fluorides, perovskite and elpasolite structured halides.

The aim of this work is to understand and investigate:
1) The complex defect structures of the CaF2-(Ln)F3  

systems where Ln=La, Er and Nd. Interest in these systems
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(or, more precisely, in Ca1-xLnxF2+x solid solutions with 
the fluorite structure type) grew after Goldschmidt [15] 
proposed a scheme of heterovalent isomorphous substitutions 
of Ca2+ by Ln3+ in the fluorite structure type. This 
scheme envisaged valency compensation by additional 
interstitial fluoride ions in the centres of the empty 
cubes of the fluorite structure and offered a basis for the 
isolation of a new type of "isomorphism with the occupation 
of space" in ionic crystals. Furthermore, interest in 
these systems has been stimulated by the use of their 
phases to produce laser materials [16-22], converters of 
infrared quanta to visible light [23-32], photochromic 
materials [33,34], thin-film capacitors [35,36] etc.

Many authors have investigated the phase equilibria between 
alkaline-earth fluorides and rare-earth trifluorides 
[23,37-44]; in particular, the BaF2-RF3 [43] and CaF2-RF3 
[41] systems have been exhaustively examined by Sobolev and 
his co-workers. Despite intensive investigations of these 
classic disordered solid phases, there remain several 
puzzles in understanding their complex defect structures. 
Early work using both neutron diffraction [45] and computer 
modelling methods [46] supported the formation of 
dopant/interstitial dim ers and trim ers in systems 
containing 5-10 mole per cent of the trivalent ion 
dissolved substitutionally in the fluorite structured host.



More recent work [47] has proposed more complex structures, 
in particular the cubo-octahedral structure containing 6 
dopant ions. Computer modelling studies [48] have 
suggested that the relative stability of the different 
cluster types depends on the radius of the dopant ion, with 
clusters of the 2:2:2 and 4:3:2 type being stable for the 
larger dopant ions (e.g. La3+) and the cubo-octahedral 
aggregates having greater stability for the smaller dopant 
ions (e.g. Y3+, Er3+). These predictions have been 
supported by EXAFS studies [49], and by recent single 
crystal neutron diffraction work [50,51].

Chapter 3 of this thesis determines the effects of ageing 
(investigated by annealing samples at high temperatures for 
variable times) and dopant ion radius on the defect 
structure of the solid solutions 95-50 mole per cent CaF2“ 
(Ln)F3 where Ln=La, Er and Nd. The possible importance of 
temperature effects has been highlighted by conductivity 
work [52], whilst a preliminary X-ray diffraction study 
undertaken at University College London has suggested that 
ageing may lead to substantial effects on the cluster 
structures, as would be expected in view of the very low 
dopant ion diffusion coefficients.

The prepared and annealed compounds of all the three 
systems under investigation w ere characterized by X-ray 
diffraction at the Chemistry Department of the University 
of Keele.
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2) The anion disorder of the perovskite fluoride KCaF^• 
Perovskite Fluorides, ABF^ (A = alkali metal, B = divalent 
cation) have invoked considerable interest following the 
suggestion [53] that the perovskite structure is conduc ive 
to fast anion conduction. In this context it was noted 
that high pressure MgSiO^ has a distorted perovskite 
structure; fast ion conduction in this material, which is 
thought to be a major constituent of the earth's inner 
mantle could have important geophysical implications.
Indeed fast-ion motion has been claimed in NaMgF^ [53], 
however, more recent work [54] did not show the phenomenon 
to be present in NaMgF^ and KMgF^. There is good evidence 
for high temperature fast ion conduction in KCaF^ [54] and 
CsPbF^ [55] suggesting that the nature of the B ion plays 
an important role in transport. At low temperatures the 
mobile defect is the F” vacancy [54]. However, little is 
known about the defect structures.

The general aim of this experiment dealt with in Chapter 4 
of this thesis is to identify the nature and concentration 
of these defects, as has been achieved using single crystal 
neutron techniques for the high temperature superionic 
fluorites [56]. The high temperature defect structure was 
identified in single crystal neutron diffraction 
experiments on the D9 diffractometer at the ILL. This 
experiment therefore has offered an excellent opportunity 
to investigate a simple member of a potentially larger and 
important class of high temperature superionics.
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3) Several elpasolite structured halides, of general 
formula A^BReX^ (where A and B are monovalent ions and Re2 o
is a rare-earth cation). These materials, are known to be
good fluoride ion conductors [57] with a perovskite related
structure. Several members of this class of materials
undergo a number of phase transitions involving distortion
of the ReXg octahedra. The majority of the compounds
A nBReF, and A-BReCl., crystallise with the elpasolite 2. o 2 o 5structure of space group 0^ [58] and are of great
interest. Only a very small number of insulating rare-
earth compounds with cubic point symmetry are known (mainly
spinels and divalent fluorites RF2) and the present
isostructural series provides a basis for the systematic
study of the effect of changing the rare-earth ion. The
symmetry is the same as in previously examined rock-salt
structures for which physical phenomena associated with
crystal field effects have been very satisfactorily
explained using theoretical models. There have been
several studies of the crystallographic [58-62], optical
[63,64], magnetic [65-67], and spectroscopic [68,69]
properties of these classes of compounds. The main theme
of Chapter 5 of this thesis is concerned with the
structural studies of several members of the A.BReX^2 6
system which have been investigated by High Resolution X- 
ray Diffraction using the synchrotron radiation source at 
the Daresbury Laboratory. Furthermore, this work provides 
a basis for the further systematic investigation of these 
systems.
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CHAPTER 1
STRUCTURAL CONSIDERATIONS OF IONIC CRYSTALS

1.1 Nature and Occurrence of Point Defects 
A crystal is a regularly repeating three dimensional array 
of atoms or ions or molecules. Ionic crystals, however, 
consist of arrays of different charged ions which are 
attracted together mainly by electrostatic forces. These 
ions rearrange themselves in a manner such that the 
coulombic attractions of oppositely charged ions overcome 
the repulsion of like ions. Once the centres of these 
oppositely charged ions come within a certain close 
proximity, the repulsive overlap of the outer of the 
electron clouds reaches equilibrium with the electrostatic 
attractive forces and a stable crystal structure is formed.

An important group of ionic solids with the formula MF2 
crystallize in what is known as the fluorite structure 
(section 1.2.2). The structure of the fluorite lattice is 
shown in Figure (1.1). In a compound MF2 each anion is 
surrounded by four cations disposed tetrahedrally, whereas 
each cation is surrounded by eight anions at the corners of 
a cube [70]. The lattice can be described as a simple 
cubic array of anions with a cation at every alternate 
cubic centre.
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FIG. LI: THE STRUCTURE OF THE FLUORITE MF2  

LATTICE. O  F~ anions, £  cations.
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A perfect lattice such as that described above in which 
each ion occupies the site assigned to it on the basis of 
the crystal structure and where none of these sites is 
empty, does not exist at temperatures above absolute zero. 
In real crystals the lattice will deviate to some extent 
from the ideal lattice, not only disturbed by thermal 
atomic vibrations but also by the appearance of lattice 
imperfections. Important among other lattice imperfections 
present in solids are:

a) gross defects
b) point defects.

The gross defects extend over many interatomic distances 
where the regular infinite array of the perfect lattice 
breaks down. They can be classified as: line defects (e.g. 
dislocations), plane defects (e.g. grain boundaries, shear 
structures, surfaces) and volume defects (e.g. voids, 
inclusions of second phase). Gross defects are of a non
equilibrium nature in the sense that they cannot exist in 
measurable concentrations as thermodynamically stable 
imperfections. Of particular importance are the
dislocations as they may play an important role in
determining many of the physical properties of the 
crystals. However, in well annealed single crystals they 
would have negligible effect on the lattice diffusion, 
except at the low temperatures.

We shall be concerned here with the so-called point- 
defects. i.e. those of atomic size. Impurity atoms taking
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the place of normal atoms or in interstitial positions of 
the lattice are examples of point defects. Intrinsic point 
defects are spontaneously produced in a crystal at non-zero 
temperatures when atoms leave their normal lattice sites to 
occupy some other places as a result of thermal agitation. 
The two most important types of intrinsic point defects are 
vacant lattice sites or vacancies and atoms placed in sites 
that are normally not occupied, so called interstitials.

Intrinsic defects occur in all crystalline solids and in 
ionic crystals these defects in general carry an effective 
electric charge. Thus, defects of one kind would leave the 
crystal charged or would produce high electric fields 
between the interior and the surface of the crystal. 
Consequently, positive and negative charged defects must be 
produced in the different sublattices in quantities that 
guarantee charge neutrality.

1.2 Defects in Solid Fluorides
1.2.1 Introduction
Many of the important properties of crystalline solids are 
controlled by defects. For example, transport properties 
(electrical conductivity and diffusion) are due to the 
migration of point defects [14,71]. Furthermore the 
thermodynamic and mechanical behaviour of solids arises as 
a result of their defect structure. Solid fluorides, 
despite the relative simplicity of their crystal
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structures, range from highly perfect to highly disordered 
solids and are relevant in explaining many important 
features of solid-state chemistry such as superionic 
conduction and photochromism. Alkaline earth fluorides 
(e.g. CaF2, SrF2 and BaF2) show an exceptional variation in 
their defect chemistry. At low temperatures, the pure 
fluorides are typical ionic solids with low levels of 
intrinsic disorder due to the high electronegativity of 
fluorine. On the other hand, these materials at high 
temperatures show superionic properties [72,73] i.e. ionic 
conductivity values of the same order of magnitude as those 
of molten salts. Doping of fluorides with trivalent rare 
earth cations e.g. La3+ will induce appropriate 
concentrations of charge-compensating defects. The 
structural properties of heavily defective phases are among 
the most intensively studied topics of solid-state 
chemistry [74]. In addition, properties of irradiated 
materials are of great interest. The electronic defects 
created have been studied using spectroscopic and 
theoretical methods [75]. The photochromism of the doped 
materials is of special interest [76]. Other disordered 
fluorides such as high temperature rare-earth fluorides 
which have superionic properties are also of great 
interest. In addition, to the fluorides already mentioned, 
other compounds also adopt the fluorite structure:-

(i) CdF2, jS-PbF2 and SrCl2
(ii) Oxides (e.g. Ce02, Th02, U02 and stabilised Zr02)
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(iii)Oxides (e.g. Li2°) an<̂  sulphides (e.g. Na2S)
which adopt the related anti-fluorite structure.

Several fluorite-structured materials are of technological 
importance e.g. U02 is used as a fuel in nuclear reactors, 
stabilised Zr02 as an electrolyte in fuel cells and oxygen 
sensors [77] and the fluorides in solid state lasers [78] 
and as fluoride ion conductors [9].

1.2.2 The Fluorite Lattice
The structure of the fluorite lattice is shown in Fig. 
(1.1). In a compound MF2 each anion is surrounded by four 
cations disposed tetrahedrally whereas each cation is 
surrounded by eight anions at the corners of a cube [70]. 
The lattice can be described as a simple cubic array of 
anions with a cation at every alternate cubic centre. The 
presence of the unoccupied anion cubes means that it is a 
very "open" structure and this leads to very interesting 
defect behaviour. The occupied cubes are connected (as are 
the vacant cubes) by edge sharing: i.e. the cations form a 
<110> net in the simple cubic anion array. This manner of 
describing the fluorite structure enables us to envisage 
defect structures more easily. It can be seen that the 
most obvious site for incorporation of interstitials is at 
the centre of one of the vacant anion cubes whilst other 
point defects (vacancies and substitutionals) are at the 
regular cation and anion sites of the lattice. Fig.(1.2)

13
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FIG. 1 2 : THE FLUORITE LATTICE CONTAINING POINT DEFECTS. 

Q  Fv~ vacancy,  O  F£ i n t e r s t i t i a l ,  ®  i m p u r i t y  ion
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shows the various point defects likely to occur in a 
fluorite lattice.

1.2.3 Intrinsic Point Defects
There are two major possibilities to be considered for the 
dominant point defect structures in pure CaF2 , as have been 
predicted by simple theoretical models:
(a) anion-Frenkel pairs (anion vacancies and anions on the 

cube-centre interstitial sites) and
(b) Schottky triplets (cation and anion vacancies).
With respect to the perfect lattice, the effective charges 
of these defects are +le, -le and -2e (where e is the 
charge of a proton) for the anion vacancy, anion 
interstitial and the cation vacancy respectively. If the 
anion-Frenkel pairs are the dominant defects, then doping 
the cation sub-lattice with M3+ ions (effective charge +le) 
will increase the anion interstitial concentration? doping, 
however, with M+ ions (effective charge -le) will increase 
the anion vacancy concentration. On the other hand, if 
Schottky triplets dominate, doping with M3+ will increase 
the cation vacancy concentration and doping with M+ will 
again result in an increase in the anion vacancy 
concentration. Long-range Coulomb interactions need to be 
taken into account, since the aliovalent dopant ions and 
the defects they create have opposite effective charges.
At low temperatures or high dopant concentrations, these 
lead to the formation of impurity-defect complexes with the 
two series on neighbouring sites. Some simple complexes

15
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FIG. 1.3!: Simple impurity-defect complexes in Car2 - The filled
circles represent the anions, the open circles the cations and the 
open squares the anion vacancies. The arrows indicate the direction 
in which the defects move when the complex reorients, (a) m +̂ "
interstitial anion nearest neighbour complex ( ©  * ion);
(b) M+ - vacancy nearest neighbour complex ( @  * M+ ion);
(c) 12-  - vacancy nearest neighbour complex ( = 02- ion).
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expected at low impurity concentrations of less than 1 mole 
percent are given in Fig. (1.3).

1.2.4 Solid State Diffusion Mechanisms in Fluorite 
Lattices

Ionic movement in solids can take place when defects are 
present in the crystal lattice. The different types of 
defects give rise to different mechanisms of diffusion. 
These are illustrated schematically in Fig. (1.4) for 
fluorine motion in a fluorite lattice:
(i) Vacancy Mechanism: The diffusion is said to take .place 
by the vacancy mechanism if an ion in any lattice site 
adjacent to a vacancy exchanges places with the vacancy.
The vacancy wandering through the lattice in this way 
leaves behind a trail of ions displaced over one or more 
lattice steps, when the vacancy has passed the ion site.
In a fluorite lattice, the more likely vacancy jumps of 
fluorine ions are the simple (100) jumps Fig.(1.4a).
(ii) Interstitial Mechanism: in which an interstitial ion 
hops to any one of the neighbouring interstitial sites 
without permanently displacing any other ion. Thus, in 
contrast with the vacancy mechanism, it causes a longer- 
range migration of single ions. This is also called a 
direct interstitial mechanism Fig.(1.4b).
(iii) Interstitialcv mechanism: in which an interstitial 
ion displaces a neighbouring lattice ion (of its own kind) 
into a new interstitial position and itself takes up the 
vacated lattice site Fig.(1.4c). In this mechanism, the
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a) VACANCY MECHANISM 
(100) JUMPS

cJINTERSTITIALCY MECHANISM 

(NON- C OL LINEAR)

b) INTERSTITIAL MECHANISM 
(110) JUMPS

d)EXCHANGE MECHANISM

FIG. 1 .4: DIFFUSION MECHANISMS IN  FLUORITE LATTICES 

0  Cation M O  Anion F~ 0  F~ Vacancy.



interstitial defect cuts a trajectory through the lattice, 
hitting lattice sites and the individual ions along the 
path are effectively displaced by one or more lattice 
steps. If the ion on the normal lattice site is pushed in 
the same direction as that of the interstitial ion, the 
jump is termed collinear. If the ion is pushed in any 
other direction to one of the other neighbouring sites, the 
jump is termed non-collinear. The non-collinear jumps can 
occur in a forward direction or in a backward direction.
In a fluorite lattice the collinear and the backward non- 
collinear modes of the interstitialcy mechanism are 
forbidden for fluorine motion since these jumps are blocked 
by the M2+ ions. For the same reason, the direct <100) 
interstitial jumps are also discarded. Thus, we are left 
with only two possible diffusion mechanisms for the 
interstitial ions; the interstitial mechanism involving 
(100) jumps through a cube edge to a neighbouring 
interstitial site Fig.(1.4b) and the non-collinear forward 
interstitialcy mechanism. Simple considerations based on 
the lattice geometry and size of the ions might indicate 
that the direct (110) interstitial jump is the less likely 
mechanism because the lattice distortion would become large 
enough to make it inoperative. This assumption is 
supported by theoretical calculations of migration energies 
in alkaline earth fluorides.

Non-defect assisted processes have also been suggested. 
There is the ring diffusion where atoms roughly situated in

19



a ring move together so that the whole ring rotates by one 
atomic distance. This seems unlikely in ionic crystals. 
Nevertheless, a non-defect assisted mechanism very likely 
to occur in a fluorite lattice is the direct exchange of 
two neighbouring fluorine ions. This mechanism has been 
proposed by Catlow [79] based on theoretical calculations 
and proceeds by a concerted migration of two lattice ions 
via interstitial sites passing through the saddle point 
shown in Fig. (1.4d). The calculated Arrhenius energies 
for the direct exchange indicate that it may be operative 
in the intrinsic region of the defect assisted diffusion. 
The preceding description has been restricted to mechanisms 
of lattice diffusion within solids. Diffusion also takes 
place along dislocations, grain boundaries and surfaces and 
it is generally agreed that diffusion along such 
imperfections is more rapid than lattice diffusion. 
Dislocations can act as sources and sinks for point 
defects. Thus, if for example it requires less energy to 
form a F~ vacancy than a F” interstitial in these regions, 
more vacancies than interstitials will diffuse into the 
bulk of the crystal. This would leave an excess of charge 
at the dislocation and an electrostatic potential is set up 
which influences in turn the energy of formation of the 
defects.

1.2.5 Suoerionic Fluorides
Fluorite-structured materials appear to show a diffuse 
phase transition, manifested by a A-type specific heat
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anomaly [80,81]. within a few hundred degrees of their 
melting point. Typical data are illustrated in Fig. (1.5) 
for PbF2. The materials show exceptionally high ionic 
conductivity, above the phase transition temperature Tc , 
with the Arrhenius plot levelling off as shown in Fig.
(1.5). The overall view is that the diffuse phase 
transition and the superionicity are due to the generation 
of disorder on the anion sublattice, but the extent and 
nature of this disorder have been a matter of considerable 
controversy. Derrington et al., [82], in earlier work, 
proposed disordering of the anion sublattice at Tc and the 
term sublattice melting was used to describe this process. 
The extent of disorder has been shown, however, using 
diffraction studies [83] to be (far) more limited than 
implied by this term. These studies have shown that in the 
superionic phase most anions (>90%) are still located at 
the regular lattice sites. This has also been given 
further support from evidence obtained from dynamic 
computer simulation studies [84,85]. Furthermore, 
energetic considerations of the generation of high levels 
of disorder were shown, by Catlow [72], to be incompatible 
with enthalpy values of the diffuse transitions as obtained 
from the specific heat data. Consequently, it appears that 
the diffuse phase transition involves the generation of 
about 1 to 5 mol% of anionic defects, the high mobility of 
which is responsible for the superionic properties of the 
high-temperature phase. The question raised however, by 
such models is why the generation of disorder does not
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FIG. 1 . 5 : Arrhenius plot of the conductivity
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continue beyond the diffuse phase transition, as is 
suggested by both the specific heat data and the flatness 
of the Arrhenius plot of the conductivity above Tc 
illustrated in Fig (1.5). Dickens et al. [86] suggested a 
possible solution to this problem. He proposed that in the 
superionic phase there were significant concentrations of 
interstitial-vacancy clusters of the type illustrated in 
Fig. (1.6). These clusters are similar to the dopant- 
interstitial clusters discussed in section 1.2.6. Energy 
calculations by Catlow and Hayes [87] have shown these to 
be stable. Their formation provides a good explanation of 
the observed features of quasi-elastic and Bragg scattering 
data. It may be argued therefore, that in the 
neighbourhood of Tc , the vacancy and interstitial 
concentrations have reached sufficient levels to produce 
such clusters. Repulsive interactions between these bulky 
defects, however, prevent further large-scale generation of 
disorder above Tc . A great deal of theoretical and 
experimental work needs to be carried out before such 
models are universally accepted.

There has been speculation that superionic behaviour is 
present in high temperature LaF3 and YF3 and in the former 
case there is also clear evidence for a specific heat 
excess [88], which starts at -1100°C and continues up to 
the melting point (unlike the 1-type anomaly observed for 
the fluorites). There is, however, no definite knowledge 
of the defect structure in these superionic phases.
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complexes shown in Fig. 1.9
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In addition to high temperature superionic behaviour in 
LaF3 and YF3 [88], doped fluorite structured fluorides may 
also show high ionic conductivity. This property arises 
from the very high levels of disorder that can be induced 
by doping of alkaline-earth fluorides by trivalent ions.

1.2.6 Doped Alkaline-Earth Fluorides
Alkaline-earth fluorides have the capacity to form solid 
solutions, retaining the fluorite structure, with high 
concentrations (up to 40 mol%) of rare-earth fluorides.
The rare-earth cations enter the lattice at cation sites; 
electroneutrality is restored by the creation of anion 
interstitials, which in heavily doped materials are 
consequently present in high concentrations.

Much of the interest in these materials has concentrated on 
the structural features of the high interstitial 
concentrations. For low dopant concentrations (<1 mol%), 
the defect structure appears to be simple. Spin resonance 
studies [89], have shown the formation of simple pair 
clusters, see Fig.(1.7). Here, the interstitials are bound 
to sites neighbouring the dopant, owing to the coulombic 
interaction between the substitutional dopant and its 
charge-compensating defect. Diffraction techniques show a 
more radical structure at more concentrated interstitial 
solutions (>5 mol% dopant). The presence of interstitials 
at sites strongly displaced from the body-centre positions 
of the cubic interstitial site, which are occupied in the
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FIG.1.8: Interstitial position [110] and [111] in anion-excess
fluorides.
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low-concentration region, where revealed from refinements 
of neutron Bragg diffraction data by Cheetham et al. [45] 
and Catlow et al.[50,51]. There are two types of displaced 
interstitial: one is displaced along the [110]; and the 
other along the [111] direction Fig.(1.8). In addition the 
Bragg diffraction data showed the presence of vacancies.

Cheetham et al. [45] argued that their results on Y3+ - 
doped CaF2 could be explained in terms of the formation of 
interstitial clusters. The models they proposed are 
illustrated in Fig.(1.9); the smaller "2:2:2" cluster had 
been suggested by Willis [90] in studies on the iso- 
structural nonstoichiometric UO'2+x phase. The cluster 
includes both [110] and [111] interstitials as well as 
vacancies, and as such can rationalise the results of the 
Bragg scattering data. Furthermore, the ratios of the 
various types of species in the 2:2:2 cluster are 
compatible with Bragg scattering data on 5 mol% Y3+-doped 
CaF2, whereas the 4:3:2 model seems to explain the data for 
10 mol% solution. For higher dopant concentrations, 
however, it is doubtful whether any simple cluster model 
would be applicable.

The models proposed by Cheetham et al. [45] were supported 
using calculations of clusters energies by Catlow [4 6,91]. 
These studies showed that the clusters were strongly bound 
when dopant ions were in nearest-neighbour cation position 
with respect to the interstitial cluster. This work
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provided a more plausible rationalisation of the structure 
of these unusual clusters. Thus, the 2:2:2 cluster is 
essentially a dimer of the simple pair clusters shown in 
Fig.(1.7). The most obvious structure for such a dimer is 
shown in Fig.(1.10). However, calculations showed that 
such clusters were unstable, and the stability required a 
coupled relaxation in which interstitial ions move inward 
(to become [110] interstitials) and lattice ions are 
displaced toward interstitial sites (to become [111] 
"interstitials" and leaving vacancies).

This process generates the 2:2:2 cluster and was shown by 
the calculations to be highly favoured energetically. 
Similar arguments apply to the 4:3:2 cluster. Other 
workers [92], using x-ray techniques usually in very 
heavily doped CaF2, have suggested larger, more complex 
cluster structures in which six dopant ions are grouped 
around a central interstitial site. Lattice anion sites 
surrounding the interstitial position are vacant, but 
anions are situated above each edge of the cube to give the 
structure shown in Fig.(1.11). Support for these models is 
provided by the observation by Bevan et al. [93] of an 
ordered system(Ca14Y 5 F43 , which is a naturally occurring 
mineral, tveitite). The structure is based on the cubo- 
octahedral arrangement of trivalent ions within a fluorite- 
structured host. Mixed-fluoride systems (e.g.RbBi3 F10/ 
KY3F10) also contain this type of cubo-octahedral anion 
cluster.
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FIG. 1.10: Planar dimer of two dopant-interstitial pairs.
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Information on the factors controlling the stability of the 
cubo-octahedral structures has been provided by 
calculations of their energies [94]. This work showed that 
the stability of such clusters relative to the 2:2:2 and 
4:3:2 models was critically dependent on the size of the 
dopant ion relative to that of the host-lattice cation.
For large cations (e.g. La3+) the 2:2:2 type of model is 
preferred, whereas smaller cations show greatest stability 
for the cubo-octahedral clusters. Neutron diffraction 
studies [50,51] on La3+ - and Er3+ -doped CaF2 involves the 
capture by the 2:2:2 cluster of an additional interstitial 
to give a different cluster (see Fig. 1.12). The stability 
of these clusters was strongly supported by calculations 
[50,51].

On summing up, there appears to be a highly complex range 
of possible cluster structures for doped fluorite- 
structured fluorides. What type of structure is adopted 
depends on the size of the dopant ion and in addition, on 
factors such as the duration of the high temperature 
anneal. This factor is relevant because of the low cation 
mobility in the fluorite structure. It is finally noted 
that it is possible to dope alkaline-earth fluorides with 
low-valence ions (e.g. Na+), which induce a charge- 
compensating vacancy population although the solubility of 
monovalent dopants is generally less than 1 mol% very much 
less than that of trivalent ions. Low solubilities of 
aliovalent dopant ions are also observed with the alkali
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metal fluorides; there appears to be high dopant 
solubilities in LaF3, although the doped rear-earth 
fluorides had not been extensively investigated. In view 
of this, the work described in Chapter 3 investigates 
further the effects of annealing samples at high 
temperatures for variable times and in addition the 
variation of cluster structure with dopant ion radius. 
Consequently three systems of solid solutions 95-50 mole 
per cent CaF2-(Ln)F3 where Ln = La, Er and Nd were studied.

1.2.7 Ionic Conductivity in Heavily Rare-Earth Doped 
Fluorides

In view of the high interstitial concentrations in heavily 
doped materials, it might be expected that these materials 
would show high ionic conductivities. Schoonman and co
workers [95] have therefore performed extensive 
conductivity studies of heavily doped alkaline-earth 
fluorides and an interesting feature of their results is 
the decrease in the activation energy for conductivity with 
the dopant concentration. Thus, they attribute to the 
occurrence of relatively easy conduction paths around the 
clusters. However, the conductivity of these materials is 
generally not sufficient to justify the use of the term 
'superionic materials'.

Further studies by Chadwick et al. [52] on the ionic 
conductivity of rare-earth doped CaF2 have shown that 
conductivity of CaF2 increases with doping and also depends
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on the dopant ion. Fig.(1.13) shows how the conductivity 
of CaF2 increases with various rare-earth dopant ions at 10 
mole per cent. In addition, Fig.(1.14) shows how the 
conductivity increases with different mole percentages of 
Er doped CaF2 (Ca-j__xErxF2+x) . From the analysis of their 
experimental results it has been suggested that doping aids 
the formation of clusters which consequently increases 
conductivity. Doping also lowers the activation energy and 
thus ionic conductivity in doped CaF2 is possible at lower 
temperatures.

With the formation of clusters, further disorder in the 
fluorite lattice is hindered and as a result, conductivity 
levels off above Tc . Superionic conductivity implies that 
as temperature increases, conductivity also increases.
This appears not to be the case with rare-earth doped 
fluorides and thus it can be argued that the term 
'superionic conductivity' does not apply to these 
materials.
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CHAPTER 2
THEORY OF X-RAY AND NEUTRON DIFFRACTION

2.1 Introduction
The study of solids by diffraction techniques may be 
regarded as the twentieth-century sequel to classical 
crystallography and the culmination of the work and ideas 
of crystallographers during the previous 2 00 years.

The diffraction method of structure analysis covers 
vapour-phase, thin-film, and single-crystal electron 
diffraction, liquid and amorphous and crystalline solid 
state X-ray diffraction, and solid state neutron 
diffraction. From these methods a complete description of 
the structure of a solid is obtained by determining the 
crystal system, space group, unit cell dimensions, atomic 
coordinates and finally the actual electron density 
distribution around the atoms. Amongst the different 
diffraction techniques, X-ray diffraction has been most 
commonly used for routine characterisation as well as for 
detailed structural elucidation. The availability of 
synchrotron X-radiation of continuously variable 
wavelength has made X-ray diffraction a still more 
powerful structural tool for the study of solids.
However, solid state chemists are making increasing use of 
electron diffraction and neutron diffraction to obtain 
information not provided by X-ray diffraction.
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This chapter contains a general account of the theory of 
X-ray and neutron diffraction relevant to the studies in 
this thesis. For this reason, magnetic scattering effects 
have been neglected from the discussion of neutron 
scattering. In the latter part of the chapter, techniques 
of structural refinement are discussed and a brief 
description of the neutron instrument employed in this 
work is included.

2.2 Diffraction of Particles bv Crystals 
A crystal is a three-dimensional periodic array of atoms, 
in which distinct planes can be defined. Particles with 
wavelength similar to the d-spacing of these planes will 
be diffracted. Simple geometry is used to deduce Bragg's 
law,

2dsin0-nA.

(2.1)
where d is the spacing of the planes, X is the wavelength 
of the beam which is diffracted through an angle 20, and n 
is a positive integer. For most crystal spacings 
wavelengths of 1-2A are required.

For electromagnetic radiation, the energy is related to 
the wavelength as follows:

(2 .2)
If we consider a wavelength of lA, giving E~104eV this
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would correspond to the X-ray region of the spectrum. 
Similarly, for electrons and neutrons

2A.2m

(2.3)
2Where m is the mass of the particle, giving E-10 eV and 

10”1eV for electrons and neutrons, respectively, of the 
same wavelength.

In this work only X-ray and neutron diffraction are 
considered. The fundamental difference between the two 
techniques is that in the former, X-rays are scattered by 
the electron cloud of the atom, whereas, in the latter 
neglecting magnetic effects, neutrons are scattered by the 
nucleus.

A more general derivation of the Bragg Law can be given by 
the concept of reciprocal space. If a^, a2 and a3 are the
primitive translational vectors of a space lattice in real
space, then the fundamental vectors of the reciprocal 
lattice b-ĵ, b2 , b3 are defined as:

a.xa, a,xa. a.xa,b -27T---1— L - ; b -27T-- -— 1_ ; b -27T--- !— —* a2xa3 ~2 a1 * a2xa3 “3 a1 • a?xa3

(2.4)
and a reciprocal lattice vector has the form
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G-hb1+kb2+lb3

(2.5)
Where h,k,l are the Miller indices.
The wave equation of a plane wave incident on a lattice is

giVSn bY (2.6)
T-e'---

where k is the wavevector of the incoming beam |k|=27r/l 
The outgoing wave has a wavevector k' and the scattering 
vector Q is defined as the difference between the outgoing 
and incoming wavevector, i.e

Q-k'-k
(2.7)

To satisfy the condition of Bragg diffraction the 
scattering vector is required to equal a reciprocal 
lattice vector [96], i.e.

£-G

(2.8)
Provided that scattering is elastic, there is no change in 
magnitude of the wavevector:

Ikl-lk'l - (27T/A.)
and therefore the magnitude of the scattering vector at an 
angle of 20 is given as

I n I _ 47rsin0
' A

(2.9)
If the lattice is assumed to contain N atoms, the
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scattering amplitude can be defined as

A-N
cel I

dVn(r)exp(-iQ.r)

(2 .10)
This expression represents the integral over one cell 
where n(r) is the scattering density of the cell.

2.3 X-rav Diffraction
For X-ray diffraction, n(r) in equation (2.10) represents 
the electron density, and can be expressed as

where each cell contains s atoms, and rj is the vector to 
the centre of atom j , with electron density function nj. 
The integral in Equation (2.10) may now be written as 
integrals over the s atoms of a cell

integrated over all space. If nj (£) is an atomic property, 
fj is an atomic property.
Combining equations (2.12) and (2.13) the structure factor

s
n(r) - £ n j(r-r.) 

i-i

(2.11)

] dVnj(r-r.)exp(-i2-r)-^ exp(-i£. r.) fdVnj(e)exp(-i2 .£)
j

(2 .12)
The atomic form factor can now be defined as

f j - I*dVnj (p) exp (-iQ .£)

(2.13)
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is obtained as

fjexpf-ia.rj)

(2.14)
The scattering amplitude (or Equation 2.10) now becomes

A = NF (2.15)

Furthermore, since Q  = G, Q.rj can be expressed in terms 
of the Miller indices, and the expression for the 
structure factor becomes

F(hkl) f jexp[-27ri(xjh+yjk+Zjl)

(2.16)
The structure factor is a complex quantity and need not be 
real. The scattered intensity I is defined as

I-FI* - | F | 2

where F* is the complex conjugate of F so that FF* is real 
and

I (hkl) <* | F (hkl) |2
(2.17)

which implies that the intensity of a reflection is 
proportional to the square of the structure factor.

2.3.1 The Atomic Form Factor
X-rays are scattered from regions of high electron density 
and this corresponds to the ion cores. However, atomic
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dimensions are of the same order as the X-ray wavelength. 
This means that interference effects arise from X-rays 
scattered from different parts of the atom. It is these 
effects that lead to the atomic form factor expression in 
Equation (2.13). Assuming a spherically symmetric 
electron distribution, it is possible to show that

(2.18)
The effects of the form factor can thus be evaluated.

If the same total electron density were concentrated at r 
= 0, only Qr = 0 would contribute to the integrand. In 
this limit (sin Qr)/Qr = 1, and

where Z is the atomic number of the atom.

For small angles of scattering Q tends to 0 as k' = k and 
fj tends to Z as above. For large values of Q, (sinQr)/Qr

fj is reduced. This leads to an angular dependent term 
for the scattering intensity with fj small for large 
values of sin0/A..

2.3.2 Temperature Dependence
Earlier Debye realized that the effect of temperature

(2.19)

tends to zero and thus for large values of (h2 + k2 + l2),
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would not broaden diffraction lines but only reduce their 
intensity. This has been explained by classical theory as 
follows:
Let the position of an atom (at time t) nominally at rj 
contain a term u(t) fluctuating in time be given by

where u represents a random displacement.

Supposing each atom fluctuates independently about its own 
equilibrium position then the thermal average of the 
structure factor (2.14) contains terms

where <...> denotes the thermal average, and the enclosed 
term is known as the Debye-Waller factor.

Expansion of this term [96] gives:

£(t) -r.+u(t)

(2 .20)

f jexp(-i2. r .)<exp(-i£ .u)>

(2.21)

(2 .22)
where <u2> is the mean square displacement of the atom.
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It is normal [97] to define a parameter called the 
'temperature (or B) factor1 as

B-87T2<U*>

(2.23)
and the Debye-Waller factor is defined as

exp[-B(s in0/A.)2]
(2.24)

It is noted, however, that the mean square displacement 
term is not identical in each definition. In fact,

<Fb>-3 <u2>

(2.25)
Since intensity is proportional to the square of the 
structure factor, the thermal modification to a reflection 
IQ is

I-I0exp[-2B (sinG/A.) 2]

(2.26)

The above evaluation requires the vibration to be 
spherically symmetric around the lattice site. For this 
reason, B is known as the isotropic temperature factor.

A modification allows the atom to vibrate anisotropically 
within the bounds of a thermal ellipsoid. The Debye- 
Waller factor for reflection hkl is then given by
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exp[h2b-| 1 +k2b2 2+1 ^ 3 3+2 hkb-| 2 + 2  hlb1 3 + 2  klb23

(2.27)
where the anisotropic thermal parameters b ^  to b 2 3 are 
the unique elements of the symmetric tensor describing the 
thermal vibration ellipsoid. The values they can take are 
governed by the site symmetry [98].

Further modification allows anharmonic terms to describe 
the thermal motion [99]. The effect of these is to allow 
vibrations in the form of 'lobes' orientated in defined 
directions.

2.4 Neutron Diffraction
When neutrons are scattered from the nucleus, there is no 
intra-atomic interference, as in the case of X-rays, hence 
there is no atomic form factor. In this case, the 
scattering strength is represented by a complex quantity 
b, known as the scattering length. However, the imaginary 
part is only important for nuclei which have a high 
absorption coefficient.

The total scattering cross-section due to a single nucleus 
is isotropic, and is given by

(J -4 7 T b 2

(2.28)
From equation (2.19), it is clear that the X-ray 
scattering amplitude is proportional to atomic number Z.
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For neutrons, however, a is a quantity that varies 
irregularly across the periodic table, as shown in Figure
2.1. This gives neutrons the advantage that it is 
possible to distinguish scattering from atoms with similar 
atomic numbers which therefore have similar X-ray 
scattering amplitudes.

2.4.1. Coherent and Incoherent Scattering 
Another effect that can influence the diffraction of 
neutrons is the spin of the scattering nucleus. Consider 
a lattice of N nuclei, equation (2.14) for the structure 
factor becomes:

N
F - £  bjexpJ-ia.rj)

j-1

(2.29)
Neglecting thermal motion, the scattered intensity is 
proportional to the square of the structure factor thus

I” IX bjexp(-i2.r.) |2
j “1N
bjbj' exp[i2. (rj-r.,) 

ii' ■
- E bM > i bi' exp[i2.(rr r.,)

‘ a' 
j*j'

(2.30)
where 2 indicates a summation not including j=j'.

The above separation is possible, because if there is a
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non-zero nuclear spin, b varies from one nucleus to 
another, even for nuclei of the same isotope, due to the 
random orientation of nuclear spins. Thus there is no

The first term in (2.30) is simply N<b2j>, and the second 
term can be written as

(2.32)
The first term in equation (2.32) can also be written as

square deviation of the scattering lengths from their 
average value. It is known as the incoherent scattering 
cross-section and is zero for those nuclei with zero spin. 
If the effect of the Debye-Waller factor is ignored, the 
incoherent elastic scattering is isotropic and gives a 
uniform background to the coherent scattering represented 
by the second term in (2.32). Both coherent and 
incoherent scattering terms contribute to the intensity, 
which is attenuated by the Debye-Waller factor. This

correlation between bj and b .,; thus <bjbj> = cb.xbj, >=<bj>2.

jj

N
J K b j ^  exp iQ. (£j”£j,) -N<bj>2

(2.31)
where j=j1 is now included in the summation. Thus

2

I-N(<b2>-(b)2)+N(b)2^2 exp(i£.r.)

N<(b-<b>)2>, showing that intensity depends on the mean
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factor arises because interference effects between atoms 
on different sites are smoothed out by thermal vibrations. 
The coherent scattering takes into account interference 
effects arising from the phase differences in the 
scattered radiation due to the relative displacements of 
the various nuclei in the assembly, and therefore contains 
information concerning the structural relationships 
between different atoms. The incoherent scattering cross 
section, on the other hand, has no phase term and 
therefore gives no information about relationships between 
different atoms.

The total scattering cross section per atom can thus be 
written as

aT-47r<b2>

(2.33)
The 'coherent scattering cross-section1 per atom is

a coh- 4 7 r < b > 2

(2.34)
and the difference between the two is the 1 incoherent 
scattering cross-section1 per atom.

CTincoh-4,r(<b2>-<b>2)

(2.35)
Thus for Bragg scattering by neutrons, the structure 
factor is given by
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F(hkl) -Ejbj0hexp[27ri(hx+ky+lz)]

(2.36)

2.4.2 Non-Stoichiometric Effects
The structure factors from Bragg scattering define only 
the average unit cell. In other words, the positions and 
average occupancies of the atomic sites, and their thermal 
parameters. Defects present in the unit cell, such as 
fluorine vacancies distributed randomly on a sublattice 
give rise to partial occupancy of those sites in 
comparison with the fully occupied sites observed in a 
stoichiometric material.

It is possible to obtain the fluorine to metal ratio of 
metal fluorides from the ratio of the cation and fluorine 
site occupancies. Methods for determining the structural 
parameters of the average unit cell are described later in 
this chapter.

Diffraction is not sufficiently sensitive to detect any 
effects from a material with less than 2-3 mole percent 
defects, and information on these materials must be 
obtained by other methods such as conductivity.

2.4.3 Diffuse Scattering
The intensity from a collection of pairs of atoms is

•  ̂proportional to FF , and from Equation (2.29)
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ra* - E
m,n-1

(2.37)
where the summation is made over an assembly of N atoms. 
This can be expanded to include several different atomic 
species(v), some of which may be vacancies, as

FF* “El El ElV E!!V <bm><bn>exp[i2-(rm-rn) 
+EI El ET ET (b>i-o>«><J3i>exp[i

(2.38)
The first term contains contributions from all atoms, and
clearly represents Bragg diffraction. The second term
represents diffuse scattering, which arises when, for a
particular value of rm - rn , where rm is the vector
distance, there is a difference between the scattering
from individual pairs and the average scattering from a
pair. That is, <b1b-̂ > = <b1> <b-̂ >* The mathematics ism n m n
very similar to that for the incoherent scattering
discussed in section 2.4.1 with the distinction that the
term 'incoherent1 is used to describe scattering from the
random distributions of isotopes or nuclear spin, and the
term 'diffuse' is used to describe scattering from other
random effects. Clearly, for a random solid solution with
a number of different atomic species the two are
equivalent [100]. However, an important difference is
that the diffuse intensity does contain phase information,
and the effect on a Bragg diffraction pattern is to cause
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modulations of the background between the Bragg peaks.
The normally low concentration of defects and relatively 
small number of distinct values of rm - rn which 
contribute,, means that, in practice, the diffuse 
scattering cross-sections are small by comparison with 
Bragg scattering.

2.4.4 Short Range Order
Evaluation of the diffuse term for random distributions of 
defects is as already indicated, relatively simple 
although when there is correlation of defects, termed 
short range order, these terms are hard to calculate 
explicitly.

In this case diffuse scattering is generally analyzed by 
using short range order coefficients [101] which are 
defined as

(2.39)
where for a binary (AB) solid solution the local
environment can be described in terms of a probability
PA (ri) which is the probability of finding atom A at a

Adistance r̂  from atom B when r,- -*• o o , < * .  -► o. The molel l ' i
fraction of A is given by XA .

The diffuse intensity from a single crystal can then be 
represented by
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N
•^■(Single C rystal)“ ^ A ^ b(^ B ~ ^ a) ^ jC O S ^Q  • —;)

n-1

(2.40)
or, for a powder, where the cosine term is averaged over 
all possible orientations, as:

N
ItPondeD-XAXB^B-b^^Si-^ir^Qr^/Qr,

n-0

(2.41)
where Xa and XB are the mole fractions of A and B 
respectively, bB and bA are the atomic scattering lengths 
of B and A nuclei, Sj_ is the number of atoms at a distance 
rj_ from the origin, and Q = 47T sin0/l.

2.4.5 Thermal Diffuse Scattering
In addition to the attenuation of Bragg intensities due to 
increased temperatures, described by the Debye-Waller 
factor in Section 2.3.2, there is a corresponding increase 
in the diffuse intensity. This is called thermal diffuse 
scattering, and is caused by inelastic scattering from 
one-phonon acoustic modes. It rises to a maximum at the 
same angular positions as the Bragg reflections, and 
results in an overestimation of the Bragg intensity [102].

For single crystal X-ray diffraction, the effect is very 
important and corrections must be made [103]. For 
powders, however, the thermal diffuse scattering 
contribution is less [97].
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2.5 Bragg Diffraction Experiments
The aim in Bragg diffraction is to measure the intensities 
and hence the structure factors of as many reflections as 
possible. The average unit cell is then calculated from 
these. There are two ways in which the conditions for 
Bragg's law A. = 2 d sin0 can be achieved:

(a) The wavelength can be held constant and the
intensity measured as a function of 20. Thus white
beams require monochromation. This is usually done
by orientation of a crystal such that the Bragg 
reflection from a set of its crystal planes 
corresponds to radiation of the required wavelength.

(b) The sample is illuminated with 'white' radiation, 
and the intensity of the scattered radiation at a 
fixed angle is then measured as a function of 
wavelength. The wavelength is related to the energy 
of the radiation by Equations (2.2) and (2.3), and 
thus it is convenient to measure intensity as a 
function of energy.

Method (a) can be referred to as monochromatic, and method
(b) as energy-dispersive. In this thesis method (a) was 
employed.

2.5.1 Single Crystal Methods
The most obvious way of performing a diffraction
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experiment is to mount the crystal in a radiation beam and 
measure the intensity over a wide as possible angular 
distribution centred on this. This is the principle used 
in single crystal diffractometers; however, mechanical 
limitations usually limit the detector to move over a 
hemispherical surface, and orientation of the crystal can 
also be accommodated. With the advancement of technology 
and the advent of computer control the fully automated and 
computer controlled D9 four-circle diffractometer at the 
Institute of Laue Langevin in Grenoble France, was used in 
this work. A description of the instrument is given in 
section ( 2  .1 0 ) .

2.5.2 Powder Methods
The powder diffraction method with either X-rays or 
neutrons is widely used in inorganic structure analysis 
and in guessing possible structural relationships. In the 
powder method, a finely ground polycrystalline sample held 
in a container is illuminated by radiation. The random 
orientation of the crystallites means that the diffracted 
beams form the surfaces of Debye-Scherrer cones concentric 
to the direct beam and making an angle 20 to it. A 
detector then scanning a circle centred on the sample will 
effectively view these cones as lines of intensity, and a 
plot of counts detected against 20 will show the Bragg 
reflections as peaks. This plot of intensity versus 20 is 
referred to as a diffraction pattern or profile. Whereas 
the single crystal method has the advantage that a large
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number of independent observations can be made, the powder 
method does not suffer from systematic effects such as 
extinction, multiple Bragg and thermal diffuse scattering 
to anything like the same extent.

The major drawbacks are the relatively small amount of 
intensity data usually obtained and the difficulty of 
indexing powder patterns of low symmetry. De Wolff and 
his school [104] have shown that, given a fairly 
sophisticated analysis of a set of accurately known line 
positions, a powder pattern of a low symmetry crystal can 
usually be indexed if the unit cell is not excessively 
large (of the order lOOoA3 in volume). The powder method 
enables materials for which single crystals cannot be 
obtained to be identified. Chapter 3 of this thesis is 
specifically concerned with X-ray powder diffraction 
studies.

2 . 6  X-ravs and Their Detection
X-rays are electromagnetic radiation emitted, via 
electronic transitions, from an atom. Thus the simplest 
method of generation is to accelerate an electron beam 
onto a target such as copper or molybdenum. The intensity 
versus wavelength distribution will then have the form 
shown in Figure 2.2, which is, to some extent, 
monochromatic.
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flG. 2.2: The X-ray spectrum produced by a copper X-ray tube
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2.6.1 Synchrotron Radiation
The past decade has seen the development of synchrotron
radiation sources worldwide. The properties of this
radiation - its intensity and tuneability - are leading to
exciting new experiments in chemistry, physics, biology
and material science. The intensity is several orders of
magnitude greater than the output from a conventional X-
ray tube and the wavelength is tunable over the range
0.3 - 2.5A. Synchrotron radiation (SR) is the intense
white source of electromagnetic radiation produced by
charged particles i.e. electrons or positrons travelling
at relativistic speeds around circular accelerators, e.g.
synchrotrons and storage rings. The ideal SR source is a
storage ring. The conditions in a storage ring are such
that the emitted radiation is confined to a cone, the
axis, of which lies in the plane of the ring and its

- 1opening angle is approximately y , where the energy of 
the relativistic electrons is y mQC2 (Fig.2.3a).

The X-ray power emitted by the particles is replenished 
using the rf power from a klystron. This is coupled to 
the electron beam via rf cavities around the storage ring 
(Fig.2.3b). The use of superconducting 'wiggler' magnets 
to introduce a small kink into the electrons' path causes 
a shift of the spectrum towards high energy photons, as 
shown in figure 2.4. The radiation has several unique 
qualities, the most important of which are:
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FIG. 2.4: The X-ray spectrum from a synchrotron,
showing the effect of a wiggler magnet
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(a) Intensity - with currently available sources the
4intensity of the white radiation is a factor of 1 0  - 

1 0  times greater than that produced from a rotating 
anode generator - the most powerful laboratory X-ray 
source.

(b) Tuneabilitv - An enormously wide band of wavelengths 
- ranging from hard X-rays to microwaves - is 
available. Moreover, the SR spectrum is smooth, 
whereas, emission spectra obtained from laboratory 
sources are broken by characteristic lines.

(c) Collimation - The beam is highly collimated, i.e. it 
has a very narrow angular divergence in the plane of 
the accelerator; typical values are 0 . 0 1  - 0 .0 2 *. 
Developments in magnet technology are also leading 
to large reductions in the horizontal divergence of 
the beam.

(d) Polarisation - At X-ray wavelengths the beam is more 
than 95% polarised in the plane of the accelerator.

(e) Time structure - The rf coupling breaks the particle 
beam up into pockets of electrons, so that the light 
is emitted as a series of pulses with a time 
duration of less than 1 0 ”9 s.

The powder diffractometer used for the work described in
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Chapter 5 was the 9.1 at the Synchrothron Radiation 
Sources at Daresbury.

2.6.2 X-rav Detection
Detection of X-rays is achieved by the transfer of the 
energy to charged particles in the detector. The detector 
material must be normally electrically neutral and only 
made conducting by the incoming photons. The materials 
most commonly used today are semi-conductors such as 
germanium, often purified by lithium drifting. An 
incoming photon then produces electronhole .pairs which are 
attracted to opposite ends of the detector by an applied 
voltage. The resultant current is used to charge 
capacitors linked to a multi-channel analyzer [105].

2.7 Neutrons and Their Detection
Neutron diffraction arises from interactions with the 
nucleus instead of the electrons. Hence, neutrons have a 
number of advantages over X-rays in crystallographic 
studies:
(i) Neutrons are generally more sensitive to the

positions of light atoms, for example, fluorine and 
oxygen. This arises because of the irregular 
dependence of neutron scattering power on atomic 
number (Z), in contrast to linear dependence of Z 
shown by X-rays, which makes X-rays more suitable 
for study with regards to positions of heavy metal
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atoms, Fig. 2.1.

(ii) Neutron diffraction yields higher angle data, 
because the neutron scattering amplitude is 
independent of the Bragg angle 0. This isotropic 
nature of the scattering arises because neutrons are 
scattered on the whole 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 wavelength used, typically 1-5.7A. As a result, 
the 'form factor', or atomic scattering factor for 
neutron scattering is independent of 0. In the case 
of X-rays, the fundamental scattering body is the 
electron. The scattered wave from an atom is thus 
built up from the contributions of the electrons, 
hence as the Bragg angle increases, the scattered 
amplitude suffers from interference effects because 
the size of the scattering centre (i.e. the 
electronic cloud) is of the order of the wavelength. 
The atomic scattering factor for X-rays describes 
the rate of fall, off of the amplitude as depending 
on (sin0/X), Fig.2.5.

(iii) With neutron diffraction, a well-defined line shape 
of Bragg reflections occurs. Even for high 
resolution powder diffractometers, the line shape is 
that of a simple Gaussian shape and hence the
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process of profile refinement is made much simpler. 
Caglioti, Paoletti and Ricci [106] described the 
variation of line with 0  as:

Hk =:Ut an20 k+Vt an0 k +w

(2.42)
where is the full width of the Gaussian 
reflection at half height, 0^ is the Bragg angle and 
U, V, W are half-width parameters independent of 0^. 
There is no simple mathematical analogue for x-ray 
line shapes.

(iv) The technique is able to distinguish neighbouring 
atoms as in alloys or zeolites due to the non
dependence on Z for scattering power.

(v) It is easy to carry out low and high temperature 
neutron diffraction studies 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. For the same reason the 
neutron diffraction technique may also be used in 
high pressure studies.

2.7.1 Nuclear Reactors
The most commonly used method of producing neutron beams
is by controlled nuclear fission in a reactor. The
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FIG. 2.6: The neutron spectrum emerging from a nuclear reactor
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distribution of neutron wavelengths from a reactor is 
almost Maxwellian and has a peak at a wavelength that is 
dependent on the moderator temperature, see Fig.2.6 . For 
wavelengths of about lA, which is typical of the order of 
crystal plane spacing, the distribution required 
corresponds to a moderator temperature of about 3 00K.
These neutrons are known as 'thermal'. The long 
wavelengths (6 -7 A) of cold neutrons is suitable for 
diffuse scattering. Neutrons are extracted from the 
reactor core via guide-tubes that operate on the principle 
of total internal reflection. The beam can then be 
monochromated by Bragg reflection from crystal planes, and 
directed to a sample.

The neutron diffraction studies reported in this thesis, 
were conducted using the 57 MW high flux reactor at the 
Institute of Laue-Langevin in Grenoble, France.

2.7.2 Pulsed Sources
Another method of producing neutrons is to accelerate 
bunches of electrons or protons using a linear accelerator 
(LINAC) or a synchrotron, and cause them to impinge upon a 
heavy metal target, spraying off neutrons by the resulting 
fission. The neutrons are slowed down by a moderator and 
the energy range is extended upwards from that of a 
reactor making use of the 'epithermal neutrons', that is, 
neutrons in the act of slowing down. Production of 
neutrons using pulsed sources was not used in this work,
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but there are many accounts in the literature (see [107], 
for example).

2.7.3 Detection of Neutrons
The three most important reactions of neutron detection 
are:

3He + n -► 3H + p + 0.77 MeV
10B + n - 7Li + 4He + 2 . 3  MeV

6Li + n - 4He + 3He +4.79 MeV

The first two reactions are used in gas counters. 3He or 
BF3 gas enriched with 10B is placed in a steel or copper 
cylinder with a thin wire anode. This collects electrons 
from the ionization of the He or BF3 molecules. 6Li is 
used in scintillation detectors where it is mixed with a 
'phosphor1 such as ZnS(Ag). This emits a flash of light 
as the ionizing particle passes through it, and a 
photomultiplier is used to collect the photons.

2.8 Analysis of Diffraction Data
As shown in Section 2.3, the intensities of the Bragg 
reflections are related to the square of the structure 
factors. The aim is to obtain the crystal structure from 
the measured structure factors.

2.8.1 Fourier Analysis
Consider a generalized expression of the structure factor
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F(hkl) fnexp2jri| hx + ky lz 
~a~ ~b~ ~c~

(2.43)
where x,y and z are distances in the a, b, and c 
directions, respectively, and N is the number of atoms in 
the cell. In more general terms if instead of discrete 
atoms, a continuous distribution of electron or nuclear 
density p(xyz) at the point x,y,z is considered then it 
follows that

As p(xyz) is a periodic function with spatial periods 
a,b,c, respectively in the three crystallographic 
directions, it can be expressed as the sum of a three- 
dimensional series of simple harmonic terms in accordance 
with Fourier's Theorem. Thus

where C(h/k /l/) is the coefficient of the Fourier term 
which has spatial periods a/h',b/k', c/1'. Combining
(2.44) and (2.45) gives

F(hkl) “JqJqJqP (xyz) exp27ri (hx/a+ky/b+lz/c) dxdydz

(2.44)

p (xyz) -y: y: c(h/k/l/)exp27Ti(h/x/a+k/y/b+l/z/c)

(2.45)

F(hkl) - CC^lc7!7) exp27ri(h/x/a+k/y/b+l/z/c)
h7 k7 i7xexp27ri (hx/a+ky/b+lz/c) dxdydz

(2.46)
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On integration the product of each pair of exponential 
terms yields zero except for the particular case when k' = 
-k, 1* =- 1 , then

F(hkl) -vC(h,Jc, 1 )

(2.47)
where v is the unit cell volume. Thus, from 
experimentally observed structure factors, Equation (2.45) 
can be used to give p(xyz) [108]. The calculated electron 
or nuclear density is usually presented in the form of a 
Fourier map of density contours.

There are, however, two difficulties with this method.
The first is that F(hkl) is complex, the intensities being 
proportional to FF* (Equation (2.17)), and there is no 
experimental method of finding the phase. Secondly, if 
experimental limitations prevent the measurement of all 
intensities, it is possible that termination errors can be 
introduced into the summation.

This problem can be avoided by using the least squares 
refinement method, which also has the advantage that 
computationally, it is a lot faster than the Fourier 
summation.

2.8.2 Least Squares Refinement
There are three distinct steps to solving a crystal 
structure:
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(i) Indexing, by determining the h,k,l of each
reflection in a pattern, and hence the unit cell 
parameters, from the 2 0  values of the reflection.

(ii) Space group determination, by finding the systematic
absences in a pattern.

(iii) Refinement. by calculating the atomic positions and 
thermal parameters within the space group.

This thesis is only concerned with refinement, but there 
are many texts on the first two steps [109,110]. The 
least squares refinement method consists of choosing a set 
of model atomic parameters (x,y,z, occupancy and 
temperature factor), calculating from these a set of 
structure factors and comparing them with the 
experimentally observed structure factors which are 
calculated from the integrated intensities of the 
reflections, by means of a reliability, or R, factor:

_ S; | Fj (obs) -Fj (calc) |
‘ S,.F?(obs)

(2.48)
The aim is to use the method of least squares to minimize 
Rj by adjusting the atomic parameters. When minimization 
is achieved, the model parameters should be equal to those 
in the experimental sample.
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Two types of Fourier map can be used to aid the 
refinement. The F ^ g  Fourier map is calculated from the 
observed structure factors. The difference Fourier is 
calculated from F0 bs"'Fcalc' difference in observed
and calculated structure factors. Its main use is to show 
interstitial positions, as any atom observed in the data, 
but not included in the model structure, will appear as a 
region of positive density on the map.

Many least squares refinement programs have been written, 
but in powder diffraction there are severe limitations in 
their use due to peak overlap. These difficulties can, 
however, be at least partially overcome by use of the 
methods discussed in the next section.

2.9 Profile Refinement
The problem of peak overlap is partially overcome by 
refining against the whole profile using a method 
originally suggested by Rietveld [111], which is suitable 
for neutron diffraction because of the Gaussian peak 
shapes.

For each peak its contribution to the measured profile 
intensity yj_ at 2 0 j_ will be

*1 -trt> k̂ ( ^ f exp{-4in2[(20i -20k)/HJ2}

(2.49)
where
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t is the step width of the counter
is the structure factor of the kth reflection 
is the multiplicity of the reflection 
is the Lorentz factor 

20-jc is the calculated position of the Bragg reflection 
corrected for the zero point error of the counter 

is the full width at half maximum

This equation can be simplified by putting

then y,-Ikexp[-Ck( 2e,-20k)2

(2.50)
The half-width of the peak is described by

Hk-Utan20k+Vtan0k+W

(2.51)
where U, V and W are the half-width parameters.

At low angles the peaks show asymmetry mainly because the 
use of finite slit and sample height causes vertical 
divergence [1 1 2 ], with the effect that peak maximum is 
shifted to lower angles, but the integrated intensity is 
unchanged. Therefore a semi-empirical correction to 
Equation (2.50) is introduced:
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Yi-Ikexp[-Ck(20i-2 0k)2 

x l-p(201--20k)2S/tan0k

(2.52)
Where P is the asymmetry parameter, and S is +1, 0, or -1, 
depending on (2 0  ̂ - 2 0 )̂ being positive, zero or negative, 
respectively.

There is also a correction of I for preferred orientation 
of plate-like crystals:

^corrected"-^obse ^ p ( —̂ ° e )

(2.53)
where <* is the angle between the scattering vector and the 
preferred orientation axes, and G is the preferred 
orientation parameter.

Equation (2.52) can be simplified as

(2.54)
where Wi k is a measure of the contribution of the Bragg 
peak at position 2 0 ^ to the profile y^ at position 2 0 .̂
If the peaks overlap, then more than one peak contributes, 
and

(2.55)
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Ignoring overall temperature factors and asymmetry, the 
structure factor can be written as

Fk-A'+Bi;

(2.56)
with

Ak-Sin,biexp(-Bjsin2ek/A.2)sl.cos25r(hxfr+kyj>r+lzi(r)

(2.57)
and

Bk-2inib1-exp(-B1sin20k/A.2)zrsin27r(hx1- r+kyi ,,+lz,- r)

(2.58)
where
2 ^ represents the sum over all atoms in the asymmetric 
unit
2 r represents the sum over all equivalent positions
b^ is the scattering length atom i
B^ is the individual isotropic temperature factor
n^ is the site occupation
Xj^r « Yi/riZj^r are the fraction co-ordinates of atom i in 
the r^ * 1 equivalent position, and hkl are the Miller 
indices of F^.

The parameters to be refined can be divided into two 
groups:

(i) the profile parameters which define the position and
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shape of the peaks. These consist of the zero point 
error, the cell parameters, the half-width 
parameters, the asymmetry and preferred orientation 
parameters,

(ii) the structural parameters which define the contents 
of the asymmetric unit cell and also include a scale 
factor c such that y (calc) = cy (obs).

Computationally the process can be divided into two steps:

(i) Determination from the profile parameters of the 
positions of the peaks and their contribution to the 
profile intensity.

(ii) Refinement of the structure by calculation of the 
intensity expected at each point in the profile and 
derivatives of that intensity with respect to the 
structural parameters.

For this reason it is usual to use two programs, a
Preprofile and a Profile. The least squares equations are
constructed in the normal method [113] with the aim to
minimize the function

X2-S1-w1-1 y,- (obs) -y,- (calc) | 2

(2.59)
The weight w- is assigned as
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Wi-(yi+Bt)’1
(2.60)

where is the value of the profile point before 
subtraction of the background BAi. The program allows any 
parameter to be held constant or for constraints to be 
introduced between a number of them.

Three R factors are calculated in addition to Rj given by 
Equation (2.48):

The profile R factor,

Rp. 1 0 0 S ,-1 y i (obs) -y,- (calc) 
Ŝ y,- (obs)

the weighted profile R factor,
(2.61)

R^-100 SjWjJyj (obs) -y, (calc)]:
SjWjJy, (obs)]‘

and an expected R factor,

R E - lO o jc N - P + q /S iW i f y jC o b s)]2}'4

(2.62)

(2.63)
(N-P+C) is the number of degrees of freedom, N is the 
number of statistically independent observations, P the 
number of least squares parameters and C the number of 
constraints functions.
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An extension of the Rietveld method is to allow for 
multipattern refinement [114,115] by use of a program that 
allows contributions from up to three overlapping patterns 
in a single profile. These patterns may be due to either 
impurities or, separate structural phases.

Although there are limitations to the Rietveld method 
[116], it has been successfully applied to a number of 
different systems [117]. The method has been extended to 
analyse X-ray patterns and in principle can be used on any
data to which an accurate and consistent peak shape
function can be assigned. In this work refinement of data 
has been obtained using synchrotron radiation where, as in 
neutron monochromatic diffraction, there is an almost 
Gaussian peak shape.

2.10 Neutron Instrumentation
The instrument employed in the course of this work is the 
D9 four-circle diffractometer at the l.L.L a description 
of which is given below.

2.10.1 Four-circle Diffractometer D9
The diffractometer (Fig.2.7) is used for measurements 
requiring wavelengths in the range of 0.35 to 0.85A, and 
is situated on the hot source beam tube H3. The 
instrument has recently been reconstructed replacing the 
original D9 four-circle diffractometer. D9 is used for 
precise and accurate measurements of Bragg intensities up
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FIG. 2.7: Diffractometer D9
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to very high momentum transfer (>2A'1) . The resolution at 
high scattering angles allow for routine measurements of 
extended data sets for the detailed study of atomic 
disorder and atomic thermal motions. This improvement 
over the previous version of D9 is achieved by going to a 
higher take-off angle for the monochromator combined with 
horizontal focusing. The redesign of the diffractometer 
configuration and the use of beryllium (110) crystals as 
monochromator increases the flux at the sample position by 
a factor of 2 to 3. The wavelengths change is fully 
computerised and facilitates the routine check of 
extinction effects. The diffractometer is placed on a 
Tanzboden floor allowing a continuous choice of 
wavelengths and the change of wavelengths takes only a few 
seconds. In order to suppress A/2 contributions several 
resonance filters are available at 0.48 A, 0.55A, 0.70A 
and 0.84A.

D9 is fully automated and computer controlled (PDP11/34) 
and is equipped with a 2-stage cryorefrigerator (T min « 
15K) mounted on an off-set Eulerian cradle (Fig. 2.8); two 
furnaces (closed-shell and gas-flow) are available (T max 
« HOOK) .

A small 3He multidetector with 32X32 pixels is also in 
operation. D9 instrument details are given in table 2.1.
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Table 2.1 D9 Instrument Details

Beam-tube: H3 (hot neutrons)
Monochromator Bragg-angle 13 0 <20m<558
Monochromator crystal: Be (110) horizontally 

focussing or Cu(220) 
in transmission

Maximum flux at sample: >107cm ”2sec”1
Maximum beam size at sample: 0.8X0.8cm2
Incident wavelength: 0 .35<A(A)< 0 .85
Incident energies: 0. I K E  (eV) <0.67
Angular ranges: -90 ° <0<+15O ° 

-95 ° <w<+80 ° 
-110°<X<+1108

Background for normal 
diffraction geometry:

-180 0 <0<+18O 0 
not yet known
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FIG. 2.8: Eulerian cradle with signs of positive rotation
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CHAPTER 3
RARE EARTH DOPED ALKALINE EARTH 

FLUORIDES

3.1 Introduction
The history of experimental investigation of CaF2-(Y,Ln)F3 
systems (Ln= lanthanum and lanthanides) begins in 1914 
[118], when the fusion of YF3 solid solutions in fluorite 
was found to have a maximum at about 12mol% of yttrium 
fluoride.

Interest in these systems (or, more precisely, in 
Ca1_xLnxF2+x solid solutions with the fluorite structure 
type) grew after Goldschmidt [15] proposed a scheme of 
heterovalent isomorphous substitutions of Ca2+ by Ln3+ in 
the fluorite structure type. This scheme envisaged valency 
compensation by additional interstitial fluoride ions in 
the centres of the empty cubes of the fluorite structure 
and offered a basis for the isolation of a new type of 
"isomorphism with the occupation of space" in ionic 
crystals.

To test this hypothesis, measurements of the density of 
solid solutions of the fluorite structure type were made 
and compared with the theoretically calculated values for 
various models [24,119-129]. Most of the measurements 
provided support for the model described in ref.15, but 
structural studies of CaQ . 607Ce0 . 393F2 . 393 an(̂
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CaQ 9 Y 0  2,f2 1 t13] showed that the positions of additional 
fluorine atoms did not conform to the proposal advanced by 
Goldschmidt. The mechanism of defect interaction in such 
solid solutions has recently been discussed [46].

The distinctive characteristics of the crystalline 
structure of solid solutions Cai-xRxF 2 +x t îe fluorite
structure type find expression in the peculiar 
spectroscopic behaviour of ion activators in multicomponent 
matrices [132]. After the production of the first laser on 
fluorides (CaF2 :U3+ [133]) a large number of mixed 
materials for lasers based on MF 2 with the fluorite 
structure type were obtained. A detailed characterization 
of these materials is available [134].

Many authors have investigated the phase equilibria between 
alkaline-earth fluorides and rare-earth trifluorides 
[23,37-44]? in particular, the BaF2 -RF3 [43] and CaF2 -RF3  

[41] systems have been exhaustively examined by Sobolev and 
his co-workers. In Sobolev’s work generally the diagrams 
are complex in most cases and crystal growth reports have 
concentrated on either solid solution, usually with the 
fluorite structure, or on the congruently melting compounds 
in the series. From the literature it follows that the 
most characteristic phases in the systems MF 2 -(Y,Ln)F3  

(M=Ca,Sr,Ba; Ln=lanthanum and the lanthanides) are solid 
solutions with the fluorite structure or one of its 
derivatives which are formed in all the systems.
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The second most common structural type of the variable - 
composition phases is the tysonite structure (LaF3). 
Tysonite phases are formed by substitution of Ln3+ for M2+ 
with formation of vacancies in the anion group; however, 
they are of various natures and have different types of 
fusion. The formation of phases with the tysonite 
structure in the subsolidus of the systems MF2“ (Y,Ln)F3  

with rare earth trifluorides not having modifications with 
this structure [135] indicated that these phases might be 
berthollides.

As stated earlier fluorides of the elements of group 2 have 
been widely used as laser host materials. The rare-earth 
elements are usually added as activators in these systems 
[16]. Among other potential uses for the solid solutions 
are the conversion of infrared quanta into visible 
radiation [136], optical information processing [33,34, 
137], solid electrolytes with high ionic conductivity 
[138,139], thin film condensers [35], photochromic 
materials [33,34], etc. A pronounced effect of Ln3+ 
impurities on the mechanical characteristics of fluorite 
[140] was noted. The fusibility of these systems is of 
interest for an understanding of the electroslag melting of 
certain metals [39] and the physico-chemical basis of the 
process of thermal reduction of lanthanide fluorides by 
calcium [141].
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The main emphasis of this work on these systems ie. CaF2~ 
(Ln)F3 (where Ln=La,Er,Nd), is on structural properties. 
Despite intensive investigations of these classic 
disordered solid phases, there remain several puzzles in 
understanding their complex defect structures.

Early work using both neutron diffraction [45] and computer 
modelling methods [46] supported the formation of 
dopant/interstitial dimers and trimers in systems 
containing 5-10 mole per cent of the trivalent ion 
dissolved substitutionally in the fluorite structured host. 
More recent work [47] has proposed more complex structures, 
in particular the cubo-octahedral structure containing 6  

dopant ions.

Computer modelling studies [48] have suggested that the 
relative stability of the different cluster types depends 
on the radius of the dopant ion, with clusters of the 2 :2 : 2  

and 4:3:2 type being stable for the large dopant ions (eg. 
La3+) and the cubo-octahedral aggregates having greater 
stability for the smaller dopant ions (eg. Y3+, Er3+).
These predictions have been supported by EXAFS studies [49] 
and by recent single crystal neutron diffraction work 
[50,51].

A short-range order model that is suitable for a range of 
compositions observed in the Ca^_xYxF2+x solid solution has 
been provided by a new polyhedral cluster built up on the
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basis of a square antiprism labelled 4:4:3. It also avoids 
distances for f 'j-f 'j which are too short in spite of 
locally closer packing of the anions [142]. The largest 
clusters (ie., the ordered microdomains observed for 
samples annealed for a long time) [143] could arise from 
such 4:4:3 clusters.

Knowledge of the nature of the clusters within anion-excess 
solid solutions and of transformations with increasing x of 
small clusters into superclusters is vital for 
understanding transport properties [52]. The example of 
A 1 -xBixF1+2x solutions is significant and suggests
stronger bonding for superclusters than for smaller ones.

Further neutron work is, however, needed with the following 
aims (i) to increase our knowledge of the variation of 
cluster structure with dopant radius, (ii) to study the 
effects of the host lattice parameter on cluster structure 
experiments on doped SrF^ and BaF2 , (iii) to investigate 
the temperature dependence of the cluster structure.

(iv) The aim of this chapter is to determine the effects 
of ageing (investigated by annealing samples at high 
temperatures for variable times) and dopant ion radius on 
the defect structure of the solid solutions 95-50 mole 
percent CaF2 - (Ln)F3 where Ln = La, Er and Nd. The 
possible importance of temperature effects had been 
highlighted by conductivity work [52] whilst a premilinary
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X-ray diffraction study undertaken at UCL has suggested 
that ageing (investigated by annealing samples at high 
temperatures for variable times) may lead to substantial 
effects on the cluster structures, as would be expected in 
view of the very low dopant ion diffusion coefficients.

The possibility of very rapid data collection on D9 offers 
the unique opportunity of solving these problems of 
obtaining a definitive understanding of the structural 
properties of these important and complex solid solutions. 
The single crystal neutron work should be carried out in 
conjunction with computer modelling and EXAFS studies - a 
combination which has proved particularly effective in the 
recent work on these systems [49]. The feedback from these 
studies into the analysis of existing high quality 
conductivity data will enable the mechanisms of F~ 
transport in these systems to be resolved.

In addition, n.m.r studies should be done to ascertain the 
local environments of the paramagnetic rare earth ions.
This technique has considerable potential as a structural 
tool and should be thoroughly tested here against well- 
characterized systems.
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3.2 Experimental
3.2.1 Preparation of Doped CaF2 /LnF3 (where Ln=La.Er.Ncn 

Compounds — “

The preparation of the doped CaF2 /LnF3 compounds was 
carried out at the Chemical laboratory of the University of 
Kent.

The apparatus used was an r.f. induction furnace 
manufactured by Electroheating Limited (London). It is 
provided with rotation and lift motors with gear boxes and 
was originally designed to operate by the Czochralski 
method [144]. This technique was not found to be 
convenient for the present work because of the relatively 
high melting temperatures of the materials. It was 
consequently decided to employ the Stockbarger method 
[145].

The main features of the apparatus are shown in Fig. 3.1. 
Two end plates carry flat silicon rubber gaskets sealed 
against a quartz chamber (70mm bore, 4 60mm long). Both 
plates are water cooled and have parts for vacuum or gas 
entries. A vertical rod supporting the crucible passes 
through a long water cooled region of the upper work- 
chamber plate. The rod has a groove out to carry an o-ring 
seal which slides in a water-cooled housing against a 
lubricated surface. The rod carrying the crucible is 
driven by a Velodyne motor through a gearbox and a 
precision lead screw to provide lowering rates in the range
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of 0.01 to l.OOmm/min. Typical lowering rates for rare 
earth fluoride systems were 0 .2 mm/min.

Radio-frequency power at 300kHz was provided by a generator 
with a capability of 25kw of continuous power. An r.f coil 
of 6  turns was used; this was made of copper tube and 
water-cooled.

The crucibles were made by machining graphite rods (Ultra- 
Carbon and overall length 180mm) with a conical bottom and 
a capillary (~lmm bore) seeding tip.

The usual procedure was to fill the crucible with powder at 
the required composition ie. 95-50 mole per cent CaF2 /LnF3  

for all three systems. The crucible was then attached to
the drive rod and positioned so that its base was in the
centre of the r.f coil. The work chamber was then
evacuated and flushed several times with argon (B.O.C. Ltd)
and finally left in a slow stream of argon. The r.f. was 
turned on and the power increased until the powder had 
melted. This was judged by readings from an optical 
pyrometer. The drive motor was turned and the crucible 
allowed to descend through the r.f. coil. When all the 
melt had been judged to have crystallized, the r.f. power 
was reduced to zero and the sample removed from the 
crucible.
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Fig. 3.2: Device for annealing
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3.2.2 Annealing of the Doped CaF2 /LnF3 (where Ln=La,Er 
and Nd) Compounds

The prepared compounds from the molten systems of the 
general formula c^ 1 _xLnxF2+x (where x=0.05 - 0.50) with a 
minute quantity of PbF2 (which acts as an 02 getter) where 
placed in a graphite crucible positioned at the base of a 
narrow necked pyrex tube which was connected to a vacuum 
pump via an adaptor figure 3.2(a) Once under vacuum the 
lower part of the tubes' neck was sealed Figure 3.2(b) The 
sealed tubes with the contents where placed in a muffle 
furnace and annealed at a 1000°C for 3 days.

The prepared and three-day annealed compounds where 
characterized by X-ray diffraction at the Chemistry 
Department of the University of Keele. The data were 
collected on a Phillips PW1050 diffractometer using CuK<*
radiation with the output in the form of a trace of
intensity versus 20. After careful consideration according 
to noticeable changes in the diffraction patterns the molar 
percentages for each system which were worth further 
investigation where prepared and annealed for 9 days and 21 
days respectively. X-ray diffractograms of the samples 
were obtained for both annealing times.

3.2.3 Results and Discussion
The X-ray data for the 95 mole% - 50 mole% CaF2 /LnF 3

(Ln=La, Er, Nd) for all three systems are given in the 
following order:-
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(1) Parent compounds - Table 3.1 (a)
(2) The CaF2 /LaF 3 System - Table 3.1 (b)
(3) The CaF2 /ErF3 System - Table 3.1 (c)
(4) .The CaF2 /NdF3 System - Table 3.1 (d)

In addition the molar percentages of the solid solutions of 
all three systems which were further investigated by 
annealing for 9 days and 21 days respectively are also 
given in Tables 3.1(a), 3.1 (b), 3.1 (c), 3.1 (d) and are 
the following:

(1) CaF2 /LaF 3 system:-
90 mole% - 80 Mole% CaF2 /LaF3

and 65 mole% - 55 mole% CaF2 /LaF3

(2) CaF2 /ErF3 system:-
65 mole% - 55 mole% CaF2 /ErF3

(3) CaF2 /NdF3 system:- 
85 mole% CaF2 /NdF3  

75 mole% CaF2 /NdF3  

65 mole% CaF2 /NdF3

The stick-diagrams of the above molar percentages of all 
three systems for the samples which were prepared, annealed 
for 3-days, annealed for 9-days and annealed for 21-days 
respectively including also the stick-diagrams of the 
parent compounds are given in the following order:-
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(1) Stick-diagrams of parent compounds - Fig.3.3(a)

(2) Stick-diagrams of selected molar percentages in the 
CaF2 /LaF3 system - Fig.3.3(b).

(3) Stick-diagrams of selected molar percentages in the 
CaF2 /ErF3 system - Fig.3.3(c).

(4) Stick-diagrams of selected molar percentages in the 
CaF2 /NdF3  system - Fig.3.3(d).

A careful examination of the results given in Tables 3-4(a) r 
(b), (c) and (d) shows that with small 2 0  values the d-
spacing changes very rapidly consequently making assignment 
of peaks very difficult because of the shifting of the 
peaks. With large 20 values, however, the d-spacing 
changes only slightly thus making assignment difficult 
again. Considering this difficulty, of assigning the peaks 
using the d-spacing only, both 2 0  values and d-spacing were 
taken into account.

In all three systems on moving from 95-50 mole% CaF2 the 
peaks which belong to either parent shift towards a lower 
20 value. This can be explained in terms of one parent 
compound influencing the other i.e. changes in the internal 
structure. In addition the CaF2 peaks begin to disappear 
quickly on increasing the mole percentage of the other 
parent compound. In the annealed compounds the intensities
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are generally slightly higher and the peaks more clearly 
visible (Tables 3.1(a), (b), (c) and (d)) which means that
more X-rays are diffracted through a certain angle 
indicating a more regular structure.

A very interesting and important observation is the 
presence of two-fold and three-fold peaks. The peaks with 
one shoulder appear in all three systems and are more 
predominant in the CaF2 /LaF 3 system. This indicates either 
the presence of two phases or distortion of the cubic 
phase. The three-fold peaks on .the other hand are 
generally absent in the CaF2 /LaF3 system but evident in the 
CaF2 /ErF 3 system and even more predominant in the CaF2 -NdF3  

system. This again indicates either more phases or further 
distortion of the cubic phase.

Both two-fold and three-fold peaks are generally
more clearly visible in the annealed compounds. This 
confirms the fact that with annealing, the dopant compound 
penetrates the open CaF2 lattice. In the CaF2 /LaF3 system 
(Table 3.1(b)), considering both the prepared and annealed 
compounds, new peaks, represented by a dash begin to appear 
in the 90 mole% CaF2 compounds, with a considerable 
increase up to 80 mole% CaF2 . In the 75-50 mole% CaF2  

region there appears to be a gradual decrease in the number 
of new peaks, although it is interesting to observe the 
increase in question-marks assigned in the 65-55 mole% CaF2  

region. New compounds may be present, therefore, in the
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region of 90-80 mole% CaF2 and 65-55 mole% CaF2 . Looking 
at the stick-diagrams of these two regions Fig 3.3(b) 
prolonged annealing clearly shows ion and vacancy 
movements.

It can also be seen that annealing initially decreases the 
symmetry, perhaps by domain formation although the final 
annealing product ie. the three-week annealed compounds, 
again has a relatively simple cubic structure. In general 
a minor phase seems to have been pushed out. It is 
therefore worthwhile investigating these two regions even 
further by undertaking a High Resolution X-ray diffraction 
study.

In the CaF2 /ErF3 system, (Table 3.1.(c)), new peaks appear 
in the 65-55 mole% CaF2 prepared and annealed compounds 
with a decrease in the 50 mole% CaF2 compounds. It is 
interesting to note however the substantial amount of new 
peaks present in the 65 mole% CaF2 three-week annealed 
compound. Thus a new compound may be present in the 65-55 
mole% CaF2 region. The stick-diagrams of this region Fig 
3.3(c) show that prolonged annealing produces new phases 
within the lattice. In this case however we are not 
dealing with a simple tetragonal distortion of the lattice 
but with a possible orthorhombic or even domain formation 
of a new phase. Again the 65-55 mole% CaF2 region is worth 
investigating further.
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In the CaF2 /NdF3 system, (Table 3.1.(d)), the majority of 
the peaks which appear in the doped and doped-annealed
compounds can be assigned to either parent and a new
compound is not clearly evident; although the few new peaks 
which arise indicate a small amount of new compound.

Due to this reason prolonged annealing of three possible 
compounds namely 85, 75 and 65 mole% CaF2 was undertaken 
and the stick-diagrams are shown in Fig 3.3(d). It can be
seen from the figure that annealing has made things more
complicated ie. either a new phase or more domains of 
impurities. For this reason further investigation of this 
system by High Resolution X-ray diffraction is required.

It is worthwhile mentioning that the results presented in 
this chapter are also consistent with radius-ratio 
considerations. The Nd3+ ion (ionic radius -0.99A) has the 
same ionic radius size as the Ca2+ ion (ionic radius 
-0.99A). A higher solubility is thus expected and 
consequently it is easier to form a simple solid solution. 
This coincides with the results which indicate no evidence 
of a new compound.

On the other hand Ca2+ and Er3+ (ionic radius - 0.88A) and 
Ca2+ and La3+ (ionic radius - 1.06A) show a mismatch in the 
ionic radius size. Therefore the bigger the mismatch the 
lower is the solubility and again this is in agreement with
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the results since the greater the mismatch the greater the 
driving force in forming new compounds from annealing ie. 
this bigger mismatch opposes the system remaining in the 
ordinary fluorite structure.
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X-rav Diffraction Data
for the cooled melts from the 

CaF-, ; LnF: Systems (Ln=La. Er. NcH
Parent Compounds:

Assignment (a) CaF2, (b) LaF3 (c)ErF3 (d)NdF3
(a)

2 0  d spacing (A) I(rel)
28.3 3.153 100
32.8 2.730 1
47.0 1.933 8 8
55.8 1.647 26
58.5 1.578 1
68.7 1.366 8
75.8 1.255 7
78.2 1.222 1
87.4 1.116 10
94.2 1.052 5

105.8 0.967 3
113.0 0.925 4
115.6 0.911 1
126.1 0.865 5
135.1 0.834 2
138.5 0.824 1

Table 3.1 (â
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X-rav Diffraction Data
for the cooled melts from the

CaF„ : LnF, Systems (Ln=La.Er.Nd)
(b)

2 0 d spacing (A) H “1 to

24.2 3.678 41
24.7 3.604 29
27.6 3.232 1 0 0
34.9 2.571 9
37.9 2.374 2
40.2 2.243 2
43.6 2.076 46
44.7 2.027 59
49. 6 1.838 5
50.5 1.807 31
52.4 1.746 18
54.6 1.681 1
56.2 1.637 4
57.0 1.616 3
64.2 1.451 13
64.4 1.447 7
6 8 . 1 1.377 1 0
68.3 1.373 6
68.9 1.363 7
69.1 1.359 6
70.4 1.337 13
70.6 1.334 8
73.7 1.285 1
73.9 1.282 1
74.4 1.275 2
74.6 1.272 1
77.9 1.226 2
80.0 1.199 4
80.3 1.196 3
80.8 1.189 1 1
81.1 1.186 6
83 .2 1.161 2
83.5 1.158 1
85.2 1.139 8
85.4 1.137 4
89.7 1.093 2
90.0 1.090 1
93.8 1.056 5
94.1 1.053 3
95.9 1.038 2
96.2 1.036 1
99.4 1 . 0 1 1 1
99.6 1. 009 3

1 0 0 . 0 1 . 006 2
1 0 0 . 2 1. 005 4
1 0 0 . 6 1 . 0 0 2 2
1 0 1 . 0 0.999 8

Table 3.1 fal (continued)

100



X-rav Diffraction Data
for the cooled melts from the 

CaF= : LnF: Systems (Ln=La. Er. NcH

2 0

(b) continued 
d spacing (A)

101.3 0.997
102.4 0.989
1 0 2 . 8 0.986
106.4 0.963
106.8 0.960
113.1 0.924
113.5 0.922
115.7 0.911
116.3 0.908
117.0 0.904
117.4 0.902
119.5 0.892
1 2 0 . 0 0.890
123.1 0.873
128.2 0.857
128.7 0.855
131.9 0.844
132. 6 0.842
132.9 0.841
133 . 6 0.839
136.0 0.831
136.7 0.829
138.1 0.825
138.9 0.823
140.2 0.820
141.0 0.818

Table 3.Ifa) (continued)
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X-rav Diffraction Data
for the cooled melts from the 

CaF: : LnF: Systems (Ln=La,Er.NcH
(c)

2 0 d spacing (A) j(rel)

24.1 3.693 24
24.6 3.619 6 8
26.0 3.427 75
27.9 3.198 1 0 0
31.0 2.885 6 6
34.9 2.571 3
36.1 2.488 2 2
37.3 2.411 3
38.7 2.327 2
41.1 2.196 9
43.6 2.076 2
44.0 2.058 16
45.7 1.985 16
47.1 1.929 35
47.7 1.907 23
49.2 1.852 34
49.6 1.838 16
51.5 1.774 1 1
52.4 1.746 13
53.5 1.713 1 1
55.1 1.667 13
58.2 1.585 5
59.8 1.546 5
60.3 1.535 3
60.8 1.523 2
62.2 1.492 1
62.5 1.486 4
63 .2 1.463 6
63 . 8 1.459 6
64.7 1.441 4
65.2 1.431 4
65.4 1.427 4
6 6 . 0 1.415 6
67.2 1.393 2
67.5 1.388 1
69.7 1.349 2
70.9 1.329 2
71.4 1.321 2
71.6 1.318 2
72.4 1.305 2
73.8 1.284 2
74.0 1.281 4
74.5 1.274 5
75.6 1.258 2
77.0 1.238 5
79.8 1 . 2 0 2 4
83.0 1.163 2

Table 3.1(a) (continued)
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X-rav Diffraction Data
for the cooled melts from the 

CaF: : LnF, Systems (Ln=La.Er,Nd)
(c) continued

2 0 d spacing (A)
85.0 1.141
87.8 1 . 1 1 2
89.9 1.091
90.1 1.089
91.6 1.075
91.9 1.073
93.0 1.063
94.9 1.046
97.1 1.029

1 0 0 . 8 1 . 0 0 1
104.0 0.978
109.6 0.943
1 1 1 . 2 0.934
1 1 2 . 8 0.926

Table 3.1(a) (continued)
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X-rav Diffraction Data
for the cooled melts from the

CaF., : LnF, Svstems CLn=La ,Er.Nd'
(d)

2 0 d spacing (A) j(rel

24.8 3.590 47
25.4 3 .507 29
28.3 3.153 1 0 0
35.7 2.515 1 0
44.7 2.027 45
45.8 1.981 50
50.7 1.801 5
51.7 1.768 27
53.7 1.707 16
53.8 1.704 1 0
57.5 1.603 3
57.7 1.598 2
58.4 1.580 1
65.9 1.417 1 0
6 6 . 1 1.414 6
69.9 1.346 8
70.1 1.342 5
70.7 1.332 6
70.9 1.329 5
72.3 1.307 1 0
72.5 1.304 6
75.7 1.256 1
75.9 1.254 1
76.4 1.247 2
76.6 1.244 1
80.0 1.199 1
82.3 1.172 5
82.5 1.169 2
83.1 1.162 8
83.4 1.159 5
85.5 1.136 1
85.6 1.135 1
87.6 1.114 6
87.8 1 . 1 1 2 5
92.3 1.069 1
92.6 1.066 1
96.6 1.033 3
96.9 1.030 1
98.8 1.015 3

1 0 2 . 1 0.991 1
102.4 0.989 1
102.7 0.987 2
103.4 0.982 2
104.2 0.977 6
104.6 0.974 3

Table 3.1fa^ (continued)
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X-rav Diffraction Data 
for the cooled melts from the 

CaF: : LnF, Systems (Ln=La. Er , Nd)
(d) continued 

2 0  d spacing (A) j<rei>
105.8 0.967
106.2 0.964
117.1 0.904
117.6 0.901

Table 3.1(a) (continued)

105

in 
eg 

in 
n



X-rav Diffraction Data 
for the cooled melts from the 

CaF: : LnF-, Systems fLn=La. Er .NcH
The CaF:/LaF3 System:

95 mole% CaF2 /LaF3

20 d spacing (A) j<rel

28.3 3.153 100
32.7 2.739 1
44.7 2.027 7
46.8 1.941 61
55. 6 1. 653 12
58.2 1.585 1
58.4 1.580 1
68.3 1.373 3
68.5 1.370 2
75.4 1.261 6
75.6 1.258 3
77.8 1.228 1
86.9 1.121 7
87.1 1.119 4
93 .6 1.058 4
93 .9 1.055 2

104 .9 0.972 3
105.3 0.970 1
112.1 0.929 2
124.8 0.870 1
125.4 0.868 1
133.6 0.839 2
134.1 0.837 1

Assignment
a
a
b
a
a
a
a
b
a,b
a
a
b
a
a
b
b
a
a
a,b, ?

Table 3.1(b)
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X-rav Diffraction Data
for the cooled melts from the

CaF-. : LnF, Systems (Ln=:La. Er .Nd)
95

fL

mole% CaF2 / LaF3 (annealed for 3 days)
20 d spacing (A) j(rel) Assignment

28.2 3.164 100 a
31.4 2.849 1 a ?
32.7 2.739 2 a
36.4 2.468 1 b ?
44 .7 2.027 4 b
46.9 1.937 71 a
55.5 1.656 22 a
58.2 1.585 2 a
58.3 1.583 1 a
68.3 1.373 5 b
68.5 1.370 3 a,b
75.4 1.261 8 a
75.6 1.258 4 a
77.7 1.229 1 b
86.8 1.122 10 a
87.0 1.120 5 a
93.6 1.058 6 b
93.9 1.055 3 b

105.0 0.972 2 a
105.4 0.969 1 a
112.1 0.929 4 a,b, ?
112.5 0.927 2 a
114.5 0.917 1 b ?
115.0 0.914 1 a,b
124.9 0.869 4 -

125.4 0.868 2 a
133.6 0.839 3 b
134.2 0.837 2 b

Table 3.1(b) (continued)
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X-rav Diffraction Data

20
28.2
32.5 
44.7
46.6
55.2
57.9
58.0
67.9
68.1 
75.0
75.2 
77. 3 
86.4
86.6 
93 .2 
93 .4

104.3
104.7 
111.2
111.7 
113 .7 
123 .9 
124.2 
132.5 
133.1
135.4

for the cooled melts from the 
CaF: : LnF, Systems (Ln=La. Er. NcH

90 mole% CaF2 / LaF3

d spacing (A) j<reo Assignment
3.164 1 0 0
2.755 2
2.027 7
1.949 41
1.664 23
1.593 5
1.590 3
1.380 2
1.377 1
1.266 4
1.263 3
1.234 1
.1.126 1 0
1.124 5
1.061 5
1.059 3
0.976 2
0.974 1
0.934 3
0.932 2
0.961 1
0.874 2
0.872 2
0.842 2
0.840 1
0.833 1

Table 3.1(b) (continued)
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X-rav Diffraction Data
for the cooled melts from the 

CaF= : LnF, Systems (,Ln=La. Er. Nd^
90 mole% CaF2 / LaF3 (annealed for 3 days)

20 d spacing (A)

28.0 3.187
32.4 2.763
44.7 2.027
46.5 1.953
55.1 1.667
57.8 1.595
67.8 1.382
67.9 1.380
74.9 1.268
75.1 1.265
77.2 1.236
86.2 1.128
86.5 1.125
92.9 1.064
93.2 1.061

104.2 0.977
104.6 0.974
111.2 0.934
111.6 0.932
113.6 0.921
123.9 0.874
124.4 0.871
132.4 0.843
133.0 0.841
135.5 0.833

I<rel) Assignment

1 0 0  a
3 a
6  b

47 a
14 a

1  b ?
4 b
3 b
6  b
4 b
1  b
9 a,b,?
5 a
3 b
2 b
3 a ?
1  a ?
3
1
1  b
2  b ?
1
2 b
1  b
1  a
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X-rav Diffraction Data
for the cooled melts from the

CaF, : LnF, Systems (Ln==La .Er.Nd)
90 mole% CaF2 / LaF3 (annealed for 9 days)

2 0 d spacing (A) j(rel) Assignment
28.1 3.175 1 0 0 a
32.5 2.755 1 a
46.6 1.949 50 a
55.2 1.664 8 a
57.9 1.593 3 a
58.1 1.588 2 a
67.9 1.380 3 b
6 8 . 1 1.377 2 b
75.0 1.266 13 b
75.2 1.263 6 a,b
79.2 1.209 1 a,b
8 8 . 2 1.108 2 a
88.5 1.105 1 -
94.9 1.046 3 a,b
95.2 1.044 2 b

106.2 0.964 1 b
106.3 0.963 2 b
106.7 0.961 1 b
113.2 0.923 2 a,b
113.6 0.921 1 b
115.6 0.911 2 a,b
116.0 0.909 1 a,b
125.8 0 . 8 6 6 2 a
126.3 0.864 1 a
134.2 0.837 1 b
137.4 0.827 1 b

Table 3.1fb) (continued)
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X-rav Diffraction Data
for the cooled melts from the

CaF, : LnF, Svstems fLn=La .Er.Nd}
90 mole% CaF2 / LaF3 (annealed for 3 weeks)

2 0 d spacing (A) j(rel) Assignment
2 2 . 2 4.004 1 b ?
27.2 3.278 5 b
28.1 3.175 1 0 0 a
31.4 2.849 1 a ?
32.6 2.747 2 a
44.8 2.023 1 b, A1
45.0 2.014 1 b, A1
45.4 1.998 1 b, A1
46.6 1.949 57 a
53.4 1.716 1 b
55.3 1 . 661 13 a
55.8 1.647 2 a
58.0 1.590 3 a
58.1 1.588 2 a
65.0 1.435 1 b , A1
65.2 1.431 1 b, A1
6 8 . 0 1.379 3 b
6 8 . 2 1.375 2 b
68.7 1.366 1 a
75.0 1.266 6 b
75.2 1.263 5 a,b
77 .3 1.234 2 b
77.6 1.230 1 b
78.3 1 . 2 2 1 1 a, A1
78.5 1.218 1 a
85.8 1.132 1 b
8 6 . 0 1.130 1 b
86.3 1.127 19 a,b ?
8 6 . 6 1.124 1 1 a
93.0 1.063 5 b
93.3 1.060 3 b

104.3 0.976 2 a ?
104.4 0.976 1 a ?
104.6 0.974 2 a ?
104.8 0.973 1 a
1 1 1 . 2 0.934 4 -
1 1 1 . 6 0.932 2 -
111.7 0.932 2 -

1 1 2 . 1 0.929 1 a,b ?
113.8 0.920 2 a,b
114.2 0.918 1 a,b

Table 3.lfb) (continued)
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X-rav Diffraction Data
for the cooled melts from the 

CaF= : LnF; Systems (Ln=La.Er.NcH
85 mole% CaF2 / LaF3

20 d spacing (A)
28.1 3.175
32.5 2.755
44.7 2.027
46.6 1.949
55.0 1.670
57.7 1.616
67.7 1.380
74.7 1.271
74.9 1.268
77.0 1.238
85.9 1.131
8 6 . 1 1.129
92.5 1.067
92.7 1.065

103 . 6 0.981
104.0 0.978
1 1 0 . 6 0.938
1 1 1 . 0 0.935
123.0 0.877
123.4 0.876
131.2 0.847

I(rel) Assignment
100 

3 
1  

44 
15
3 
2
4 
2 
1
5 
4 
4 
2 
2 
1  

2 
1  

3 
2 
1

Table 3.1Tb) (continued)
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X-rav Diffraction Data
for the cooled melts from the

CaFz : LnF, Systems (Ln=La. Er. NcH
85 mole% CaF2 / LaF3 (annealed for 3 days)

2 0 d spacing (A) j(rel) Assignment
2 2 . 1 4.022 3 -

22.7 3.917 2 -

24.3 3.663 39 b
24.9 3.576 13 b
26.2 3.401 3 -

27.8 3.209 61 b
28.3 3.153 1 0 0 a
32.1 2.788 2 a ?
32.3 2.771 5 a ?
32.6 2.747 2 a ?
32.8 2.730 1 a
.35.0 2.564 6 b
39.7 2.270 2 b
41.9 2.156 2 b ?
42.2 2.141 2 -
43.8 2.067 19 b
44.9 2.019 27 b
45.9 1.977 5 Al ?
46.3 1.961 1 0 a ?
47.0 1.933 49 a
49.7 1.834 7 b
49.8 1.831 4 b
50.7 1.801 1 0 b
52.6 1.740 6 b
54.5 1.684 1 b
54.9 1.672 4 b ?
55.1 1.667 2 a ?
55.7 1. 650 1 1 a
56.4 1.631 2 b
57.3 1 . 608 1 b
64.5 1.445 4 b
6 8 . 6 1.368 5 a
69.1 1.359 3 b
69.3 1.356 2 b
70.8 1.331 4 b
74.0 1.281 1 b
74.5 1.274 3 b
74.8 1.269 2 b
75.8 1.255 4 a
78.1 1.224 2 a f b t .

81.2 1.185 3 b
85.5 1.136 3 b
85.8 1.132 3 b
87.7 1.117 6 a
94.0 1.054 1 a,b

103.0 0.985 1 b
105.6 0.968 1 a
1 1 2 . 8 0.926 2 a,b
125.8 0 . 8 6 6 2 a

Table 3.1(b) (continued)
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X-rav Diffraction Data
for the cooled melts from the 

CaF: : LnF, Systems (Ln=La.Er.Nd)
85 mole% CaF2 / LaF3 (annealed for 9 days)
2 0 d spacing (A) j(rel) Assignment

27.8 3.209 1 0 0 b
32.3 2.771 6 a
46.2 1.965 29 a ?
54.8 1.675 14 b
55.0 1.670 8 a
57.5 1.603 2 b
57.7 1.598 1 b
67.4 1.389 2 b
67.5 1.388 1 b
74.4 1.275 9 b
74.6 1.272 6 b
76.7 1.242 2 a
76.9 1.240 1 a, b
85.6 1.135 29 b
85.9 1.131 14 b
92.3 1.069 4 -

92.6 1.066 2 -

103.4 0.982 2 b
103 . 8 0.980 1 b
110.3 0.939 4 -

110.7 0.937 2 -

1 1 2 . 6 0.927 2 a,b
113.0 0.924 1 a
1 2 2 . 6 0.879 2 b
123.1 0.877 1 b
131.0 0.847 1 b
133.9 0.838 2 b
134.6 0.836 1 b

Table 3.1Tb) (continued^
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X-rav Diffraction Data
for the cooled melts from the

CaF: : LnF, Systems (Ln=La.Er.Nd^
85 mole% CaF2 / LaF3 

20 d spacing (A)
26.2 3.401
26.5 3.363
26.6 3.351
27.1 3.290
27.8 3.209
32.2 2.780
44.3 2.045
44.6 2.032
46.2 1.965
46.9 1.937
47.0 1.933
54.8 1.675
55.3 1.661
57.4 1.605
57.6 1.600
67.4 1.389
67.6 1.386
74.4 1.275
74. 6 1.272
76. 6 1.244
76.9 1.240
78.2 1 . 2 2 2
85. 6 1.135
85.9 1.131
92.2 1.070
92.5 1.067

103 .4 0.982
103.8 0.980
104.1 0.978
1 1 0 . 2 0.940
1 1 0 . 6 0.938
110.7 0.937
1 1 2 . 6 0.927
113.0 0.924
113.3 0.923
1 2 2 . 6 0.879
123.0 0.877
123.1 0.877
123.2 0.876
123.5 0.875
130.8 0.848
131.2 0.847
131.5 0.846
131.7 0.845
131.9 0.844
133 . 8 0.838
134. 0 0.837
134.5 0.836
134.6 0.836

Table 3.1(b)

(annealed for 3 weeks)
I(rel) Assignment

2 
1  

1
2 b

1 0 0  b
5 a ?
1 b,Al
1 b, A1

52 a
2 a
1  a

36 a,b ?
1  a,b
3 b
2 b
4 b
3 b
7 b
6  b
2 a
1  a,b ?
1  a
8 b
6 b
4
3
2 b
3 b 
1
4 
2
3 - •
1  a,b
1  a,b
1  a,b
3 b
2 b
2 b
2 b
1  b
2 b
1  b
1  b
1  b
1  b
2 b
2 b
1  a, b
1  a,b

( continued)
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X-rav Diffraction Data
for the cooled melts from the

CaFz : LnF, Systems fLn=La . Er. NcH
80 mole% CaF2 / LaF3

2 0 d spacing (A) j(rel

27.8 3.209 1 0 0
32.1 2.788 5
44.7 2.027 5
46.0 1.973 46
54.5 1.684 2 0
57.2 1.610 3
57.3 1.608 2
67.0 1.397 2
67.2 1.393 2
74.0 1.281 6
74.2 1.278 4
76.2 1.249 2
76.4 1.247 2
85.1 1.140 1 0
85.3 1.138 5
91.6 1.075 4
91.8 1.073 3

1 0 2 . 6 0.988 2
102.9' 0.986 2
109.4 0.945 4
109.7 0.943 3
111. 7 0.932 1
1 1 2 . 2 0.929 1
121.4 0.884 1
129.6 0.852 3
130.2 0.850 2

Assignment

a,b,?
b,?

Table 3.1(bl (continued)
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X-rav Diffraction Data
for the cooled melts from the

CaF: : LnF, Systems (Ln=La.Er.Nd)
80 mole% CaF2 / LaF3 (annealed for 3 days)

Assignment
b
a,? 
b
a,b ,A1 
b 
b 
b 
b
Al,?
b 
b 
a 
a 
b 
b

b
b

a,b,?
b, ? 
b, ? 
b,?
b
b

2 0 d spacing (A) j<rel

27.4 3.255 1 0 0
31.8 2.814 5
44.6 2.032 7
45.7 1.985 51
54.2 1.692 26
54.4 1.687 15
56.9 1.618 4
57.0 1 . 616 2
6 6 . 8 1.400 4
67.0 1.397 2
73.7 1.285 1 0
73.9 1.282 5
76.0 1.252 2
76.2 1.249 1
84.9 1.142 6
85.1 1.140 4
91.4 1.077 8
91.7 1.074 4

1 0 2 . 0 0.989 3
1 0 2 . 8 0.986 2
109.2 0.946 5
109.6 0.943 2
111.5 0.933 2
111.9 0.930 1
121.3 0.884 4
1 2 1 . 8 0.882 2
129.4 0.853 2
130.0 0.851 1
132.2 0.843 1
132.9 0.841 1

Table 3.1(b) (continued)
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X-rav Diffraction Data
for the cooled melts from the

CaF: : LnF, Systems (Ln=La. Er. NcO
80 mole% CaF2 / LaF3 (annealed for 9 days)

Assignment2 0 d spacing (A) j(rel)
27.8 3 .209 1 0 0
32.2 2.780 5
46.1 1.969 52
54.6 1.681 17
54.7 1.678 13
57.2 1.610 5
57.4 1.605 3
67.1 1.395 3
74.0 1.281 5
74.3 1.277 4
76.3 1.248 2
76.5 1.245 1
85.1 1.140 1 0
85.4 1.137 5
91.7 1.074 5
92.0 1.072 3

1 0 2 . 6 0.988 2
1 0 2 . 8 0.986 1
103.0 0.985 2
109.4 0.945 3
109.8 0.942 2
1 1 1 . 8 0.931 2
1 1 2 . 2 0.929 1
121.5 0.884 4
1 2 2 . 0 0.881 2
129.6 0.852 1

Table 3.1(b) (continued^
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X-rav Diffraction Data 
for the cooled melts from the

CaF, : LnF, Systems (Ln=La.Er.Nd}
80 mole% CaF2  / LaF3 (annealed for 3 weeks)

2 0 d spacing (A) j(rel) Assignment
27.0 3.302 2 a,b
27.9 3.198 1 0 0 a,b
32.2 2.780 8 a
44.6 2.032 2 b , A1
44.8 2.023 1 b, A1
46.1 1.969 44 a,?
54.6 1.681 26 b
57.4 1.605 6 b
65. 0 1.435 1 A1
65.2 1.431 1 A1
65.3 1.429 1 A1
67.1 1.395 2 b,?
67.2 1.393 3 b, ?
74.1 1.279 1 0 b
74.3 1.277 7 b
76.3 1.248 1 a,b
76.4 1.247 2 a,b
76.5 1.245 2 a,b
76.6 1.244 1 a,b
78.2 1 . 2 2 2 1 a
85.2 1.139 8 b
85.4 1.137 6 b
91.7 1.074 3 b, ?
92.0 1.072 7 b,?
92.3 1.069 3 b, ?

102.7 0.987 2 b
103.1 0.984 1 b
109.4 0.945 3 -
109.6 0.943 2 -
109.8 0.942 2 -
1 1 0 . 0 0.941 1 -
111.7 0.932 1 -
111.9 0.930 2 -
1 1 2 . 2 0.929 1 a, b
112.3 0.928 1 a,b
121.5 0.884 2 7
121.7 0.883 1 7
121.9 0.882 1 7
1 2 2 . 1 0.881 1 b
122.3 0.881 1 b
129.8 0.851 2 b, ?
130.4 0.849 1 -
132.6 0.842 1 b
132.8 0.841 1 b
133.1 0.840 1 b

Table 3.1fb) (continued)
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X-rav Diffraction Data
for the cooled melts from the 

CaF: : LnF, Systems (Ln=La.Er.Nd)
75 mole% CaF2 / LaF3

2 0 d spacing (A) H <D Assignment
27.7 3.220 1 0 0 b
31.9 2.805 5 a,?
44.6 2.032 5 b
45.8 1.981 33 -

54.3 1.689 1 2 b
56.9 1.618 4 b
57.0 1.616 3 b
6 6 . 8 1.400 1 -

67.0 1.397 1 -

73.6 1.287 6 b
73.8 1.284 4 b
75.8 1.255 1 a
84.6 1.145 5 b , ?84.8 1.143 4 b
91.1 1.080 3 b , ?
91.3 1. 078 2 b , ?101.9 0.993 1 b

102.3 0.990 1 b
108.7 0.949 2 -

109.1 0.946 1 -

110.9 0.936 1 -

1 2 0 . 6 0.887 1 b
128.6 0.856 1 b

Table 3.1(b^ (continued)
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X-rav Diffraction Data
for the cooled melts from the

CaF„ : LnF, Systems (Ln=La. Er.Nd}
75 mole% CaF2 / LaF3 (annealed for 3 days)

20 d spacing (A) jCrei) Assignment
27.6 3.232 100 b
31.9 2.805 4 a,?43.6 2.076 4 b
45.8 1.981 69 -
54.2 1.692 24 b
54.4 1.687 12 b
56.8 1.621 4 b
57.0 1.616 2 b
66.7 1.402 1 -
66.9 1.399 1 -
73.6 1.287 9 b
73.8 1.284 5 b
75.8 1.255 3 a
76.0 1.252 1 a
84.6 1.145 10 b,?84.8 1.143 5 b
91. 0 1.081 7 b,?91.4 1.077 4 -

102.0 0.992 5 b
102.3 0.990 2 b
108.7 0.949 5 -
109.1 0.946 3 -
1 1 1 . 0 0.935 1 a,b, ?
120.6 0.887 2 b
121.1 0.885 1 -
128.5 0.856 3 b
129.1 0.854 1 b
131.3 0.846 1 b

Table 3.1Tb) (continued)
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X-rav Diffraction Data
for the cooled melts from the 

CaF, : LnF, Systems (Ln=La.Er. Nd^
70 mole% CaF2 / LaF3

2 0 d spacing (A) j(rel) Assignment
27.3 3 .267 1 0 0 b
31.8 2.814 1 1 a,?
44.6 2.032 7 b
45.4 1.998 37 b,?
54.0 1.698 2 0 b,?
56.6 1.626 3 b
56.8 1.621 2 b
66.4 1.408 2 -

73.2 1.293 5 b
73.3 1.291 5 b
75.4 1.261 2 a
84.1 1.151 1 0 b,?90.6 1.085 3 b,?

1 0 1 . 0 0.996 1 b
107.8 0.954 3 b, ?
108.2 0.952 3 -

110.3 0.939 2 -

119.6 0.892 1 b
1 2 0 . 0 0.890 1 b
127.3 0.860 3 b, ?
127.8 0.858 1 b

Table 3.1(b) (continued)
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X-rav Diffraction Data 
for the cooled melts from the

CaF„ : LnF, Systems (Ln=La, Er ,Nd)
70 mole% CaF6 / LaF3 (annealed for 3 days)
2 0 d spacing (A) j ( r e l ) Assignment

27.3 3.267 1 0 0 b
31.2 2.867 1 a,?
31.6 2.831 15 a,?
36.2 2.481 1 -

44 . 6 2.032 7 b
45.4 1.998 53 b,?
53 . 8 1.704 2 2 b,?54.0 1.698 1 2 b, ?
56.4 1.631 5 b
56.6 1.626 3 b
6 6 . 2 1.412 4 b, ?
66.4 1.408 2 b, ?
73.0 1.296 13 b,?
73.2 1.293 6 b
75.2 1.263 3 a,b
75.5 1.259 2 a
84.0 1.152 1 1 b, ?
84.2 1.150 5 b, ?
90.4 1.086 5 b
90.7 1.084 3 b,?

1 0 1 . 2 0.998 2 b
1 0 1 . 6 0.995 1 b
107.8 0.954 5 b/ ?
108.2 0.952 3 -

1 1 0 . 1 0.941 3 -

1 1 0 . 6 0.938 1 -

119.6 0.892 4 b
1 2 0 . 0 0.890 2 b
127.3 0.860 3 b, ?
127.8 0.858 2 b
130.0 0.851 1 -

130.7 0.848 1 -

Table 3.1(b) (continued)
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X-rav Diffraction Data
for the cooled melts from the 

CaF: : LnF, Systems (Ln=La,Er.Nd^
65 mole% CaF? / LaF,

2 0 d spacing (A) j(rel)

27.1 3.290 1 0 0
31.4 2.849 17
44.7 2.023 4
45.1 2 . 0 1 0 54
53.5 1.713 26
56.1 1.639 5
56.2 1.637 4
65.8 1.419 7
6 6 . 0 1.415 4
72.6 1.302 1 2
72.8 1.299 5
74.8 1.269 4
83.5 1.158 5
83.6 1.157 6
89.8 1.092 4
90.0 1.090 3

100.4 1.003 1
1 0 0 . 8 1 . 0 0 1 1
107.0 0.959 4
107.4 0.957 3
109.3 0.945 3
109.7 0.943 2
118.6 0.897 3
119.0 0.895 2
126.5 0.865 2
126.6 0.863 2
129. 0 0.854 1
140.8 0.818 1

Assignment
b
a,? 
b
b,?
b
b
Al,?
Al,?
b,?
b
b
b
b
b
b
b
b
b

b,?
b
a
a
b
b

Table 3.1(b) (continued)
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X-rav Diffraction Data 
for the cooled melts from the

CaF, : LnF-, Systems (Ln=La.Er.Nd)
65 mole% CaF2 / LaF3 (annealed for 3 days)

2 0 d spacing (A) j ( r e l ) Assignment
24.3 3.663 1 b
27.4 3.255 1 0 0 b
31.7 2.823 14 a,?
45.4 1.998 49 b,Al
53.8 1.704 17 b
56.3 1.634 6 b
56.5 1.629 5 b
6 6 . 1 1.414 5 Al,?
66.3 1.410 3 -

72.8 1.299 1 0 b
73.0 1.296 5 b
75.1 1.265 2 a,b
75.3 1.262 1 a,b
83.7 1.155 5 b
84 . 0 1.152 3 b
91.0 1.081 1 0 b,?91.4 1.077 5 -

1 0 0 . 8 1 . 0 0 1 3 b
1 0 1 . 1 0.998 2 b
107.3 0.957 6 b
107.7 0.955 4 b
109.5 0.944 2 -

1 1 0 . 0 0.941 1 -

118.9 0.895 2 b
119.4 0.893 1 b
126.4 0.864 2 a
127. 0 0.861 1 a
129.1 0.854 2 b
129.7 0.852 1 b,?
140.8 0.818 1 b

Table 3.1(b) (continued)
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X-rav Diffraction Data
for the cooled melts from the

CaF= : LnF: Systems fLn=La.Er.Nd)
65 mole% CaF2 / LaF3 (annealed for 9 days)

Assignment
b
a,? 
b
b,? 
b,? 
b 
b
Al,? 
Al,? 
b,? 
b
a, b 
a 
b 
b 
b 
b 
b 
b 
b 
b
b,? 
b 
a 
b

Table 3.1(b) (continued)

2 0 d spacing (A) j(rel

27.4 3.255 1 0 0
31.7 2.823 1 2
45.4 1.998 93
53.8 1.704 33
53 .9 1.701 2 0
56.3 1.634 5
56.5 1.629 3
6 6 . 0 1.415 3
6 6 . 2 1.412 2
72.8 1.299 1 0
73.0 1.296 6
75.0 1.266 4
75.3 1.262 3
83.6 1.157 1 2
84. 0 1.152 6
90.0 1.090 7
90.4 1.086 3

1 0 0 . 6 1 . 0 0 2 1 0
1 0 1 . 0 0.999 6
107.2 0.958 7
107.6 0.955 5
118.8 0.896 5
119.3 0.893 3
126.7 0.864 2
129.0 0.854 1
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X-rav Diffraction Data
for the cooled melts from the 

CaF: : LnF3 Systems (Ln=La.Er. Nd)
65 mole% CaF2 / LaF3 (annealed for 3 weeks)
2 0 d spacing (A) j(rel) Assignment

27.4 3.255 1 0 0 b
28.3 3.153 1 a
29.2 3.058 1 a,?
31.0 2.885 ... 1 -
31.3 2.858 1 -
31.8 2.814 8 a,?
38.5 2.338 1 b, Al
44.8 2.023 2 b, Al
45.4 1.998 61 b, Al
53.8 1.704 1 2 b
56.4 1.631 4 b
56.6 1.626 3 b
65.1 1.433 2 b, Al
65.3 1.429 1 b, Al
6 6 . 1 1.414 3 Al, ?
73.0 1.296 5 b
75.2 1.263 3 a,b
75.4 1.261 3 a
75.5 1.259 2 a
75.7 1.256 1 a
78.2 1 . 2 2 2 2 a, Al
78.3 1 . 2 2 1 1 a, Al
78.5 1.218 1 a, Al
83.8 1.154 5 b
83.9 1.153 4 b
84. 0 1.152 3 b,?
84.4 1.148 2 b, ?
90.1 1.089 5 b
90.4 1.086 8 b
90.6 1.085 3 b

1 0 0 . 8 1 . 0 0 1 1 b
1 0 1 . 0 0.999 1 b
107.3 0.957 4 b
107.7 0.955 3 b
108.2 0.952 5 b,?
108.6 0.949 2 b , ?
109.6 0.943 1 -
109.8 0.942 1 -
1 1 0 . 0 0.941 1 -
118.8 0.896 1 b
119.4 0.893 1 b
126.4 0.864 8 a
127.0 0.861 4 a
127.3 0.860 2 a
127.9 0.858 1 b, ?
129.4 0.853 1 b, ?

Table 3.1fb) (continued)
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X-rav Diffraction Data
for the cooled melts from the 

CaF: ; LnF3 Systems (Ln=La. Er.NcH
60 mole% CaF2 / LaF3

20 d spacing (A) jCreo Assignment
27.0 3.302 100
27.7 3.220 2
31.3 2.858 17
44.6 2.032 11
44.9 2.019 77
53.2 1.722 31
55.8 1.647 4
65.4 1.427 4
72.2 1.308 10
72.4 1.305 10
74.4 1.275 4
83.0 1.163 6
89.5 1.095 4
99.9 1.007 3

106.4 0.963 6
108.6 0.949 3
117.7 0.901 2
127.9 0.858 1

Table 3.1fb^ (continued)
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X-rav Diffraction Data 
for the cooled melts from the

CaF, : LnF, Systems (Ln=La,Er rNd)
60 mole% CaF2 / LaF3 (annealed for 3 days)
2 0 d spacing (A) j(rel) Assignment

24.4 3.648 8 b
25.1 3.548 3 b
27.6 3.232 1 0 0 b
28.0 3.187 14 a
31.8 2.814 1 0 a,?
35.2 2.550 1 b
44.1 2.053 6 b
44.7 2.027 7 b
45.1 2 . 0 1 0 9 b,?
45.5 1.993 43 b,?
49.9 1.828 1 b
51.0 1.791 4 b
52.9 1.731 2 b
53.8 1.704 2 0 b,?
54.0 1.698 15 b,?
56.4 1.631 6 b
56.6 1 . 626 5 b
64.8 1.439 1 b
6 6 . 2 1.412 2 -

68.5 1.370 1 a, b
69.3 1.356 1 b
71.1 1.326 1 b
72.9 1.298 9 b,?73.1 1.294 6 b
75.2 1.263 3 a,b
75. 3 1.262 2 a
81.6 1.180 1 b, ?
83 .7 1.155 7 b,?
84.0 1.152 5 b/ ?
35.8 1.132 1 b, ?
90.2 1.088 5 b
90.4 1.086 4 b

1 0 0 . 8 1 . 0 0 1 1 b
107.3 0.957 3 b
107.7 0.955 2 b, ?
109.5 0.944 1 -

109.9 0.942 1 -

118.8 0.896 2 b, ?
119.2 0.894 1 b
126.2 0.864 4 a
126.8 0.862 2 a,?
140.9 0.818 2 b
141.8 0.816 2 b

Table 3.1(b) (continued)
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X-rav Diffraction Data 
for the cooled melts from the

CaF., : LnF, Systems fLn=La.Er.Nd}
60 mole% CaF2 / LaF3 (annealed for 9 days)
2 0 d spacing (A) j ( r e l ) Assignment

24.3 3.663 51 b
24.9 3.576 33 b
27.4 3.255 79 b
27.8 3.209 1 0 0 b
28.2 3.164 26 a
31.6 2.831 1 2 a
35.1 2.557 9 b
43 .9 2 . 062 37 b
45.0 2.014 44 b
45.3 2 . 0 0 2 27 b,?
45.5 1.993 26 b,?
45.6 1.989 26 b,?
46.5 1.953 9 b , ?
46.7 1.945 1 2 a
46.8 1.941 14 a
47.0 1.933 1 1 a
49.7 1.834 7 b
50.8 1.797 19 b
52.7 1.737 1 2 b
53.8 1.704 26 b
53.9 1.701 2 1 b
56.4 1.631 6 b
64.6 1.443 9 b
65.9 1.417 5 Al,?
6 6 . 1 1.414 5 Al,?
68.4 1.372 9 a,b
69.3 1.356 5 b
70.9 1.329 9 b
72.8 1.299 7 b
73.0 1.296 7 b
75.0 1.266 3 a,b
80.4 1.194 5 b
81.0 1.187 5 b
81.2 1.185 7 b
81.4 1.182 7 b
81.5 1.181 5 b
83.6 1.157 7 b
83.7 1.155 7 b
83.9 1.153 6 b
85.6 1.135 9 b
90.0 1.090 7 b
90.2 1.088 7 b
94.1 1.053 5 a,b

107.2 0.958 3 b
118.6 0.897 2 b
126.2 0.864 2 a
128.8 0.855 5 b
129.5 0.852 2 b,?

Table 3.1(b) (continued^
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X-rav Diffraction Data
for the cooled melts from the

CaF-. ; LnF3 Systems CLn=La. Er, Nd)
60 mole% CaF2 / LaF3 (annealed for 3 weeks)

2 0 d spacing (A) j(rel) Assignment
2 2 . 0 4.040 2 —

24.3 3.663 3 b
24.9 3.576 2 b
25.2 3.534 1 b
27.3 3.267 1 0 0 b
27.8 3.209 4 a,b
28.2 3.164 3 a
31.2 2.867 4 -

31.6 2.831 1 2 -

43.9 2.062 2 b
44.6 2.032 1 0 b, Al
44.8 2.023 8 b, Al
45.0 2.014 9 b, Al
45.3 2 . 0 0 2 51 b
46.8 1.941 3 a
47.0 1.933 2 a
47.1 1.929 2 a
47.4 1.918 1 a
50.8 1.797 1 b
52.8 1.734 3 b
53.0 1.728 4 b
53.1 1.725 3 b
53 .2 1.722 3 b
53 .7 1.707 29 b
53.8 1.704 27 b
55.5 1.656 1 a
56.2 1.637 4 b
56.4 1.631 4 b
64.6 1.443 1 b
64.8 1.439 1 b
65.0 1.435 3 b
71.7 1.316 1 b,?
72.6 1.302 6 b,?
72.8 1.299 7 b,?
73.1 1.294 4 b,?
73.3 1.291 2 b
74.9 1.268 3 a,b
75.0 1.266 4 a,b
75.3 1.262 3 a,b
75.6 1.258 1 a
83.7 1.155 6 b
83.9 1.153 4 b
90. 0 1.090 3 b
90.3 1.087 2 b
90.4 1.086 4 b
90.7 1.084 2 b

1 0 0 . 8 1 . 0 0 1 2 b , Al
Table 3.1fb) (continued)



X-rav Diffraction Data
for the cooled melts from the 

CaFz : LnF, Systems (Ln=La.Er. Nd)
60 mole% CaF2 / LaF3 (annealed for 3 weeks) continued

2 0 d spacing (A) j(rel) Assignment
107.2 0.958 4 b
107.4 0.957 3 b
107.6 0.955 2 b
107.8 0.954 1 b
109.5 0.944 2 -

118.4 0.897 2 b,?118.8 0.896 3 b,?119.1 0.894 2 b
119.3 0.893 2 b
119.7 0.892 1 b
126.3 0.864 2 a
128.8 0.855 1 b
129.5 0.852 1 b, ?

Table 3.1(b) (continued)
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X-rav Diffraction Data
for the cooled melts from the

CaR, : LnF, Svstems (Ln=La.Er. Nd)
55 mole% CaF2 / LaF3

2 0 d spacing (A) I(rel) Assignment
24.2 3.678 8 b
24.9 3.576 3 b
27.1 3.290 1 0 0 b
27.8 3.209 1 2 a
31.4 2.849 15 a,?35.1 2.557 1 b
44.0 2.058 5 b
44.6 2.032 1 2 b
45.0 2.014 59 b,?
49.7 1.834 1 b
50.9 1.794 2 b
52.9 1.731 2 b
53 . 3 1.719 24 b,?55.9 1.645 4 b
64.8 1.439 1 b
65.5 1.425 4 -

68.5 1.370 1 a,b
69.3 1.356 1 b
71.2 1.324 1 b, ?
72.2 1. 308 8 -

72.4 1.305 6 -

74.4 1.275 3 b
78.1 1.224 1 a ,b ,Al
82.9 1.165 6 b
83.2 1.161 4 b
89.2 1.098 4 b,?89.5 1.095 3 b
99.0 1.014 1 b, Al
99.8 1.008 2 b

1 0 0 . 1 1.006 2 b
106.2 0.964 5 b
106.6 0.961 3 b
108.4 0.950 2 -

108.8 0.948 1 -

117.5 0.902 2 b
118.0 0.899 1 b

Table 3.1fb^ (continued)
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X-rav Diffraction 
for the cooled melts

Data 
from the

CaF., : LnF, Svstems (Ln=La,Er,Nd)
55 mole% CaF2 / LaF3 (annealed for 3 days)
2 0 d spacing (A) I(rel) Assignment

24.3 3.663 2 1 b
25.0 3.562 9 b
27.4 3.255 1 0 0 b
27 . 8 3.209 32 a
31.6 2.831 1 0 a,?
35.1 2.557 3 b
43.9 2.062 15 b
44.9 2.019 19 b
45.3 2 . 0 0 2 55 b,?
49.7 1.834 3 b
50.8 1.797 7 b
52.7 1.737 6 b
53.7 1.707 25 b,?
53.8 1.704 18 b,?56.2 1.637 5 b
56.4 1.631 5 b
64.6 1.443 3 b
64.7 1.441 3 b
65.9 1.417 3 -

6 6 . 1 1.414 2 -

68.4 1.372 2 a,b
69.2 1.358 2 b
70.9 1.329 3 b
71.1 1.326 2 b
72.8 1.299 1 0 b #?
73.0 1.296 6 b,?75. 0 1.266 3 b
75.2 1.263 2 a,b
78.1 1.224 1 a ,b ,Al
80. 6 1.192 1 b
81.3 1.183 2 b
81.6 1.180 1 b/ ?
83.6 1.157 8 b
83.8 1.154 5 b,?85.7 1.134 2 b, ?
8 6 . 0 1.130 1 b, ?
90.0 1.090 4 b
90. 2 1.088 3 b
94.1 1.053 1 b

1 0 0 . 6 1 . 0 0 2 2 b
1 0 1 . 0 0.999 2 b
101.7 0.994 2 b
103.3 0.983 1 b,?107.2 0.958 4 b,?107.6 0.955 3 b, ?
109.4 0.945 2 -

109.8 0.942 1 -

114.0 0.919 1 b
Table 3.1(b) (continued)
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X-rav Diffraction Data
for the cooled melts from the 

CaFz ; LnF, Svstems (Ln=La.Er.Nd)
55 mole% CaF2 / LaF3 (annealed for 3 days) continued

20 d spacing (A) j(rel) Assignment
116.4 0.907 1 b
116.9 0.905 1 b
118.7 0.896 2 b
119.2 0.894 1 b
126.2 0.864 2 a
128.8 0.855 1 a,?
129.0 0.854 2 b
129.5 0.852 1 b,?

Table 3.1(b) (continued)
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X-rav Diffraction Data
for the cooled melts from the

CaF: : LnF, Svstems (Ln=La.Er.Nd)
55 mole% CaF2 / LaF3

2 0 d spacing (A)
2 2 . 1 4.022
24.4 3.648
25.1 3.548
27.5 3.243
27.9 3.198
28.3 3.153
31.8 2.814
35.2 2.550
44.0 2.058
45.0 2.014
45.4 1.998
45.6 1.989
45.7 1.985
45.9 1.977
47.0 1.933
49.8 1.831
50.8 1.797
52 . 8 1.775
53.0 1.728
53.9 1.701
55.6 1.653
55.8 1.647
56.4 1.631
56.6 1.626
64.7 1.441
6 8 . 6 1.368
69.3 1.356
69.5 1.352
69.7 1.349
71.0 1.328
78.2 1 . 2 2 2
80. 6 1.192
80.9 1.188
81.3 1.-183
83.7 1.155
83.9 1.153
85.3 1.138
85.5 1.136
85.6 1.135
85.8 1.132
90.1 1.089
90.4 1.086
94.2 1.052

1 0 0 . 0 1.006
101.7 0.994

Table 3.1

(annealed for 9 days)
I(rel) Assignment

2
6 8  b
32 b, ?
29 b

1 0 0  b
2 2  a
5 a

1 0  b
44 b, Al
61 b, Al
15 b,Al
14 b,Al
13 b,Al
12 b, Al
1 2  a
5 b

27 b
1 2  b
1 0  b
1 0  b
5 a
5 a
7 b
6 b

1 2  b
1 2  b
1 0  b

6 b
4 b

1 0  b
2 a
5 b
5 b

1 0  b
5 b
4 b
2 b
5 b

1 0  a, b
7 a,b
5 b
5 b
7 a,b
5 b

1 0  b
(continued)
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X-rav Diffraction Data 
for the cooled melts from the

CaF^ : LnF, Svstems (Ln=:La. Er , Nd)
55 mole% CaF2 / LaF3 (annealed for 3 weeks)
2 0 d spacing (A) J < r e l ) Assignment

24.4 3.648 4 b
25.0 3.562 3 b
27.3 3.267 1 0 0 b
27.8 3.209 13 b
31.6 2.831 13 a
35.1 2.557 2 b
35.2 2.550 1 b
43.8 2.067 2 b
44. 0 2.058 3 b, Al
45.2 2.006 37 b, Al
49.7 1.834 1 b
50.4 1.811 1 b
50.8 1.797 3 b
52.8 1.734 2 b
53.6 1.710 17 b
56.2 1.637 4 b
57.2 1.610 1 b
57.4 1.605 1 b
64.6 1.443 2 b
64.7 1.441 1 b
65.0 1.435 2 Al
65.2 1.431 1 Al
65.5 1.425 1 Al,?
65.7 1.421 2 Al,?
65.8 1.419 3 Al,?
6 6 . 0 1.415 2 Al,?
66.3 1.410 1 Al,?
6 6 . 6 1.404 1 Al,?
66.9 1.399 1 Al,?
68.4 1.372 1 a,b
69.2 1.358 1 b
69.4 1.354 1 b
69.8 1.347 1 b
71.0 1.328 2 b
72.7 1.301 7 b,?
74.8 1.269 2 b
78.2 1 . 2 2 2 1 a
81.4 1.182 1 b
83.4 1.159 5 b
83.5 1.158 5 b
83.6 1.157 5 b
83 . 8 1.154 3 b
84.1 1.151 1 b
85.6 1.135 1 b
89.6 1.094 3 b
89.9 1.091 4 b
90.2 1.088 2  

Table 3.l(b} (continued}
b
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X-rav Diffraction Data
for the cooled melts from the 

CaF= : LnF, Svstems fLn=La. Er . Nd)
55 mole% CaF2 / LaF3 (annealed for 3 weeks) continued

20 d spacing (A) j(rel) Assignment
94.2 1.052 1 a,b
94.5 1.050 1 a, b

100.0 1.006 1 b
100.2 1.005 1 b
100.3 1.004 1 b
100.6 1.002 1 b
101.0 0.999 1 b
101.7 0.994 1 b
105.4 0.969 1 a
105.8 0.967 1 a
106.4 0.963 2 b
106.5 0.962 2 b
106.8 0.960 3 b
107.0 0.959 3 b
107.1 0.958 2 b
109.2 0.946 1 -

118.4 0.897 2 b,?
125.6 0.867 1 a
125.8 0.866 1 a

Table 3.1(b) (continued)
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X-rav Diffraction Data
for the cooled melts from the 

CaF= : LnF, Systems (Ln=La, Er, NcH
50 mole% CaF2 / LaF3

20 d spacing (A) j(rel) Assignment
24.3 3.663 35 b
25.0 3.562 15 b
27.2 3.278 100 b
27.9 3.198 45 a
31.5 2.840 19 a,?
35.2 2.550 4 b
44.1 2.053 18 b
44.6 2.032 10 b
45.1 2.010 79 b,?
49.8 1.831 4 b
51.0 1.791 13 b
52.9 1.731 7 b
53 .4 1.716 - 16 -

53.5 1.713 18 -

56.1 1.639 4 b
56.5 1.629 2 b
64.8 1.439 4 b
65.7 1.421 4 -

68.6 1.368 3 a,b
69.3 1.356 4 b
69.5 1.352 3 b,?
71.2 1.324 4 b,?
72.4 1.305 7 -

74.5 1.274 2 b
81.0 1.187 1 b
81.7 1.179 3 b,?
83.2 1.161 5 b
86.1 1.129 2 b,?
89.7 1.093 3 b
94.5 1.050 2 b
99.7 1.009 4 b

100.1 1.006 4 b
106.7 0.961 3 b

Table 3.1(b) (continued)
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X-rav Diffraction Data
for the cooled melts from the 

CaF= : LnF, Svstems (Ln=La.Er. Nd^
50 mole% CaF2 / LaF3 (annealed for 3 days)
20 d spacing (A) j<rei) Assignment

24.4 3.648 32 b
25.0 3 .562 14 b
27.4 3.255 1 0 0 b
27.9 3.198 52 a
31.7 2.823 9 a, ?
35.2 2.550 4 b
44.0 2.058 2 0 b
44.7 2.027 9 b
45.0 2.014 30 b,?
45.4 1.998 40 b,?49.8 1.831 4 b
50.8 1.797 13 b
52.8 1.734 8 b
53.8 1.704 15 -
53.9 1.701 13 -
56.4 1.631 6 b
56.6 1.626 5 b
57.4 1.605 1 b
64.6 1.443 5 b
6 6 . 1 1.414 3 -
6 6 . 2 1.412 2 -
68.4 1.372 4 a,b
69.3 1.356 3 b
71.0 1.328 4 b
71.1 1.326 2 b
72.9 1.298 7 b,?73.1 1.294 5 b
75.1 1.265 2 b
80. 6 1.192 1 b
81.4 1.182 4 b
81.6 1.180 2 b , ?
83.8 1.154 6 b,?84.0 1.152 4 b,?
85.7 1.134 2 b,?90.1 1.089 4 b
90.4 1.086 3 b
94.2 1. 052 2 b
94.5 1.050 1 b

1 0 0 . 1 1.006 1 b
100.9 1 . 0 0 0 2 b
101.7 0.994 2 b
103.3 0.983 2 b , ?
107.3 0.957 3 b , ?
107.7 0.955 2 b , ?
109.5 0.944 1 b , ?
114. 0 0.919 1 b
118.9 0.895 1 b

Table 3.1(b) (continued^
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X-rav Diffraction Data
for the cooled melts from the

CaF= : LnF: Systems (Ln=La.Er.Nd)
50 mole% CaF? / LaF, (annealed for 3 days) continued

20 d spacing (A) j(rel) Assignin'
119.4 0.893 1 b
126.4 0.864 1 a
129. 0 0.854 1 b
133.6 0.839 1 b
141.1 0.818 2 b
141.8 0.816 2 b

Table 3.1fb) (continued)
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X-rav Diffraction Data
for the cooled melts from the 

CaF: : LnF, Svstems (Ln=La.Er. Nd)
The CaF2/ErF: System:

95 mole% CaF2 / ErF3

20 d spacing (A) j(rel) Assignment
28.2 3.164 100 a
32.7 2.739 1 a
47.0 1.933 44 a
55.7 1.650 13 a
55.8 1.647 7 a
58.4 1.580 1 a
58.5 1.578 1 a
68.5 1.370 1 a
68.7 1.366 1 a
75.7 1.256 4 a, c
75.9 1.254 2 a
87.2 1.118 4 a
87.4 1.116 2 a
93 .9 1. 055 2 a
94.0 1.054 2 a
94.3 1. 054 1 a

105.5 0.970 1 a
105.9 0.970 1 a
112.8 0.930 1 3. f C ,
113.2 0.920 1 a

Table 3.1(c)
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X-rav Diffraction Data
for the cooled melts from the 

CaF: : LnF: Systems (Ln=La.Er.Nd)
95 mole% CaF2 / ErF3 (annealed for 3 days)

2 0 d spacing (A) j<rel) Assignment
28.3 3.153 1 0 0 a
32.8 2.730 1 a
47.0 1.933 48 a
55.7 1. 650 1 1 a
55.8 1.647 6 a
58.4 1.580 3 a
58.6 1.575 2 a
6 8 . 6 1.368 3 a
6 8 . 8 1.365 1 a
75.7 1.256 8 a, c
76.0 1.252 4 a
87.2 1.118 8 a
87.5 1.115 4 a
94.0 1.054 9 a
94.4 1.051 4 a

105.6 0.968 2 a
106.0 0.965 1 a
112 .7 0.926 3 c
113.2 0.923 2 a
115.2 0.913 1 a
115.7 0.911 1 a

Table 3.1(c) continued

i
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X-rav Diffraction Data
for the cooled melts from the

CaF. : LnF, Systems CLn=La.Er.Nd^
90 mole% CaF2 / ErF3

2 0 d spacing (A) j(rel) Assignment
28.2 3.164 1 0 0 a
32.7 2.739 1 a
47.0 1.933 35 a
55.7 1.650 27 a
58.4 1.580 2 a
58.5 1.578 1 a
68.5 1.370 2 a
6 8 . 6 1.368 1 a
75.7 1.256 4 a, c
7.5.9 1.254 2 a
78.0 1.225 1 a
78.2 1 . 2 2 2 1 a, A1
87.2 1.118 5 a
87.4 1.116 3 a
94.0 1.054 3 a
94.3 1.052 2 a

105.5 0.968 1 a
105.8 0.967 1 a
112.4 0.928 1 c
1 1 2 . 6 0.927 3 c
113.1 0.924 2 a
115.2 0.913 1 a
115.6 0.911 1 a

Table 3.1(c) continued

i
iIi
1I
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X-rav Diffraction Data
for the cooled melts from the

CaFz : LnF, Systems (Ln=La.Er.Nd^
90 mole% CaF2 / ErF3 (annealed for 3 days)
2 0 d spacing (A) j(rel) Assignment

26.0 3.427 1 c
28.2 3.164 1 0 0 a
32.7 2.739 3 a
46.8 1.941 35 a
55.5 1.656 1 1 a
55.7 1.650 9 a
58.2 1.585 3 c
58.4 1.580 2 a
68.3 1.373 2 a
68.5 1.370 3 a
75.4 1.261 15 c
75.6 1.258 6 c
77.7 1.229 1 a
77.9 1.226 1 a
86.5 1.125 1 a
86.9 1 . 1 2 1 1 0 a
87.2 1.118 4 a
93.6 1.058 4 c
93.9 1.055 2 a

105.0 0.972 1 a
105.2 0.970 1 a
1 1 2 . 2 0.929 2 c
1 1 2 . 6 0.927 2 c
114.6 0.916 1 a,?
115.0 0.914 1 a

Table 3.1(c) continued



X-rav Diffraction Data
for the cooled melts from the

CaF= : LnF, Systems (Ln=La . Er. NcH
85 mole% CaF2 / ErF3

2 0 d spacing (A) j(rel

28.0 3.187 1 0 0
32.4 2.763 3
46.6 1.949 42
55.3 1.661 14
58.0 1.590 3
58.1 1.588 2
6 8 . 1 1.377 2
75.2 1.263 8
75.4 1.261 3
77.6 1.230 1
77.8 1.228 1
8 6 . 6 1.124 4
86.9 1 . 1 2 1 2
93.4 1. 059 2
93.5 1.058 2
93.7 1.057 1

104.9 0.972 3
105.2 0.970 1
1 1 2 . 1 0.929 2
112.4 0.928 1

Assignment
a, c
a
a
c
c
c
a, c
c
c
a, c
a
a
a
c
c
a, c 
a, c 
a 
c 
c

Table 3.1(c) continued
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X-rav Diffraction Data
for the cooled melts from the 

CaFz : LnF; Systems (Ln=La.Er,Nd)
85 mole% CaF2 / ErF3 (annealed for 3 days)
2 0 d spacing (A) j(rel) Assignment

28.2 3.164 1 0 0 a
32.6 2.747 3 a
46.8 1.941 42 a
55.5 1.656 14 a, c
55.6 1.653 13 a
58.2 1.585 3 c
58.3 1.583 2 c
6 8 . 2 1.375 2 a
68.3 1.373 3 a
6 8 . 6 1.368 1 a
75.4 1.261 6 c
75.7 1.256 3 a, c
77.7 1.229 1 a
77.9 1.226 1 a
8 6 . 8 1 . 1 2 2 4 a
87.1 1.119 2 a
93.6 1.058 3 c
93.7 1.057 4 a, c
94. 0 1.054 2 a

105.1 0.971 1 a
105.2 0.970 1 a
1 1 2 . 2 0.929 8 c
1 1 2 . 6 0.927 3 c
114.6 0.916 1 a,?
115.0 0.914 1 a

Table 3 .1 (0 ) continued
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20
28.0
32.3
46.5
55.2
55.3 
57.8
58.0
68.0 
75.1
75.3
77.4
77.5
77.7
86.5
86.8 
93.3
93.6

104.7
105.1
111.8
112.2 
114.2 
114.7

X-rav Diffraction Data
for the cooled melts from the

CaF: : LnF; Systems (Ln=La.Er.Nd)
80 mole% CaF2 / ErF3

d spacing (A) j<rei) Assignment
3.187 1 0 0 a, c
2.771 4 a
1.953 36 a
1. 664 16 c
1.661 1 2 c
1.595 2 c
1.590 1 c
1.379 2 c
1.265 7 c
1.262 4 c
1.233 2 c
1.232 1 c
1.229 1 a
1.125 9 a
1 . 1 2 2 5 a
1.060 3 c
1. 058 1 c
0.974 2 c
0.971 1 a
0.931 5 c
0.929 2 c
0.918 1 -

0.916 1 a,?
Table 3.1(c) continued
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X-rav Diffraction Data
for the cooled melts from the

CaF: : LnF3 Systems (Ln=La.Er.Nd)
80 mole% CaF2 / ErF3 (annealed for 3 days)

2 0 d spacing (A) j(rel) Assignment
28.2 3.164 1 0 0 a
32.6 2.747 6 a
46.8 1.941 38 a
55.5 1.656 15 a, c
58.2 1.585 4 c
58.4 1.580 2 a
6 8 . 2 1.375 2 a
68.4 1.372 1 a
75.4 1.261 6 c
75.6 1.258 3 c
77.6 1.230 1 a, c
77.9 1.226 1 a
8 6 . 8 1 . 1 2 2 7 a
87.0 1 . 1 2 0 4 a
93 .5 1. 058 4 c
93.8 1.056 2 a

104.9 0.972 3 a, c
105.3 0.970 2 a
111.9 0.930 3 c
112.3 0.928 2 c
114.4 0.917 1 -
114.9 0.915 1 a

Table 3.1(c) continued



X-rav Diffraction Data
for the cooled melts from the

CaF„ : LnF, Svstems (Ln=La.Er. Nd}
75 mole% CaF2 / ErF3

2 0 d spacing (A) j(rel) Assignment
28.1 3.175 1 0 0 a, c
32.5 2.755 1 1 a
46.6 1.949 55 a
55.3 1.661 16 c
58.0 1.590 2 c
6 8 . 1 1.377 2 a, c
68.3 1.373 1 a
75.2 1.263 9 c
75.4 1.261 5 c
77.4 1.233 1 c
77.7 1.229 1 a
8 6 . 6 1.124 6 a
86.9 1 . 1 2 1 4 a
93.0 1.063 1 c
93.2 1.061 2 c
93.5 1.060 1 c

104.4 0.976 1 c
104.6 0.974 1 c
105.0 0.972 1 a
111.7 0.932 2 c
1 1 2 . 1 0.929 1 c
114.1 0.919 1 -

114.6 0.916 1 a,?
Table 3.1(c) continued
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X-rav Diffraction Data
for the cooled melts from the 

CaF: : LnF, Systems (Ln=La.Er.Nd^
75 mole% CaF2 / ErF3 (annealed for 3 days)
2 0 d spacing (A)

28.2 3.164
29.0 3.079
32.7 2.739
46.7 1.945
55.4 1.658
55. 6 1.653
6 8 . 2 1.375
68.4 1.372
75.2 1.263
75.4 1.261
77.6 1.230
77.8 1.228
8 6 . 6 1.124
8 6 . 8 1 . 1 2 2
93.4 1.059
93.7 1.057

104.6 0.974
105.0 0.972
111.7 0.932
1 1 2 . 2 0.929
114.2 0.918
114.6 0.916

I(rel) Assignment
1 0 0  a

1  a
9 a

51 a
16 c
1 0  a
5 a
3 a
5 c
3 c
5 a, c
2  a

1 1  a
5 a
5 c
3 a, c
2 c
1  a
4 c
2 c 
2
1  a,?

Table 3,1(c) continued



X-rav Diffraction Data
for the cooled melts from the

CaF: : LnF; Systems (Ln=La . Er. NcH
70 mole% CaF2 / ErF3

2 0 d spacing (A) j(rel)

28.0 3.187 1 0 0
32.4 2.763 1 1
46.5 1.953 40
55.2 1.664 14
55.3 1.661 15
57.9 1.593 7
67.9 1. 380 3
6 8 . 1 1.377 1
75.0 1.266 4
75.2 1.263 2
77.3 1.234 1
77.5 1.232 1
86.4 1.126 9
8 6 . 6 1.124 5
93.0 1.063 7

104.4 0.976 1
104.6 0.974 1
111.3 0.934 2
111.7 0.932 1

Assignment
a, c
a
a
c
c
c
c
a, c
c
c
c
c
a,?
a
c
c
c
c.
c
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X-rav Diffraction Data
for the cooled melts from the

CaF: : LnF, Systems fLn=La.Er.Nd)
70 mole% CaF2 / ErF3 (annealed for 3 days)

Assignment2 0 d spacing (A) j(rel)

28.1 3.175 1 0 0
32.5 2.755 7
46.6 1.949 52
55.3 1.661 29
55.4 1 . 6 6 0 15
57.9 1.590 3
58.1 1.590 2
6 8 . 0 1.380 2
6 8 . 2 1.370 1
75.1 1.260 5
75.3 1.260 3
77.4 1.230 2
77.6 1.230 1
86.4 1.130 6
86.5 1 . 1 2 0 3
93.1 1.060 3
93.4 1 . 060 2

104.4 0.980 4
104.8 0.970 2
111.4 0.930 3
1 1 1 . 8 0.930 1
113.8 0.920 1
114.4 0.920 1

a, c 
a 
a 
c 
c 
c 
c 
c 
a 
c 
c 
c 
a, 
a, . 
a 
c 
c 
c 
c 
c 
c 
a

I
[
i
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X-rav Diffraction Data 
for the cooled melts from the

CaF„ : LnF, Systems CLn=La,Er. Nd)
iL 3 ' '

65 mole% CaF2 / ErF3

2 0 d spacing (A) j ( r e l ) Assignmeni
25.8 3.453 2 c
26.2 3 .401 1 c
28.0 3.187 1 0 0 a, c
29.2 3.058 1 a
29.6 3.018 1 —

32.4 2.763 17 a
46.4 1.957 42 a55.1 1.667 32 c
55.2 1.664 2 1 c
57.8 1.595 5 c
57.9 1.593 3 c
67.8 1.382 3 c
6 8 . 1 1.377 1 a, c
74.8 1.269 9 c
75.1 1.265 5 c
77.2 1.236 2 c77.4 1.233 1 c
8 6 . 2 1.128 6 —

86.4 1.126 3 a,?
92.9 1. 064 3 c
93 .2 1.061 2 c
104.1 0.978 3 c
104.5 0.975 1 c
1 1 1 . 2 0.934 3 c
1 1 1 . 6 0.932 1 c
113.6 0.921 2 a
114.1 0.919 1 —

Table 3.1 Tel continued
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X-rav Diffraction Data
for the cooled melts from the 

CaF: : LnF; Systems (Ln=La.Er.Nd)
65 mole% CaF2 / ErF3 (annealed for 3 days)

2 0 d spacing (A)
10.7 8.268
11.7 7.563
2 0 . 2 4.396
21.4 4.152
28.0 3.187
32.4 2.763
46.5 1.953
55.2 1.664
57.8 1.595
57.9 1.593
67.8 1.382
6 8 . 1 1.377
74.9 1.268
75.1 1.265
77.2 1.236
77.4 1.233
8 6 . 2 1.128
86.4 1.126
92.8 1. 065
93.1 1.062

104.1 0.978
104.5 0.975
1 1 1 . 2 0.934
1 1 1 . 6 0.932
113.6 0.921
114.0 0.919

I<rel) Assignment
2 -
2 -
2 -
2 -

1 0 0 a, c
19 a
47 a
23 c
5 c
3 c
3 c
2 a, c
7 c
5 c
5 c
3 c
6 -
3 a, ?3 c
2 c
1 c
1 c
3 c
2 c
2 a
1 a,?

Table 3.1(c) continued
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X-rav Diffraction Data
for the cooled melts from the

CaF.. : LnF, Systems (Ln=La. Er. NcH
65 mole% CaF2 / ErF3 (annealed for 9 days)

2 0 d spacing (A) j(rel)

1 1 . 8 7.500 2
1 2 . 0 7.375 2
21.5 4.133 2
2 2 . 0 4. 040 2
28.0 3 .187 1 0 0
32.4 2.763 23
44.0 2.058 1
46.6 1.949 47
55.2 1.664 2 1
57.8 1.595 5
58.0 1.590 3
67.4 1.389 1
67.9 1.380 2
6 8 . 1 1.377 2
74.9 1.268 4
75.1 1.265 4
77.2 1.236 1
8 6 . 2 1.128 8
86.4 1.126 4
93.0 1. 063 2
93 .4 1.059 2
104.2 0.977 1
1 1 1 . 2 0.934 3
1 1 1 . 6 0.932 2

Assignment

c
a
c
a
c
c
c
c
c
a,
c
c
c

c
c
c
c
c

Table 3.1(c) continued
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X-rav Diffraction Data
for the cooled melts from the 

CaF: : LnF, Systems (Ln=La.Er.Nd^
65 mole% CaF2 / ErF3 (annealed for 3 weeks)

2 0 d spacing (A) j(rel) Assignment
10.7 8.268 1
10.9 8.117 2 —

1 1 . 2 7.900 2 -

11.5 7.695 3 -

1 1 . 8 7.500 4 -

12.4 7.138 1 -

1 2 . 6 7.025 1 —

13.5 6.559 1 -

14.1 6.281 1 -

16.2 5.471 1 —

16.4 5.405 1 —  •

17.2 5.155 1 -

2 0 . 0 4.439 4 -
20.4 4.353 3 -

2 0 . 6 4.311 2 -
2 0 . 8 4.270 2 —
2 1 . 0 4.230 2 —
21.4 4.152 4 —
2 1 . 6 4.114 4 —
2 1 . 8 4.077 4 -
2 2 . 0 4.040 2 -

22.3 3 .986 1 -

22.5 3 .952 1 —

23.2 3 .834 1 -

24.2 3 . 678 1 c
24.9 3.576 1 c
25.2 3.534 1 c,?25.8 3.453 29 c
26.2 3 .401 6 c
28.0 3.187 1 0 0 a, c
28.3 3.153 48 a
28.9 3.089 30 a
29.3 3.048 14 a,?
30.6 2.921 1 c
32 .4 2 .763 23 c
33.3 2.691 4 -

37.1 2.423 1 c
40.7 2.217 3 c
42.6 2 . 1 2 2 1 -

43.5 2.080 2 c
44.2 2.049 2 c
45.4 1.998 1 c
46.4 1.957 40 —

Table 3.1(c) continued
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X-rav Diffraction Data
for the cooled melts from the 

CaF= : LnF: Systems fLn=La. Er. NcH
65 mole% CaF2 / ErF3 (annealed for 3 weeks) continued

20 d spacing (A) j(rel) Assignment
47.2 1.926 7 a, c
47.6 1.910 8 c
47.8 1.903 7 c
48.0 1.895 5 c
49.8 1.831 1 c
53.0 1.728 7 c
53.6 1.710 2 c
54.0 1. 698 2 c,?
55.1 1.667 25 c
56.3 1.634 3 a
56.9 1.618 2 a,?
57.6 1.600 5 c
57.8 1.595 6 c
58.5 1.578 2 a
59.0 1.566 1 a
59.8 1.546 2 c
60.0 1.542 1 c
61.5 1.508 1 c,?
63.6 1.463 1 c
63 .9 1.457 1 c
64.9 1.437 1 c, A1
65.8 1.419 1 c
67.8 1. 382 3 c
68.2 1.375 1 a
68.4 1.372 1 a
68.6 1.368 1 a
69.9 1.346 1 c
70.2 1.341 1 c
71.3 1.323 1 c
71.5 1.319 1 c
73.2 1.293 1 c
73.4 1.290 1 c
73.5 1.288 1 c
74.0 1.281 1 c
74.8 1.269 7 c
75.8 1.255 2 a
76. 0 1.252 2 a
76.3 1.248 2 a, c
77.1 1.237 5 c
77.3 1.234 4 c
84.0 1.152 2 -
86.0 1.130 5 -
86.2 1.128 5 -

Table 3.1(c) continued
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X-rav Diffraction Data
for the cooled melts from the 

CaF: : LnF3 Systems (Ln=La.Er,Nd)
65 mole% CaF2 / ErF3 (annealed for 3 weeks) continued

20 d spacing (A) j(rel) Assignment
87.0 1.120 2 a
87.3 1.117 2 a
92.6 1.066 4 c
92.8 1.065 4 c

111.0 0.935 2 c
Table 3.1(c) continued

|
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X-rav Diffraction Data
for the cooled melts from the

CaF: : LnF-. Systems (Ln=La. Er, NcH
60 mole% CaF2 / ErF3 (annealed for 3 days)

20 d spacing (A) j(rel) Assignment
11.8 7.500 3 _
17.4 5. 096 1 -
20.1 4.418 3 -
21.5 4.133 3 -
21.9 4.058 2 -
25.3 3.520 1 c,?
25.9 3.440 2 c
26.4 3.376 1 c
27.0 3.302 1 c,?
28.0 3.187 100 a, c
29.5 3.028 2 a,?
30.8 2 .903 1 c
32.5 2.755 17 a
33.2 2 . 698 1 a
43.6 2 . 076 1 c
44.4 2.040 1 c
46.6 1.949 37 a
55.2 1.664 19 c
57.7 1.598 4 c
57.9 1.593 4 c
67.8 1.382 3 c
68.0 1. 379 2 c
74.8 1.269 4 c
75.0 1.266 4 c
77.0 1.238 2 c
77.2 1.236 2 c
77.4 1.233 2 c
86.0 1.130 3 C,?
86.3 1.127 3
92.9 1.064 2 c

110.8 0.937 2 c
111.1 0.935 2 c
111.3 0.934 2 c

Table 3.1(c) continued



X-rav Diffraction Data
for the cooled melts from the

CaF: : LnFz Systems (Ln=La.Er,Nd)
60 mole% CaF2 / ErF3 (annealed for 9 days)

20 d spacing (A) j(rel) Assignment
11.8 7.500 31 —

20.1 4.418 2 -
21.6 4.114 3 -
28.0 3.187 100 a, c
32.5 2.755 14 a
46.6 1.949 42 a
55.2 1.664 21 a,c,'
57.8 1.595 3 a,c,'
67.8 1.382 2 c
74.8 1.269 3 c
75.0 1.266 4 c *>^ r •

75.1 1.265 3 a,c,'
77.2 1.236 3 c
77.4 1.233 3 c
86.1 1.129 4 -
86.4 1.126 5 c ,?
93.0 1.063 3 c

110.6 0.938 1 C,?
111. 1 0.935 2 c
113.4 0.922 2 a

Table 3.1(c) continued
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X-rav Diffraction Data
for the cooled melts from the 

CaF: : LnF: Systems (Ln=La,Er.Nd)
60 mole% CaF2 / ErF3 (annealed for 3 weeks)
20 d spacing (A) j(rel) Assignment

11.8 7.500 1 —

14.3 6.194 1 -
16.5 5.372 2 -
20.1 4.418 2 -
21.5 4.133 2 -
23.3 3 .802 1 -
26.3 3 . 389 1 c
28.1 3 .175 100 a
28.9 3.089 19 a
32.6 2.747 16 a
33.3 2.691 3 a,?
40.8 2.212 3 -
42.8 2.113 1 c,?
43.6 2.076 1 c
44.2 2.049 1 c
44.6 2 . 032 1 c, A1
46.6 1.949 37 a,?
47.2 1.926 7 a, c
47.7 1.907 3 c
48.1 1.892 3 c
48.3 1.884 2 c, ?
49.9 1.828 1 c
52.9 1.731 1 c
55.3 1. 661 20 a, c
56.4 1.631 3 a,?
56.5 1.629 2 a,?
56.9 1. 618 2 -
58.0 1.590 4 c
58.5 1.578 2 a
58.6 1.575 2 a
58.7 1.573 2 a
59.8 1.546 1 c
61.6 1.506 2 c,?
63 .7 1.461 1 c
65.0 1.435 1 c, A1
68.0 1.379 3 a,c
71.5 1.319 1 c
75.0 1.266 5 c
76.2 1.249 1 a
77.4 1.233 3 c
77.6 1.230 3 a, c
78.2 1.222 2 a, A1
86.4 1.126 5 -

Table 3.1(c) continued
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X-rav Diffraction Data
for the cooled melts from the 

CaF: : LnF3 Systems (Ln=La.Er.Nd)
60 mole% CaF2 / ErF3 (annealed for 3 weeks) continued

2 0  d spacing (A) i<rei) Assignment
93.0 1.063 3 c

103.6 0.981 1 c
104.6 0.974 1 c
111.5 0.933 2 c
113.8 0.920 2 a

Table 3.1(c) (continue d )
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X-rav Diffraction Data 
for the cooled melts from the

CaF-, : LnF, Systems CLn=La.Er.Nd}
55 mole% CaF2 / ErF3

2 0 d spacing (A) j(rel) Assignment
1 1 . 6 7.628 2 —
19.9 4.462 2 -
2 0 . 0 4.439 2 -
20.4 4.353 2 -
21.4 4.152 2 -
21.7 4.095 2 -
25.8 3.453 2 0 c
26.2 3.401 7 c
26.6 3.351 1 c
27.9 3.198 1 0 0 c
29.2 3.058 14 a,?
29.6 3.018 1 0 -
32.4 2.763 2 1 a
37.0 2.430 1 c
43.4 2.085 1 c
43.6 2.076 1 c
44.2 2.049 1 c
45.9 1.977 2 c
46.4 1.957 38 a
47.6 1.910 5 c
47.9 1.899 4 c
53.0 1.728 2 c
53 .4 1.716 1 c
54.1 1.695 2 c
55.0 1.670 27 c
55.6 1.653 3 a
57.5 1.603 2 c
67.5 1.388 2 c
67.6 1.386 2 c
74.8 1.269 7 c
77.0 1.238 3 c
77.2 1.236 2 c
8 6 . 0 1.130 3 C,?
8 6 . 2 1.128 2 -
92.6 1.066 3 c
92.7 1.065 3 c
93.0 1.063 2 c

103.8 0.980 1 c
104.0 0.978 1 c
1 1 1 . 0 0.935 2 c
111.4 0.933 1 c
113.3 0.923 1 a
113.6 0.921 1 a

Table 3.1(c) continued
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X-rav Diffraction Data
for the cooled melts from the 

CaF: : LnF: Systems fLn=La.Er. Nd^
55 mole% CaF2 / ErF3 (annealed for 3 days)

2 0 d spacing (A)
1 1 . 6 7.628
19.9 4.462
20.4 4.353
21.4 4.152
21.7 4.095
25.8 3.453
26.2 3.401
27.9 3.198
29.2 3 . 058
29.6 3.018
32 .4 2.763
37.0 2.430
46.5 1.953
47.7 1.907
53.0 1.728
53.5 1.713
54.0 1.698
55.1 1.667
55.7 1.650
57.7 1.598
67.7 1.384
74 . 8 1.269
77.2 1.236
8 6 . 1 1.129
86.3 1.127
92 . 8 1.065

1 1 1 . 1 0.935

I(rel) Assignment
3 -

2 -
2 -
3 -

2 -

18 c
5 c

1 0 0 c
15 a
9 -

2 1 a
2 c

50 a
6 c
2 c
1 c
2 c

18 c
2 a
4 c
2 c
5 c
2 c
4 -

4 -

3 c
2 c

Table 3.1(c) continued



X-rav Diffraction Data
for the cooled melts from the

CaF. : LnF, Systems IIG Er.Nd)C

*5 mole% CaF 2 / ErF3 (annealed for 9 days)
2 0  d spacing (A) j(rel) Assignment

1 1 . 0 8.043 1 —

11.3 7.830 1 -
11.5 7.695 2 -
11.7 7.563 3 -
11.9 7.437 4 -
2 0 . 2 4.396 2 -
2 0 . 6 4.311 2 -
2 1 . 8 4.077 4 -
26.0 3 .427 14 c
26.4 3.376 6 c
28.2 3.164 1 0 0 a
29.5 3.028 18 -
32.6 2.747 18 a
33.7 2.659 1 a,?
37.3 2.411 2 c
37.5 2.398 2 c
46.6 1.949 3 a
47.9 1.899 6 c
48. 0 1.895 8 c
53 .2 1.722 2 - c
53.3 1.719 2 c
53 .7 1.707 2 c
54.2 1. 692 3 0,1
54.3 1.689 4 -
55.3 1.661 19 c
56. 0 1.642 3 a
56.2 1.637 2 a
57.8 1.595 5 c
58.0 1.590 4 c
60.2 1.537 1 c
60.4 1.533 1 c
67.9 1.380 5 c
6 8 . 1 1.377 4 a,c,'
68.9 1.363 1 a
73.0 1.296 1 c,?
73.2 1.293 1 C,1
73.3 1.291 1 o
73.4 1.290 1 c
73.6 1.287 1 c
74.9 1.268 4 c
75.1 1.265 4 o
77.3 1.234 2 c
8 6 . 2 1.128 5 -

Table 3.1fc) continued
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X-rav Diffraction Data
for the cooled melts from the 

CaF: : LnF-. Systems (Ln=La, Er. Nd)
55 mole% CaF2 / ErF3 (annealed for 9 days) continued

2 0  d spacing (A) j(rei) Assignment
86.4 1.126 4
92.8 1.065 3 c
93.0 1.063 3 c
93.1 1.062 3 c

103.7 0.980 1 c
104.0 0.978 1 c
104.2 0.977 1 c
111.1 0.935 2 c
111.2 0.934 2 c

Table 3.1(c) continued
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X-rav Diffraction Data
for the cooled melts from the

CaF: : LnF, Systems (Ln=La.Er.Nd)
55 mole% CaF2 / ErF3 (annealed for 3 weeks)
20 d spacing (A) j(rel) Assignment

14.2 6.237 2 —

16.4 5.405 2 -
22.0 4.040 1 -
23.2 3.834 1 -
28.2 3.164 100 a
28.9 3.089 67 a
29.3 3.048 6 -
32.2 2.780 2 a
32.6 2.750 17 a
33.4 2.680 16 a,?
34.0 2 . 640 1 c,?34.3 2.610 1 c
36.4 2.470 2 c
36.8 2.440 1 c ?

I •40.8 2.210 5 -

41.4 2.180 1 c
41.5 2.180 1 c
41.8 2.160 1 c
43 . 3 2.090 2 c
43 .5 2.082 2 c
46.8 1.940 52 a , c
47.6 1.910 12 c
48.2 1.890 12 c
48.7 1.870 1 c *>t •49.0 1.860 1 c
49.9 1.830 1 c
50.8 1.800 1 C,?
51.3 1.780 1 c
52.7 1.740 1 c
53.0 1.730 1 c
55.6 1.650 23 a
56.4 1.631 6 a,?
56.9 1.618 8 -
58.2 1.585 2 c
58.3 1.583 2 a, c
58.5 1.578 3 a
58.9 1.568 2 a
59.1 1.563 1 a, c
59.8 1.546 4 c
60.6 1.528 1 c
61.2 1.514 1 c
61.6 1.506 2 c
61.8 1.501 1 c

Table 3.1(c) continued
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for
X-rav Diffraction Data 
the cooled melts from the

CaF, : LnF, Systems (Ln=La.Er,Nd}
nole% CaF2 / ErF3 (annealed for 3 weeks) continued

2 0 d spacing (A) j(rel) Assignment
63.7 1.461 1 c
63.8 1.459 1 c
64.7 1.441 1 c
64.8 1.439 1 c
64.9 1.437 1 c
65.1 1.433 1 c, A1
6 6 . 8 1.400 1 c
68.3 1.373 1 a
68.4 1.372 3 a
68.7 1.366 2 a
70.0 1.344 3 c
71.1 1.326 1 c
71.4 1.321 2 c
71. 6 1.318 1 c
74.3 1.277 1 c
74.5 1.274 1 c
75.4 1.261 5 c
75. 6 1.258 4 c
75.9 1.254 3 a
76.0 1.252 2 a
76. 6 1.244 1 a , c
77.2 1.236 2 c
77.7 1.229 4 a, A1
78.2 1 . 2 2 2 2 a, A1
79.0 1 . 2 1 2 1 a, A1
79.3 1.208 1 c
80.0 1.199 2 c
80.1 1.198 1 c
8 6 . 8 1 . 1 2 2 4 a,?
87.0 1 . 1 2 0 5 a
87.1 1.119 4 a
89.3 1.097 2 c,?
89.6 1.094 2 c
92.5 1.067 1 c,?
93.5 1.058 3 c
93.8 1.056 2 a
94.0 1.054 2 a
94.3 1.052 1 a
94.4 1. 051 2 a
94.8 1.047 1 c
96.7 1.032 2 c
96.9 1.030 1 c
98.7 1 . 016 1 A1

Table 3.1(c) continued
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for
X-rav Diffraction Data 
the cooled melts from the

CaF. : LnF, Systems (Ln=La.Er.Nd)
mole% CaF2 / ErF3 (annealed for 3 weeks) continued

2 0 d spacing (A) j(rel) Assignment
98.9 1.015 1 A1
99.1 1. 013 1 A1
99.5 1 . 0 1 0 1 A1
99.8 1.008 1 Al,?

1 0 0 . 0 1.006 1 c,?
1 0 0 . 2 1.005 1 c,?
100.3 1.004 1 c
100.7 1 . 0 0 1 1 c
105.0 0.972 2 a,?
105.1 0.971 2 a,?
105.4 0.969 2 a
105.7 0.967 1 a
106. 0 0.965 1 a
106.3 0.963 1 a,?
1 1 2 . 1 0.929 3 c,?
1 1 2 . 6 0.927 2 c
1 1 2 . 8 0.926 1 c
113.1 0.924 1 a
114.4 0.917 1 -
114.6 0.916 1 -
114.8 0.915 2 a,?
115.2 0.913 1 a
116.6 0.906 1 -
116.8 0.905 1 -
117.0 0.904 1 -
117.1 0.904 1 -

Table 3.1fc) continued
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X-rav Diffraction Data 
for the cooled melts from the

CaF„ : LnF, Systems (Ln=La.Er,Nd)
50 mole% CaF2 / ErF3

2 0 d spacing (A) j(rel) Assignment
1 1 . 8 7.500 5 —
2 0 . 1 4.418 4 -
20.5 4.332 4 -
21.5 4.133 4 -
21.9 4.058 4 -
2 2 . 0 4.040 4 -
25.9 3.440 51 c
26.3 3.389 25 c
26.8 3.326 4 c
28.1 3.175 1 0 0 a, c
28.8 3.100 2 a
29.4 3.038 50 -
29.8 2.998 31 -
32.5 2.755 30 a
37.2 2 .417 6 c
42.6 2 . 1 2 2 2 c,?43.7 2 . 071 3 c
46.0 1.973 1 1 c
46.6 1. 949 62 c
46.9 1.937 19 a
47.8 1.903 17 c
48.0 1.895 13 c
48.8 1 . 8 6 6 3 c
53.1 1.725 8 c
53.5 1.713 5 c
54.3 1.689 7 c
55.2 1. 664 43 c
55.7 1.650 8 a
56.8 1.621 2 a,?
57.8 1.595 4 c
60.2 1.537 1 c
67.8 1.382 5 c
6 8 . 0 1.379 5 c
68.7 1.366 1 a
73.4 1.290 2 c
74.0 1.281 2 c
74.2 1.278 3 c
74.9 1.268 1 0 c
75.0 1.266 8 c
77.2 1.236 2 c
84.0 1.152 1 c,?
8 6 . 2 1.128 6 -
92.8 1.065 4 c
93 .2 1 . 061 2 c

104 . 0 0.978 2 c
109.1 0.946 6 c

Table 3.1(,c) continued
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X-rav Diffraction Data
for the cooled melts from the 

CaF: : LnF3 Systems fLn=La.Er.Nd)
50 mole% CaF2 / ErF3 (annealed for 3 days)
20 d spacing (A)

1 1 . 8 7.500
20.4 4.353
21.5 4.133
25.8 3 .453
26.2 3 .401
28.0 3.187
28.6 3.121
29.3 3.048
29.6 3.018
32.4 2.763
37.1 2.423
40.8 2 . 2 1 2
42.4 2.132
43.5 2.080
46.1 1.969
46.5 1.953
47.6 1.910
47.8 1.903
47.9 1.899
52.4 1.746
52.7 1.737
53.1 1.725
53 . 6 1.710
54.1 1.695
55.1 1.667
55.7 1.650
56.4 1.631
57.8 1.595
60.1 1.539
67.7 1.384
68.7 1.366
72.8 1.299
73.2 1.293
74.2 1.278
74.9 1.268
77.2 1.236
8 6 . 2 1.128
92.8 1.065

1 1 1 . 0 0.935
Table 3.1fc^

I(rel) Assignment
3
2
2

42 c
18 c

1 0 0  a,c
2 a

40 a,?
22
27 a
3 c
2 c
2
4 c
7 c

58 a
14 c
16 c
15 c

1  c
2 c
6  c
5 c
8  c

30 c
6 a
3 a
4 c
2 c
3 c
2  a
2  c
3 c
3 c
6  c
2
4 c
3 c
6

continued
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X-rav Diffraction Data
for the cooled melts from the 

CaF-. : LnF, Systems (Ln=La. Er. NcH
The CaF: / NdF: System:

95 mole% CaF2 / NdF3

2 0 d spacing (A)
28.1 3.175
32.6 2.747
44.6 2.032
46.8 1.941
55.5 1.656
55.6 1.653
58.2 1.585
58.4 1.580
68.3 1.373
68.5 1.370
75.4 1.261
75.7 1.256
8 6 . 9 1 . 1 2 1
87.2 1.118
93.5 1. 058
94.0 1.054

105.1 0.971
105.5 0.968
112.3 0.928
112.7 0.926
114.7 0.916
115.2 0.913

I<rel) Assignment
1 0 0  a,d

1  a
2 d, A1

29 a
6 a
3 a
1  a, d
1  a, d
1  a
1  a
4 a,d
2 a, d
5 a
3 a
4 a
2 a
5 a,d, ?
3 a, d
2 a
1  a
1  a,?
1  a

Table 3.1fd)



X-rav Diffraction 
for the cooled melts

Data 
from the

CaF., : LnF, Systems fLn=La.Er,Nd}
95 mole% CaF2 / NdF3 (annealed for 3 days)
2 0 d spacing (A) I(rel) Assignment

28.2 3.164 1 0 0 a,d
31.3 2.858 1 -
32 . 6 2.747 1 a
36.3 2.475 1 d
44.6 2. 032 1 d, A1
46.8 1.941 40 a
55.5 1. 656 13 a
55.7 1.650 7 a
58.2 1.585 1 a,d
58.4 1.580 1 a,d
68.3 1.373 2 a
68.5 1.370 1 a
75.4 1.261 4 a, d
75.7 1.256 2 a, d
86.9 1 . 1 2 1 5 a
87.2 1.118 3 a
93.7 1.057 2 a
94 . 0 1. 054 1 a

105.1 0.971 2 a, d
105.5 0.968 1 a, d
112.3 0.928 3 a
112.7 0.926 1 a

Table 3.1fd) continued
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X-rav Diffraction Data 
for the cooled melts from the

CaF., : LnF, Systems ('Ln=La. Er. Nd}
90 mole% CaF 2 / NdF3

2 0 d spacing (A) I(rel) Assignment
28.0 3.187 1 0 0 a,d
32.4 2.763 1 a
44.6 2.032 1 d,Al
46.5 1.953 54 a
55.2 1.664 14 a
55.4 1.658 8 a
57.9 1.593 1 a, d
58.1 1.588 1 a, d
6 8 . 0 1.379 3 a
6 8 . 2 1.375 2 a
75.1 1.265 3 a,d
75.3 1.262 2 a,d
86.4 1.126 4 d
86.7 1.123 2 a
93.1 1.062 3 d
93 .5 1.058 1 a

104.5 0.975 1 d
104.9 0.972 1 d
1 1 1 . 6 0.932 2 -

1 1 2  . 0 0.930 1 a,?
114 . 0 0.919 1 a,?
114.5 0.917 1 -

Table 3.1(d) continued
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X-rav Diffraction 
for the cooled melts

Data 
from the

CaF., : LnF, Systems (Ln=La.Er.Nd}
90 mole % CaF2 / NdF3 (annealed for 3 days)
2 0 d spacing (A) I(rel) Assignment

28.1 3.175 1 0 0 a, d
32.5 2.755 2 a
44.6 2.032 1 d, A1
46.6 1.949 50 a
55.3 1.661 7 a
55.4 1.658 5 a
56.0 1.642 1 a
56.2 1.637 1 a
6 8 . 0 1.379 1 a
6 8 . 2 1.375 1 a
75.1 1.265 3 a,d
75.4 1.261 2 a,d
86.5 1.125 4 a, d
86.7 1.123 2 a
93 .2 1.061 3 d
93.5 1.058 1 a

104.6 0.974 1 d
105.0 0.972 1 d
1 1 1 . 6 0.932 1 -
1 1 2 . 0 0.930 1 a,?
114. 0 0.919 1 a,?

Table 3.1(cn continued
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X-rav Diffraction Data
for the cooled melts from the

CaF., : LnF, Systems (Ln=La.Er.Nd}
85 mole% CaF2 / NdF3

2 0 d spacing (A) j(rel) Assignment
28.2 3.164 1 0 0 a
32.6 2.747 1 a
46.6 1.949 15 a
55.2 1.664 6 a
55.4 1.658 3 a
57.9 1.593 2 d
58.1 1.588 1 a, d
6 8 . 0 1.379 1 a
6 8 . 1 1.377 1 a
75.0 1.266 3 a, d
75.2 1.263 2 a, d
8 6 . 0 1.130 2 d
86.3 1.127 3 d
8 6 . 6 1.124 2 a,?
92.9 1. 064 1 d
93.2 1.061 1 d
93.3 1.060 1 d

104.1 0.978 1 d
1 1 1 . 0 0.935 2 -
1 1 1 . 2 0.934 3 -
1 1 1 . 6 0.932 1 -
115. 6 0.911 1 a

Table 3.1(cn continued
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X-rav Diffraction Data
for the cooled melts from the

CaFz : LnF; Systems (Ln=La. Er. NcH
85 mole% CaF2 / NdF3 (annealed for 3 days)
2 0 d spacing (A) j<rel

27.9 3.198 1 0 0
32.4 2.763 2
44.6 2.032 1
46.4 1.957 38
55.1 1.667 7
57.7 1.598 2
67.8 1.382 1
6 8 . 0 1.379 1
74.8 1.269 4
74.9 1.268 7
75.1 1.265 4
77.1 1.237 1
77.3 1.234 1
8 6 . 0 1.130 4
86.3 1.127 3
92 .7 1.065 5
93 .0 1.063 2

104.1 0.978 1
1 1 0 . 6 0.938 1
1 1 1 . 1 0.935 4
111.5 0.933 2
113.5 0.922 1

Assignment
a, d 
a
d, A1 
a, d 
a 
d
a,?
a
a, d, ?
a,d,?
a, d
d
d
d
d
d
d
d

Table 3.1(d^ continued
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X-rav Diffraction Data
for the cooled melts from the 

CaF: : LnF; Systems (Ln=La.Er.Nd^
85 mole% CaF2 / NdF3 (annealed for 9 days)
20 d spacing (A)

28.2 3 .164
32.6 2.747
44.7 2.027
46.7 1.945
55.3 1.661
55.4 1.658
58.0 1.590
58.2 1.585
65.1 1.433
65.2 1.431
6 8 . 0 1.379
75.0 1.266
75.2 1.263
77.3 1.234
77.5 1.232
78.2 1 . 2 2 2
78.4 1 . 2 2 0
86.3 1.127
8 6 . 6 1.124
92.9 1.064
93 .2 1.061
104.2 0.977
104 .5 0.975
1 1 1 . 1 0.935
1 1 1 . 6 0.932
113.5 0.922

I(rel) Assignment
1 0 0  a, d

2 a
1 d,Al

2 0  a
7 a
4 a
2 a, d
1 a, d
2 d,Al
1 d,Al
1 a
6  a, d
3 a, d
1 a,d,Al
1 a,d,Al
1 a , A1
1 a , A1

16 d
8 d
2 d
1  d
1  d
1  d
3
2
1  a

Table 3.1(d) continued
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X-rav Diffraction Data 
for the cooled melts from the

CaF., : LnF, Systems CLn=La.Er. Nd}
85 mole% CaF2 / NdF3 (annealed for 3 weeks)

2 0 d spacing (A) j < r e l ) Assignment
28.0 3.187 1 0 0 a, d
32.4 2.763 5 a
38.2 2.356 1 A1
44.5 2.036 2 d, A1
46.5 1.953 58 a
55.1 1.667 2 2 a
57.7 1.598 3 d
57.9 1.593 4 d
64.9 1.437 3 d,?
65.0 1.435 2 d
65.1 1.433 1 d
67.8 1.382 4 a,?
6 8 . 0 1.379 3 a
74.8 1.269 6 d,?
75.0 1.266 4 d
77.1 1.237 3 d
77.3 1.234 2 d
78.0 1.225 2 a, A1
78.3 1 . 2 2 1 1 a, A1
8 6 . 2 1.128 1 2 d
86.4 1.126 6 d
92.8 1.065 1 1 d
93.1 1 . 062 5 d

104.1 0.978 5 d
104.4 0.976 3 d
1 1 1 . 0 0.935 2 -

111.4 0.933 2 -

113.4 0.922 2 a
113.9 0.920 1 a

Table 3.1(d) continued
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X-rav Diffraction Data 
for the cooled melts from the

CaF., : LnF, Systems CLn=La. Er. Nd}
80 mole% CaF2 / NdF3

2 0 d spacing (A) I<rel) Assignment
27.9 3.198 1 0 0 a, d
32.3 2.771 3 a
32.4 2.763 2 a
44. 6 2.032 2 d, A1
46. 3 1.961 19 a, A1
54.9 1.672 1 1 a,?57.5 1.603 2 d
57.7 1.598 1 d
67.5 1.388 2 -
67.7 1.384 1 a,?
74.4 1.275 2
74.6 1.272 3 -
74.8 1.269 2 a, d,
76.9 1.240 1 d
85.6 1.135 4 d
85.8 1.132 7 d
8 6 . 1 1.129 3 d
92.2 1.070 1 d
92.4 1.068 2 d
92 . 8 1. 065 1 d

103 . 6 0.981 1 d
104.0 0.978 1 d
110.4 0.939 2 -
1 1 0 . 6 0.938 2 -
1 1 1 . 0 0.935 1 -
113.0 0.924 1 a

Table 3.1fcn (continued^
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X-rav Diffraction Data
for the cooled melts from the

CaF: : LnF-, Systems (Ln=La. Er. Nd)
80 mole% CaF2 / NdF3 (annealed for 3 days)

Assignment
a, d 
a
a,Al 
d
a, d, ? 
a,? 
d 
d

2 0 d spacing (A) j(rel)

27.8 3.209 1 0 0
32.2 2.780 14
44.6 2.032 2
46.2 1.965 60
54.8 1.675 42
54.9 1.672 2 2
57.4 1.605 6
57.6 1 . 600 5
67.4 1.389 1 1
67.6 1.386 6
74 .4 1.275 9
74.5 1.274 1 2
74.7 1.271 5
76.7 1.242 4
77.0 1.238 3
85. 6 1.135 8
85.7 1.134 7
85.9 1.131 5
92.3 1. 069 1 0
92.6 1 . 066 6

103.4 0. 982 . 3
103.8 0.980 2
110.4 0.939 1 1
1 1 0 . 8 0.937 6
112.7 0.926 2
113.1 0.924 1

Table 3.1(d) continued

d
d
d
d
d
d
d
d
d
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X-rav Diffraction Data
for the cooled melts from the 

CaF: ; LnF3 Systems (Ln=La.Er.Nd)
75 mole% CaF2

2 0 d spacing (A)
27.7 3.220
32.1 2.788
44.6 2.032
46.0 1.973
54.6 1.681
57.1 1.613
57.3 1.608
67.1 1.395
67.2 1.393
74.1 1.279
74.2 1.278
76.4 1.247
76.6 1.244
85.4 1.137
91.8 1.073
92.1 1.071

1 0 2  . 6 0.988
102 .7 0.987
102 .9 0.986
103.1 0.984
109.8 0.942

Table 3.1

/ NdF3

I(rel) Assignment
1 0 0  a,d

3 a
1 d,Al

26 d
1 0  d

2 d
3 d
1  d,?
1  d,?
2  
2
1  d
1  d
5 d
1  d
1  d
1  d
1  d
1  d
1  d
1

continued
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X-rav Diffraction 
for the cooled melts

Data 
from the

CaF„ : LnF, Systems (Ln=La.Er i Nd)
75 mole% CaF2 / NdF3 (annealed for 3 days)
2 0 d spacing (A) j(rel) Assignment

27 . 8 3 .209 1 0 0 a, d
32.2 2.780 4 a
44.6 2.032 3 d, A1
46.1 1.969 27 d
54.6 1.681 1 0 d
57.2 1.610 4 d
57.4 1.605 2 d
67.2 1.393 3 -
67.4 1.389 1 -
74.2 1.278 4 -
74.4 1.275 2 -
76.4 1.247 1 d
76.6 1.244 1 d
85.3 1.138 4 d
85.5 1.136 2 d
91.9 1.073 6 d
92.2 1.070 3 d

103.0 0.985 2 d
103.3 0.983 1 d
103 .4 0.982 1 d
109.8 0.942 1 -
1 1 0 . 2 0.940 1 -
1 1 2 . 1 0.929 4 —

112.5 0.927 2 __

Table 3.1(d) continued
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X-rav Diffraction 
for the cooled melts

Data 
from the

CaF., : LnF, Systems (Ln=La.Er.Nd}
75 mole% CaF2 / NdF3 (annealed for 9 days)
2 0 d spacing (A) I(rel) Assignment

28.0 3.187 1 0 0 a, d
29.4 3.038 2 -
30.6 2.921 2 -
32.4 2.763 7 a
46.2 1.965 41 d
54.8 1.675 26 a, d, ?
54.9 1.672 17 a
57.4 1.605 4 d
57.6 1 . 600 3 d
67.3 1.391 3 -
67.5 1.388 2 -
74.4 1.275 31 -
74.6 1.272 16 -
76.6 1.244 1 d
85.4 1.137 9 d
85.7 1.134 5 d
92.0 1.072 4 d
92.3 1.069 3 d

103.1 0.984 3 d
103.5 0.982 2 d
109.9 0.942 8 -
110.3 0.939 4 -
112.3 0.928 2 a
112.7 0.926 1 a

Table 3.1(d) continued
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X-rav Diffraction Data 
for the cooled melts from the

CaF., : LnF, Systems (Ln=La . Er. Nd}
75 mole% CaF2 / NdF3 (annealed for 3 weeks)

2 0 d spacing (A) I(rel) Assignment
27.9 3.198 1 0 0 a, d
32 . 2 2.780 8 a
46.2 1.965 48 d
54.7 1.678 39 d
57.3 1 . 608 5 d
57.5 1.603 3 d
67.2 1.393 4 -
67.4 1.389 3 -
74.2 1.278 9 -
74.4 1.275 6 -
76.5 1.245 2 d
76.7 1.242 1 d
85.4 1.137 1 1 d
85. 6 1.135 5 d
92 . 0 1.072 5 d
92.1 1. 071 4 d

103 . 0 0.985 2 d
103 .4 0.982 1 d
109.8 0. 942 8 -
1 1 0 . 2 0.940 4 -
1 1 2 . 2 0.929 3 a
1 1 2 . 6 0.927 2 a

Table 3.1(d) continued
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X-rav Diffraction Data 
for the cooled melts from the

CaF, : LnF, Systems CLn=La.Er,Nd}
70 mole% CaF 2 / NdF3

2 0 d spacing (A) I(rel) Assignment
27.6 3.232 1 0 0 a,d
32.0 2.797 7 a
44.7 2.027 2 d, A1
45.9 1.977 35 d
46. 0 1.973 37 d
54.4 1.687 9 d
57.0 1.616 6 d
57.2 1.610 4 d
67.0 1.397 2 d
73.7 1.285 3 -

73.8 1.284 4 -

76.0 1.252 1 d
76.2 1.249 1 d
84.8 1.143 4 d
85.0 1.141 4 d
85.1 1.140 4 d
91.5 1.076 6 d,?

1 0 2  . 6 0.988 1 d
108.9 0.948 1 -

109.2 0.946 2 -

111.4 0.933 1 —

Table 3.1(cn continued
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X-rav Diffraction Data 
for the cooled melts from the

CaF, : LnF, Systems (Ln=La.Er r Nd)
70 mole% CaF2 / NdF3 (annealed for 3 days)
2 0 d spacing (A) j(rel) Assignment

27.8 3 .209 1 0 0 a, d
32.2 2.780 1 0 a
44.6 2.032 1 a, A1
45.5 1.993 2 d
46. 0 1.973 72 d
54.5 1.684 24 d
57.2 1.610 6 d
57.3 1.608 4 d
67.0 1.397 3 d,?
67.2 1.393 2 7

73.0 1.296 1 0 d
73.2 1.293 5 d
76.2 1.249 3 d
76.4 1.247 2 d
85.1 1.140 14 d
85.3 1.138 6 d
91.6 1.075 6 d
91.9 1.073 3 d

102.5 0.989 3 d
1 0 2  . 6 0.988 3 d
102.9 0.986 2 d
103.0 0.98S 2 d
109.3 0.94-5 6 -
109.4 0.945 6 -
109.7 0.943 3 -
1 1 1 . 6 0.932 4 -
1 1 2 . 0 0.930 2 a,?

Table 3.1(cn continued



X-rav Diffraction Data
for the cooled melts from the

CaF, : LnF, Systems (Ln=La,Er.Nd)
65 mole% CaF2 / NdF3

2 0 d spacing (A) j(rel) Assignment
27.7 3.220 1 0 0 a, d
32 . 0 2.797 13 a
44.6 2.032 2 d,Al
45.9 1.977 39 d
54.3 1. 689 14 d
57.0 1.616 4 d
6 6 . 6 1.404 2 d
6 6 . 8 1.400 3 d
73.6 1.287 6 -
73.8 1.284 7 -
75.9 1.254 2 d
76.1 1.251 2 a
84.6 1.145 3 d,?
84.8 1.143 3 d
91.2 1.079 4 -
91.6 1.075 1 d

101.7 0.994 2 d
101.9 0.993 2 d
1 0 2 . 2 0.991 2 d
108.5 0.950 2 -
108.7 0.949 2 -
108.9 0.948 2 -
109.3 0.945 1 -
1 1 1 . 1 0.935 2 -

Table 3.1(d) continued
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X-rav Diffraction Data
for the cooled melts from the

CaF-, : LnF, Systems (Ln=La ,Er,Nd)
65 mole% CaF2 / NdF3 (annealed for 3 days)

2 0 d spacing (A) J<rel) Assignment
24.3 3.663 1 d
27.5 3.243 1 0 0 a, d
31.9 2.805 9 a
44 . 6 2.032 1

i—
1 

<tT
45.8 1.981 70 d
54.2 1.692 25 d
54.3 1.689 13 d
56.8 1.621 1 0 d
56.9 1.618 5 d
6 6 . 6 1.404 3 d
6 6 . 8 1.400 2 d
73.6 1.287 2 1 -
73 . 8 1.284 1 0 -
75.8 1.255 4 d,?
76.0 1.252 2 a, d
84.6 1.145 1 1 d, ?
84.8 1.143 6 d
93 . 0 1.063 6 d
93 . 3 1 . 060 4 d

103.9 0.979 3 d
104.2 0.977 2 d
110.7 0.937 1 0 -
1 1 1 . 1 0.935 6 -
112.9 0.925 7 a
113.4 0.922 4 a

Table 3.1(d) continued
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X-rav Diffraction Data
for the cooled melts from the

CaF, : LnF, Systems (Ln=:La, Er,, Nd)
65

U,
mole% CaF2 / NdF3 (annealed for 9 days)

2 0 d spacing (A) j(rel) Assignment
27.8 3.209 1 0 0 a,d
28.6 3.121 3 a,d
32.2 2.780 15 a
45.8 1.981 1 2 d
46.1 1.969 48 d
54.2 1.692 4 d
54.6 1.681 2 2 d
54.7 1. 678 15 d
57.1 1.613 3 d
67.0 1.397 6 d
67.2 1.393 3 d
73.5 1.288 7 d, ?73.7 1.285 4
73 .9 1.282 9 -
74.2 1.278 6 -
75.8 1.255 1 a, d
76.1 1.251 4 a, d
76.4 1.247 3 a, d
85.0 1.141 7 d
85.2 1.139 4 d
90.9 1.082 2 —
91.2 1.079 1 -
91.3 1.078 2 d, ?91.5 1. 076 3 d
91.6 1.075 2 d
91.8 1.073 1 d

102.4 0.989 1 d
108.4 0.950 1 —
109.2 0.946 4 —
109.6 0.943 2 -
111.4 0.933 17 -
111.9 0.930 9 —

Table 3.1fcn continued



X-rav Diffraction Data 
for the cooled melts from the

CaF., : LnF, Systems fLn=La,Er , Nd)
65 mole% CaF2 / NdF3 (annealed for 3 weeks)

2 0 d spacing (A) j(rel) Assignment
27.8 3.209 1 0 0 a, d
28.5 3.132 5 a, d
32.1 2.788 14 a
46. 0 1.973 45 d
54.5 1.684 18 d
54.6 1.681 19 d
56.8 1.621 3 d
57.1 1. 613 4 d
65.1 1.433 1 d
67.0 1.397 4 d,?
67.2 1.393 3 -

73.8 1.284 16 -

74.0 1.281 1 0 -

75.7 1.256 2 a, d
76.2 1.249 4 a, d
76.4 1.247 3 a, d
84.9 1.142 6 d
85.2 1.139 5 d
90.9 1.082 2 -

91.2 1.079 3 -

91.4 1.077 4 d
91.6 1.075 3 d
91.9 1. 073 2 d

1 0 1 . 8 0.993 3 d
1 0 2 . 1 0.991 1 d
102.3 0.990 2 d
1 0 2 . 6 0.988 1 d
108.4 0.950 1 -

109.1 0.946 4 -

109.5 0.944 •5 -

1 1 0 . 0 0.941 3 -

Table 3.1(d) continued
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X-rav Diffraction Data
for the cooled melts from the

CaF„ : LnF., Systems (Ln=La. Er,Nd}
60 mole% CaF2 / NdF3

2 0 d spacing (A) j(rel) Assignment
24.7 3.604 2 d
25.5 3.493 1 d
27.1 3.290 2 -
27.4 3 .255 1 0 0 a, d
28.4 3.143 4 a, d
31.8 2.814 1 0 a,?
44.6 2.032 3 d,Al
44.7 2 . 027 2 d, A1
45.0 2.014 3 d
45.6 1.989 73 d
52.1 1.755 1 d
54 .1 1.695 23 d
56.6 1.626 6 a, d
56.8 1 . 621 7 d
66.4 1.408 4 d
6 6 . 6 1.404 2 d
73 . 3 1.291 9 d
73.5 1.288 7 d,?
75.5 1.259 4 d
75.7 1.256 4 a, d
75.9 1.254 1 d,?
84.3 1.149 7 d,?
84.5 1.147 5 d,?
90.8 1.083 4 -

108.2 0.952 6 -
108.6 0.949 4 -
110.5 0.938 4 -
1 1 0 . 6 0.938 3 -
111.0 0.935 2 -

Table 3.1fd) continued
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X-rav Diffraction Data
for the cooled melts from the

CaF., : LnF, Systems (Ln=La.Er r Nd)
60

C j

mole% CaF2 / NdF3 (annealed for 3 days)
2 0 d spacing (A) j(rel) Assignment

24.8 3.590 3 d
25.5 3.493 1 d
27.6 3.232 1 0 0 a, d
28.4 3.143 4 d
31.9 2.805 13 a
45.0 2.014 2 d
45.6 1.989 44 d
52.0 1.759 1 d
54.1 1.695 25 d
56.3 1. 634 1 a
56.7 1.623 9 a, d
56.9 1.618 5 d
66.5 1.406 4 d
66.7 1.402 2 d
66.9 1.399 1 a , d
72.8 1.299 1 d
73.1 1.294 1 d
73 .4 1.290 16 d
73.6 1.287 8 d, ?75.6 1.258 4 a , d
75.9 1.254 3 a , d
77.1 1.237 1 d
84.3 1.149 5 d
84.6 1.145 4 d
90.8 1. 083 5 -

91.1 1 . 080 3 -

1 0 1 . 6 0.995 4 d
1 0 2  . 0 0.992 2 d
108.3 0.951 6 -

108.7 0.949 3 -

1 1 0 . 6 0.938 2 -

1 1 1 . 0 0.935 1 -

Table 3.1(d) continued
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X-rav Diffraction 
for the cooled melts

Data 
from the

CaF„ : LnF, Systems (Ln=La.Er,Nd)
55 mole% CaF 2 / NdF3

2 0 d spacing (A) I(rel) Assignment
25.0 3.562 7 d
25.8 3 .453 4 d
27.7 3.220 1 0 0 a,d
28.7 3.110 1 1 d
32.0 2.797 13 a
45.3 2 . 0 0 2 6 d, A1
45.8 1.981 65 d
46.2 1.965 7 d
52.3 1.749 3 d
54.2 1.692 32 d
56.8 1.621 6 a,d
56.9 1.618 4 d
66.5 1.406 3 d
73 .4 1.290 1 0 d,?
73 . 6 1.287 6 7

75.6 1.258 4 a, d
75.8 1.255 3 a,d
84.3 1.149 9 d,?84.6 1.145 5 d,?90.7 1.084 5 -

91.0 1.081 4 -

101.5 0.995 4 d
1 0 1 . 8 0.993 3 d
108.1 0.952 6 -

108.5 0.950 4 -

108.7 0.949 1 -

110.4 0.939 3 -

1 1 0 . 8 0.937 2 -

119.8 0.891 4 —

Table 3.1(d) continued
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X-ray Diffraction Data
for the cooled melts from the

CaF., : LnF„ Systems (Ln=La,Er,Nd)
55 mole% CaF2 / NdF3 (annealed for 3 days)

2 0 d spacing (A) I(rel) Assignment
25.0 3 .562 1 2 d
25.7 3.466 7 d
27.7 3.220 1 0 0 a, d
28.6 3.121 23 a, d
32.1 2.788 16 a
36.0 2.495 2 d
45.1 2 . 0 1 0 7 d,Al
45.3 2 . 0 0 2 5 d
45.8 1.981 71 d
46.2 1.965 14 d
51.0 1.791 3 d
52.2 1.752 6 d
52.3 1.749 4 d
54.3 1.689 38 d
54.5 1. 684 25 d
56.9 1.618 7 d
57.1 1.613 4 d
66.4 1.408 3 d
66.5 1.406 3 d
66.7 1.402 5 d
66.9 1. 399 4 d
70.3 1.339 2 d
70.5 1.336 1 d
71.0 1.328 1 d
71.2 1.324 1 d
73 . 0 1.296 3 d
73.2 1.293 2 d
73 . 6 1.287 1 1 -
73.8 1.284 7 -
75.7 1.256 5 a, d
76.0 1.252 4 a, d
84.6 1.145 1 2 d,?84.8 1.143 7 d
90.9 1 . 082 9 -
91.2 1.079 4 -

1 0 1 . 8 0.993 6 d
1 0 2 . 1 0.991 4 d
108.4 0.950 7 -
108.8 0.948 4 -
1 1 0 . 8 0.937 2 -
1 1 1 . 1 0.935 3 —

Table 3.1(d) continued



X-rav Diffraction 
for the cooled melts

Data 
from the

CaF-, : LnF, Systems (Ln=La,Er.Nd)
50 mole% CaF 2 / NdF3

2 0 d spacing (A) I(rel) Assignment
24.8 3.590 26 d
25. 6 3.480 1 0 d
27.4 3.255 1 0 0 a,d
28.5 3.132 42 d
31.8 2.814 26 a,?35.9 2.501 4 d
44.7 2.027 5 d, A1
45.1 2 . 0 1 0 19 d
45.6 1.989 62 d
46.0 1.973 2 1 d
50.8 1.797 3 d
52 .1 1.755 1 2 d
54.0 1.698 42 d
56.6 1.626 6 a,d
66.4 1.408 1 0 d
66.5 1.406 7 d
70.2 1.341 3 d
70.4 1.337 3 d
70.9 1.329 6 d
71.1 1.326 6 d
73.1 1.294 13 d
73 .2 1.293 13 d
73 .4 1.290 1 0 d
75.5 1.259 3 a, d
75.6 1.258 3 a,d
83.7 1.155 3 d
84.1 1.151 1 1 d
84.3 1.149 8 d,?90. 6 1.085 8
90.8 1.083 5 -

108.0 0.953 6 -

108.4 0.950 4 -

1 1 0 . 2 0.940 3 —

Table 3.1(d) continued

198



X-rav Diffraction Data
for the cooled melts from the

CaF. : LnF. Systems (Ln=La.Er f Nd)
50

" J
mole% CaF2 / NdF3 (annealed for’ 3 days)

2 0 d spacing (A) j(rel) Assignment
24.8 3.590 24 d
25.5 3.493 5 d
27.5 3.243 1 0 0 a,d
28.4 3.143 48 a, d
31.3 2.858 3 -
31.8 2.814 17 a,?35.9 2.501 4 d
44.9 2.019 19 d, A1
45.6 1.989 69 d
45.9 1.977 31 d
50.8 1.797 4 d
52.0 1.759 1 2 d
54.0 1. 698 31 d
56.8 1.621 1 0 a,d,
56.9 1.618 6 d
57.7 1.598 2 d
6 6 . 2 1.412 6 d
66.4 1.408 4. d
6 6 . 6 1.404 4 d
66.7 1.402 2 d
70.2 1.341 4 d
70.8 1.331 4 d
72.8 1.299 6 d
73 . 0 1.296 4 d
73 .4 1.290 1 2 d
73.6 1.287 8 7

75.6 1.258 4 a, d
75.9 1.254 4 a, d
83 . 6 1.157 4 d
83 . 8 1.154 4 d
84.4 1.148 1 2 d,?
84.6 1.145 9 d,?
8 8 . 2 1.108 2 d
90.9 1.082 1 2 -
91.2 1.079 6 -

108.4 0.950 6 -
108.8 0.948 4 -
1 1 0 . 6 0.938 4 -
1 1 1 . 0 0.935 3 -
1 1 1 . 2 0.934 2 —

Table 3.1(d) continued
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(a) parent CaF
1 0 0 i
8 0  ■
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20 9 0 1 0 0 120110 1 3 0

(b) parent LaF
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9 020 100 no 1 2 0 1 3 0 140

(c) parent ErF^
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8 0
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FIG. 3.3 (a): Stick-diagrams of parent compounds



8 0

!= 4 0

1 4 06 0 7 0 1 2 05 0 8 0 9 0 1 0 0 1 1 0 1 3 04 03 0200 10
TWO THETA (D eg rees)

LaF, (annealed for 3 days)90 mole% CaF
100

8 0
5  60

20

4 0 6 0  7 0  8 0
TWO THETA (D eg rees)

1405 0 9 0 1 0 0 1 2 0 1303 020

90 mole% CaF« /  LaF (annealed for 9 days)
100

8 0
:= 6 0
1= 4 0

6 0 7 0 1 0 0 1 2 0 1 4 00 10 20 3 0 5 0 8 0 9 0 1 10 1 3 04 0
TWO THETA- (D eg rees)

CaF0 / LaF-, (annealed for 3 weeks)90 mole%
!0 0 n
8 0

!= 6 0
*= 4 0

0 10 20 3 0 6 04 0 5 0 7 0 8 0 100 1 1 09 0 1 20 1 3 0 1 4 0
TWO THETA (D eg rees)

FIG. 3.3(b): Stick-diagrams of selected molar percentages in
the CaF2/LaF^
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100

8 0

t  4 0

8 04 0 6 0  7 0
T W O  T H E T A  (Degrees)

100 1 103 0 5 0 9 0 1 2 0 1 3 02010 14C0

85 mole% CaF /LaF (annealed for 3 days)
1 0 0

8 0
tr 6 0
!= 4 0

1 000 3 0 4 0 5 0 6 0
T W O  T H E T A  (Degrees)

7 0 8 0 9 0 1 1 0 1 2 0 1 3 0 14C10 20

85 mole% CaF9 / LaFT (annealed for 9 days)
1 0 0-n
8 0

t= 6 0

20

1 2 0 1 3 03 0 5 0 6 0 7 0 8 0 9 0 1 4C0 10 20 4 0
T W O  T H E T A  (Degrees)

85 mole% CaF„ / LaF.. (annealed for 3 weeks)
10 0 -,
8 0

20

12 0100 1 10 13010 5 0 6 0 8 0 1 4020 3 0 7 0 9 00 4 0
TWO THETA (D eg rees)

FIG. 3.3(b): Stick-diagrams of selected molar percentages in the CaF./LaF2 3
system .
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9 0 1 2 05 04 03 020

mo 1 e% CaF. / LaF, (<»>n®aled 1»r 3 days)
00
8 0
6 0
4 0
20

1 4 0110 1 3 01 0 0 1 2 09 08 06 0
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FIG. 3,3 (b): Stick-diagrams of selected molar percentages in the CaF^/LaF^
system.
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1 0 0 1
8 0

t  6 0

4 0

1 2 0 1 3 09 0 1 007 06 0
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8 05 03 0 4 02 0

65 mole% CaF9 / LaF, (annealed foe 3 days)
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7 03 0 4 02 0

65 mole% C a F  2 / LaF^ (annealed for 3 weeks)
1 0 0 ^

8 0

(= 4 0

1 3 0 1 4 01201 0 09 06 0  7 0  8 0
TWO THETA (D e g re e s )
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— G- -*.3 Stick-diagrams of selected molar percentages in the CaF^/LaF^
system.

204



lOOn
8 0

*= 6 0

t= 40

2 0

4 0 5 0 6 0  7 0
TWO THETA (D e g re e s )

2 0 3 0 1008 0 9 0 1 1 0 1 2 0 1 3 0 1 4 (

50 mole% Qaf / [_af (annealed for 3 days)
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8 0

!= 6 0  in
z

40

2 0

0

60 mole% CaF^ / LaF^ (annealed for 9 days)
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FIG. 3.3 (b): Stick-diagrams of selected molar percentages in the CaF^/LaF^
system.
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FIG. 3.3 (b): Stick-diagrams of selected molar percentages in the CaF^/LaF^
system.
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8 0

t  6 0  (/)
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FIG. 3.3(c): Stick-diagrams of selected molar percentages in the
CaF^/ErF-j system.
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FIG. 3.3 (c): Stick-diagrams of selected molar percentages in the
CaF^ /ErF^ -system
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9 0 100 1 10 1 2 0 1 3 0 140

55 mo!e% C aF9 /  E rF _  (annealed for 3 days)
1 0 0

8 0
■= 6 0
£  4 0

2 0
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1 0 0

8 0  ■
5  6 0  -
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FIG. 3.3(c): Stick-diagrams of selected molar percentages in the
CaF 2 /ErF^ system
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FIG. 3.3 (d): Stick-diagrams of selected molar percentages in the
CaF^/NdF^ system.
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FIG. 3.3 (d): Stick-diagrams of selected molar percentages in the
CaF^/NdF^ system.
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65 mole% CaF /  NdF^
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TWO THETA (D e g re e s )

/  (annealed for 3 weeks)

8 0
!= 6 0
(= 4 0

2 0
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FIG, 3/3 (d); Stick-diagrams of selected molar percentages in the
CaF^/NdF^ system.
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CHAPTER 4
THE ANION DISORDER OF THE PEROVSKITE FLUORIDE

KCaF,

4.1 Introduction
The alkaline earth fluorides are well known to exhibit fast 
ion conduction over a range of a few hundred degrees, up to 
their melting points [146]. In the study of these fluorite 
structured materials the combination of a.c. electrical 
conductivity and N.M.R. techniques has been shown to be a 
particularly powerful tool in evaluating the diffusion 
mechanism [147]. Many materials exhibit the perovskite 
structure, ABX3, both oxides and halides and fast ion 
conduction might be anticipated in such systems [53,55], 
which have an open lattice reminiscent of-the fluorite 
structure. In particular perovskite fluorides, ABF 3  

(A = alkali metal, B = divalent cation) have invoked 
considerable interest following the suggestion [53] that 
the perovskite structure is conductive to fast anion 
conduction. In this context it was noted that high 
pressure MgSi03 has a distorted perovskite structure; fast 
ion conduction in this material, which is thought to be a 
major constituent of the earths inner mantle Fig. 4.1 could 
have important geophysical implications. Indeed fast-ion 
motion has been claimed in NaMgF3 [53], however more recent 
work [54] did not show the phenomenon to be present in 
NaMgF3 and KMgF3. There is good evidence for high 
temperature fast ion conduction in KCaF3 [54] and CsPbF3  

[55] suggesting that the nature of the B ion plays an
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important role in transport. At low temperatures the 
mobile defect is the F" vacancy [54]. The results of 
conductivity and N.M.R. [54] are consistent with a vacancy 
diffusion mechanism. These results also confirm the 
theoretical predictions [148] that the F" interstitial ion 
is the more mobile defect, however, little is known about 
the defect structure of these materials.

4.2 Investigation of Anion Disorder in KCaFo 
The results obtained by applying a.c. electrical and N.M.R. 
techniques to single crystals of this perovskite structured 
material show that it displays ionic conductivities Fig.4.2 
comparable to the more extensively studied superionic 
fluorite structured phases [149,150].

The perovskite ABX 3 compounds have been extensively studied 
by N.M.R. and neutron diffraction techniques in order to 
relate the phase transitions in these systems to the 
rotation of the BXg octahedra. The N.M.R. studies, using 
19F relaxation techniques, give information on the dynamics 
of the fluorine sublattice. Relaxation time N.M.R. 
measurements in KCaF3 [54] could not be interpreted in 
terms of short range rotational motions, but only in terms 
of long range diffusional modes for the fluorine ions, 
coupled with a large amount of disorder on the anion 
sublattice. This interpretation is underpinned by the 
results obtained from the electrical measurements [54]. 
Similar behaviour has been reported for the analogous
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system CsPbF3 [55].

The data collected and the open lattice of KCaF 3 suggest 
fast ionic conductivity. This is also confirmed by 
calculations of the defect energies performed and published 
for the fluoride perovskite, KMnF3, using the HADES program 
[148]. Both the data collected and the calculations of 
defect energies suggest that the conductivity is governed 
by the migration of thermally generated point defects. The 
predominant point defects are thought to be of the anion 
Frenkel type, ‘Fv vacancy and ‘Fi interstitial; the 'F- 
interstitial ion being the more mobile defect even at room 
temperature. At low temperature the Conductivity and 
N.M.R. results suggest extrinsic behaviour, the F“ motion 
being dominated by residual impurities. Fast-ionic 
conduction is observed at high temperatures. In crystals 
deliberately doped with oxygen the compensating defect is 
expected to be the F" vacancy. The results of conductivity 
and N.M.R. are consistent with a vacancy diffusion 
mechanism. The calculated defect energies in KMnF3 ie. 
o.4leV for F" vacancies and 1.63eV for K* vacancies are of 
comparable magnitude to the measured value of 0.66eV for 
KCaF3 . Similar experiments for NaMgF3 and KMgF3 revealed 
no detectable F'ion motion even at high temperatures. This 
is perhaps surprising, particularly for KMgF3 which has a 
similar structure to KCaF3 and the difference must reflect 
the relative chemical nature and size of the Ca and Mg 
ions.
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The general aim of this experiment is to identify the 
nature and concentration of these defects, as has been 
achieved using single crystal neutron techniques for the 
high temperature superionic fluorites [56]. A powder 
experiment on D1A to investigate the variation of the 
ferroelastic effect with temperature in this system has 
been reported [151]. However, the long wavelength used in 
this study means that it would be unsuitable for detecting 
the lattice defects expected in this kind of system.

X-ray and neutron diffraction studies on single and 
polycrystal samples of the high temperature fluorite 
structured materials PbF2/ C a F 2 an(̂  S r F 2 [56,8 6,150] in
their high conductivity phases have highlighted several 
important points that have influenced this study. The main 
crystallographic point which arose from these studies was 
the need for single crystal neutron measurements using 
short wavelengths in order to obtain high resolution for 
the structure, thus permitting differentiation between the 
point defect formations and the large dynamic effects 
observed at high temperature in these superionic systems.
A rerun of the powder study at the lowest wavelength on D1A 
of 1.3A was unsuitable and a neutron single crystal 
investigation, for which D9 was the ideal instrument, was 
necessary for results of the required quality. The fact 
that fluorine has a higher scattering length than either Ca 
or K is an additional feature which favoured a neutron 
study. The evolution of the defect structure in this
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material with temperature is currently being investigated 
by Molecular Dynamics (MD) methods and the results of these 
investigations will be available to guide the 
interpretation of the high temperature structures. The 
same combination of MD studies and diffraction has proved 
particularly powerful in the study of superionic fluorides 
[152] .

A further motivation for this study or as mentioned earlier 
in the introduction, is that the material is an analogue of 
the high pressure modification of the mineral Magnesium 
Silicate, which is thought to comprise a large percentage 
of the earths mantle Fig. 4.1. It has been suggested [53] 
that if the material is superionic then an alternative 
mechanism for the retention of electrical neutrality in the 
mantle is possible, and if this could be shown to be true 
then this concept could have major geophysical 
implications.

This experiment therefore offered an excellent opportunity 
to investigate a simple member of a potentially larger and 
important class of high temperature superionics.

4.3 Experimental
4.3.1 Preparation of KCaF3 and Experimental Procedure on 

the D9
Single crystals, 6 mm diameter x 3 0mm long, were grown from 
powders by the Stockbarger technique using high-purity
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graphite crucibles (Ultra-Carbon, UF4S for sugar grade) and 
a radio-frequency induction furnace [153], The atmosphere 
inside the growth chamber was flowing argon gas. The 
relevant high-purity powders (B.D.H. Optran crystal - 
growing grade) were intimately mixed prior to crystal 
growth. A growth speed of 0.05mm/min was employed and 
generally this produced transparent single crystals. The 
crystals had good cleavage planes and could be cut into 
regular cubes.

X-ray characterisations have demonstrated the high quality 
of these crystals. A crystal was mounted in a sealed tube 
Fig. 4.3 onto the D9 diffractometer at the ILL. The tube 
(6 mm diameter) contains a cubic crystal located within two 
pieces of graphite, as shown in the figure, placed at the 
bottom of the tube. The two pieces of graphite 
"sandwiched" the crystal and were pressed together by a 
silica rod. A cubic crystal is preferred since a spherical 
crystal in a similar environment would move around during 
the passage of the neutron beam. The tube was evacuated 
and sealed by fusing the tube and rod together and drawing 
off, as shown in Fig.4.3.b.

Knowing the space-group (Fm3m) and lattice parameters of 
the sample, the program Dragon [154] was used to generate 
the Miller indices and the 20 value of the Bragg 
reflection. The diffractometer was calibrated by recording 
the Tset and T 0 ks values. The maximum temperature that was
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reasonable on the D9 was 700°C. The system was tested with 
a thermocouple placed inside a dummy silica tube, the same 
dimensions as the sample holder. Calibration checks showed 
that the temperature inside the silica tube was 
considerably less than the setting on the controller of the 
soufflet at temperatures of >500°C. The calibration table 
values are shown in Table 4.1.
TABLE 4.1 Calibration values

T / Cset Tobstube) °C
(bare

thermometer)
°C

100
200 206
300 280
400 358
500 420
600 500
700 545
800 595 785
900 662 883
950 696 858

1000
1050
1100

The maximum setting on the controller was 950°C which gave 
a temperature of 696°C on the sample. Once the 
diffractometer was calibrated the crystal was mounted, 
aligned optically and the temperature was raised slowly to 
Tset = 500 °C (Tobs = 42 0 °C) to ensure that the crystal was in 
the cubic phase before looking for reflections. The 
wavelength used was X = 0.7025A. Readings were taken at 
4 00°C and in the superionic region at 700°C respectively 
and the high angle data were checked. The single crystal 
data collected over a period of 24 hours at 400°C and 700°C
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were refined using the program UPALS [155] and at least 13 0 
independent reflections were observed at each temperature.

4.4 Results and Discussion
The final least squares atomic and harmonic thermal 
parameters, the observed and calculated intensities, the 
delta and weighted residual values obtained from the 
refinements of the data measured at 400°C and 700°C are 
given in Tables 4.2(a),(b),(c), 4.4(a),(b) and (c) 
respectively. The corresponding values for the anharmonic 
refinements are given in Tables 4.3(a),(b),(c), 4.5(a),(b) 
and (c) respectively.

The quality of the fit for both the 400°C and 700°C data is 
fairly good. The final refinement of the 4 00°C data for 
the harmonic thermal parameters gave a weighted residual,
Rw =17% (Table 4.2(c)). Including anharmonic thermal 
parameters in the refinements seems to improve the quality 
of the fit and Rw =10% (Table 4.3(c)) giving evidence of 
some degree of anharmonicity. Considering the 700°C data, 
there is less evidence of anharmonicity as the weighted R- 
factor obtained for the harmonic model, Rw = 14% (Table 
4.4(c)) is only slightly higher than the anharmonic model 
were Rw = 10% (Table 4.5(c)) although still favouring 
anharmonic behaviour. In general the Rw factors are fairly 
good with no interstitial occupancy.

There are two pairs of Fourier maps (FCALC) for each set of
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the data at 400°C and 700°C. Considering the 400°C data 
and looking at the Fourier section along the 001 and -110 
directions there are two harmonic thermal factors, one 
along the 001 direction Figure 4.4(a) and one along the 
-110 direction Figure 4.4(b). Similarly there are also two 
anharmonic thermal factors, one along the 0 0 1  direction 
Figure 4.4(c) and one along the -110 direction Figure 
4.4(d).

Considering the 700 °C data, and looking at the Fourier 
section along the 0 0 1  and - 1 1 0  directions there are two 
harmonic thermal factors along each direction respectively 
Fig. 4.5(a) and Fig. 4.5(b). Similarly there are also two 
anharmonic thermal factors one along the 001 direction Fig. 
4.5(c) and one along the -110 direction Fig. 4.5(d). 
Considering both the 400°C and 700°C data it can be seen that 

the Ca2+ and K+ cations are spherically symmetrical (see 
Figures 4.4(b), (d), 4.5(b), (d). However the F” anions
appear to have an oblate ellipsoid discus like shape. This 
can be seen in all the F-maps (Figs 4.4(a) to 4.5(d)). It 
is not easy to understand the diffusion pathway.
Anharmonicity would have been expected if the fluoride ion 
vibrated towards the nearest fluoride neighbouring site 
(nns). Due to the oblate ellipsoid like vibration it may 
seem that the fluoride ion is vibrating towards a saddle 
point ie. towards the K+ cation at the centre of a cube 
face. It is assumed, therefore, that the F“ anion is 
vibrating with an oblate ellipsoid discus-like fashion with
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the larger axis in the 1 0 0  plane and the smaller in the 1 1 0  

plane for a ^00F” (Fig. 4.6). In this proposed vacancy 
mechanism the F” jumps are either to the next nearest 
neighbour in the 1 1 0  plane ie. a 1 1 0  type jump (the saddle 
point being at h Oh for %0 0 F“ where 1 / / 2 a = 0.7a) or 
towards the centre, K+ saddle point, in the 1 0 0  plane in 
which case the F” could possibly jump straight across the 
cube face. From above it can be seen that the K+ and Ca2+ 
cations are fairly rigidly fixed on their sites. The F" 
anions show anharmonic oblate ellipsoid discus-like 
vibrations with no obvious move towards a saddle point but 
could be expansible for conductivity and do not behave like 
other fluorides which easily move off their sites. The 
discussion of the F-maps and the proposed vacancy mechanism 
is also consistent with the refinement of the data in which 
the Rw factors were fairly good with no interstitial 
occupancy. In conclusion KCaF3 is a straightforward 
structure with a low concentration of defects. Although 
there is some evidence for vacancies there is no 
significant occupation of interstitial sites. All the ions 
show a small amount of anharmonic behaviour and it is 
possible that the high conductivity could be due to a small 
population of highly mobile vacancies. For future work 
molecular dynamics or static simulation could be used to 
locate saddle points in possible migration pathways.
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Table 4.2(b) KCaF3
(IOE,

rectangular crystal 
IC and Delta values

at 400°C 
for harmonic thermal param<

H K L IOE IC DELTA
1 0 0 32.54 31. 12 1.413
1 1 0 4.67 6.44 -1.769
1 1 1 139.68 122.24 17.444
2 0 0 325.58 362.57 -36.999
2 1 0 35.51 35.08 0.429
2 1 1 26.20 27.58 -1.383
2 2 0 216.90 199.22 17.685
2 2 1 31.34 28.74 2.603
2 2 2 114.02 111.02 3.003
3 0 0 0.00 0.07 -0.068
3 1 0 2.21 1.97 0.237
3 1 1 21.45 19. 17 2.284
3 2 0 2.86 2.85 0.015
3 2 1 9.91 9. 11 0.803
3 2 2 4.06 4.95 -0.888
3 3 0 3.27 4.32 -1.045
3 3 1 0.25 0.51 -0.262
3 3 2 7.42 7. 18 0.242
3 3 3 2.92 0.72 2.202
4 0 0 103.77 103.74 0.029
4 1 0 30.81 33.50 -2.694
4 1 1 47.54 43.69 3.854
4 2 0 54.53 55.26 -0.721
4 2 1 20.25 19. 18 1.075
4 2 2 29.87 31.49 -1.618
4 3 0 7.64 8.50 -0.859
4 3 1 18.44 14.48 3.959
4 3 2 6. 19 6.37 -0.180
4 3 3 10.10 7.21 2.885
4 4 0 13.44 14. 15 -0.718
4 4 1 8.41 6.75 1.662
4 4 2 6.47 9.34 -2.878
4 4 3 7.22 3.46 3.762
4 4 4 0.00 3.69 -3.686
5 0 0 1.31 1.78 -0.471
5 1 0 0.08 0.01 0.070
5 1 1 0.30 1.17 -0.864
5 2 0 0.31 0.01 0.299
5 2 1 2.81 1.37 1.438
5 2 2 0.92 0.72 0.200
5 3 0 3.10 2.22 0.882
5 3 1 1.35 0.55 0.801
5 3 2 3.74 2.92 0.814
5 3 3 0.70 1.50 -0.803
5 4 0 5.79 2.00 3.791
5 4 1 3.31 3.41 -0. 103
5 4 2 2.93 2.00 0.930
5 4 3 1.29 2.55 -1.251
5 4 4 2.25 1.48 0.769
5 5 0 1.27 2. 16 -0.893
5 5 1 4.88 1.41 3.462
5 5 2 7.22 1.95 5.276
5 5 3 3.30 1.25 2. 057
5 5 4 3.08 1.21 1.876
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(Continued)

L IOE IC DELTA
5 -0.54 0.70 -1.232
0 30.42 31.77 -1.353
0 18.67 19.72 -1.051
1 23.38 21.24 2. 139
0 20.81 16. 18 4.626
1 13.49 10. 19 3.301
2 8.56 9. 11 -0.553
0 7.08 5.74 1.343
1 10.72 6.72 3.995
2 1.84 3.70 -1.865
3 7.86 3.04 4.816
0 6.77 3.81 2.960
1 7.28 2.67 4.606
2 3.26 2.70 0.564
3 -2. 18 1.52 -3.696
4 2.62 1.22 1.397
0 1.31 1.45 -0.142
1 -1.37 1.67 -3.043
2 -0.08 1. 18 -1.252
3 0.80 1.06 -0.264
4 -1.36 0.67 -2.021
5 -1.61 0.47 -2.085
0 -0.70 1.01 -1.708
1 -3.07 0.84 -3.905
2 1.47 0.80 0.668
3 1.92 0.56 1.356
4 -0.44 0.44 -0.876
0 -3.23 1.06 -4.290
0 -1.00 0.22 -1.224
1 2.04 0.24 1.792
0 4.40 0.00 4.396
1 3.61 0.09 3.529
2 1.28 0. 19 1.091
0 -0.43 0.44 -0.871
1 0.64 0.33 0.314
2 -2.74 0.70 -3.439
3 6.28 0.64 5.632
0 2.40 0.62 1.779
1 3.81 0.80 3.005
2 1.14 0.66 0.471
3 0.47 0.72 -0.247
4 1.38 0.51 0.867
0 0.15 0.71 -0.556
1 0.08 0.60 -0.521
2 5.49 0.62 4.868
3 4.40 0.47 3.933
4 3.99 0.38 3.610
0 -2.53 0.44 -2.974
1 -2.97 0.46 -3.430
2 2.93 0.38 2.556
0 8.37 9.62 -1.246
0 7.58 7.38 0. 196
1 8.95 6.60 2.353
0 7. 16 4.67 2.489
1 5.19 3.66 1.529
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Table 4.2(b) (Continued)

H K L IOE IC DELTA
8 2 2 8.29 2.52 5.764
8 3 0 2.56 2.02 0.537
8 3 1 3.77 1.93 1.845
8 3 2 1.09 1.25 -0.152
8 3 3 0.36 0.83 -0.462
8 4 0 3.48 0.99 2.488
8 4 1 4.63 0.84 3.793
8 4 2 -0.39 0.70 -1.086
8 4 3 1.23 0.46 0.774
8 5 0 5.59 0.46 5.137
8 5 1 1.02 0.45 0.563
8 5 2 2.75 0.36 2.387
9 0 0 1.58 0.50 1.085
9 1 0 4.14 0.25 3.893
9 1 1 -2.71 0.15 -2.857
9 2 0 -5.73 0.02 -5.752
9 2 1 -0.29 0.00 -0.290
9 2 2 -0.76 0.02 -0.787
9 3 0 2.79 0.05 2.746
9 3 1 -1.51 0.06 -1.564
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4.3 (b) KCaF-j rectangular crystal at 400°C
(IOE, IC and Delta values for anharmonic thermal parameters)

K L IOE IC DELTA
0 0 33.74 34.06 -0.319
1 0 4.67 6.55 -1.791
1 1 149.90 134.88 15.023
0 0 361.00 386.87 -25.872
1 0 36.40 35.25 1. 146
1 1 26.76 25.45 1.307
2 0 227.88 219.97 7.914
2 1 32. 15 31.96 0. 191
2 2 118.79 119.01 -0.221
0 0 0.00 0.60 -0.604
1 0 2.25 2.39 -0.145
1 1 21.95 21.85 0.099
2 0 2.91 2.63 0.280
2 1 10.11 10.50 -0.389
2 2 4. 13 4. 19 -0.056
3 0 3.33 2.98 0.350
3 1 0.25 0.28 -0.028
3 2 7.56 7.51 0.051
3 3 2.98 2.70 0.279
0 0 106.89 106.69 0.201
1 0 31.45 31.95 -0.496
1 1 48.76 49.62 -0.855
2 0 56.04 57.33 -1.291
2 1 20.69 21.75 -1.057
2 2 30.49 29.20 1.285
3 0 7.73 8.05 -0.273
3 1 18.84 19.21 -0.367
3 2 6.30 6.05 0.246
3 3 10.29 9.24 1.045
4 0 13.68 13. 19 0.493
4 1 8.57 8. 14 0.428
4 2 6.58 6.62 -0.048
4 3 7.34 3.12 4.224
4 4 0.00 1.79 -1.788
0 0 1.33 1.22 0.110
1 0 0.08 0.59 -0.506
1 1 0.31 0.24 0.064
2 0 0.31 0.00 0.314
2 1 2.86 2.55 0.313
2 2 0.93 0.48 0.452
3 0 3. 15 2.65 0.507
3 1 1.37 1.63 -0.253
3 2 3.80 3.90 -0.101
3 3 0.71 3.74 -3.025
4 0 5.89 1.92 3.965
4 1 3.37 4.60 -1.231
4 2 2.98 2.05 0.934
4 3 1.32 3.29 -1.977
4 4 2.29 1.53 0.755
5 0 1.29 2.95 -1.663
5 1 4.96 2.81 2. 150
5 2 7.35 2.78 4.568
5 3 3.36 2.50 0.864
5 4 3. 14 1.48 1.660
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4.3(b) (Continued)

K L IOE IC DELTA
5 5 -0.55 1.08 -1.626
0 0 30.99 31. 12 -0. 130
1 0 19.03 19.25 -0.223
1 1 23.89 26.22 -2.336
2 0 21.22 17.22 3.994
2 1 13.74 11.39 2.350
2 2 8.71 9.27 -0.560
3 0 7.21 6.84 0.369
3 1 10.92 9.37 1.553
3 2 1.87 4. 16 -2.293
3 3 7.99 3.70 4.294
4 0 6.89 3.95 2.940
4 1 7.40 3. 14 4.267
4 2 3.32 2.28 1.038
4 3 -2.22 1.45 -3.672
4 4 2.66 0.79 1.872
5 0 1.33 1.87 -0.541
5 1 -1.39 2.19 -3.587
5 2 -0.08 1.38 -1.460
5 3 0.81 1. 15 -0.341
5 4 -1.38 0.65 -2.028
5 5 -1.64 0.43 -2.064
6 0 -0.71 1.06 -1.772
6 1 -3.12 0.97 -4.094
6 2 1.50 0.73 0.771
6 3 1.95 0.55 1.405
6 4 -0.45 0.31 -0.759
0 0 -3.29 0.01 -3.301
1 0 -1.02 0.41 -1.427
1 1 2.07 0.17 1.901
2 0 4.48 0.22 4.252
2 1 3.68 1.05 2.632
2 2 1.30 0.76 0.546
3 0 -0.43 1.44 -1.876
3 1 0.65 1.26 -0.605
3 2 -2.78 1.74 -4.523
3 3 6.38 1.65 4.736
4 0 2.44 1.21 1.238
4 1 3.87 1.60 2.275
4 2 1. 16 1.27 -0.111
4 3 0.48 1.28 -0.804
4 4 1.40 0.82 0.577
5 0 0. 15 1.33 -1.172
5 1 0.08 1.27 -1.183
5 2 5.59 1.11 4.471
5 3 4.48 0.88 3.597
5 4 4.06 0.52 3.539
6 0 -2.57 0.75 -3.322
6 1 -3.02 0.73 -3.749
6 2 2.98 0.59 2.394
0 0 8.52 10.05 -1.533
1 0 7.71 7.69 0.023
1 1 9. 11 8.09 1.020
2 0 7.29 6. 00 1.291
2 1 5.28 4.65 0.626
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Table 4.3(b) (Continued)

H K L IOE IC DELTA
8 2 2 8.43 3.51 4.928
8 3 0 2.61 3.01 -0.407
8 3 1 3.84 3.04 0.801
8 3 2 1.11 1.84 -0.722
8 3 3 0.37 1.21 -0.841
8 4 0 3.54 1.59 1.950
8 4 1 4.71 1.34 3.373
8 4 2 -0.39 1.00 -1.392
8 4 3 1.25 0.63 0.626
8 5 0 5.69 0.79 4.899
8 5 1 1.04 0.75 0.287
8 5 2 2.79 0.55 2.243
9 0 0 1.61 0.41 1.201
9 1 0 4.21 0.63 3.580
9 1 1 -2.76 0.55 . -3.311
9 2 0 -5.83 0.62 -6.451
9 2 1 -0.29 0.81 -1.100
9 2 2 -0.78 0.78 -1.558
9 3 0 2.84 0.85 1.922
9 3 1 -1.53 0.80 -2.333

i
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Table 4.4(b) KCaF^ rectangular crystal at 7 00°C
(IOE, IC and Delta values for harmonic thermal parameters)

H K L IOE IC DELTA
1 0 0 32.48 31.33 1. 156
1 0 0 32.31 31.33 0.986
0 1 0 33.99 31.33 2.663
0 0 1 29.53 31.33 -1.797
2 0 0 312.17 329.98 -17.810
2 0 0 313.22 329.98 -16.759
0 2 0 337.98 329.98 7.997

-2 0 0 312.31 329.98 -17.668
0 -2 0 334.24 329.98 4.266
0 0 2 300.15 329.98 -29.827
2 2 0 178.52 165.00 13.526
0 2 2 174.45 165.00 9.450
2 0 2 175.36 165.00 10.361

-2 -2 0 177.76 165.00 12.767
-2 2 0 177.34 165.00 12.343
1 1 0 4.59 5.68 -1.086
1 1 1 130.01 113. 11 16.898
2 1 0 34.55 34.09 0.462
2 1 1 22.64 21.99 0.655
2 2 1 27.92 26.71 1.207
2 2 2 83.20 83.61 -0.407
3 0 0 0. 16 0.29 -0.129
3 1 0 1.16 1.00 0. 156
3 1 1 14.55 13.84 0.715
3 2 0 3.27 3. 12 0. 156
3 2 1 6.06 5.49 0.579
3 2 2 3.74 4.55 -0.805
3 3 0 1.56 2. 15 -0.586
3 3 1 0.07 0.17 -0.100
3 3 2 3.81 3.67 0. 134
3 3 3 2.02 0.61 1.406
4 0 0 71.69 71.36 0.330
4 1 0 24.42 26.25 -1.824
4 1 1 28.79 27.60 1. 191
4 2 0 35.09 34.71 0.386
4 2 1 15.40 14.26 1. 142
4 2 2 16.48 18.05 -1.565
4 3 0 5.90 6.04 -0.141
4 3 1 8.97 7.55 1.419
4 3 2 3.85 4. 18 -0.330
4 3 3 4.37 3.18 1. 181
4 4 0 7.22 6.84 0.379
4 4 1 4.39 4.00 0.387
4 4 2 2.96 4. 14 -1.187
4 4 3 5.59 1.72 3.866
4 4 4 -0.86 1.29 -2.149
5 0 0 0.45 0.71 -0.260
5 1 0 -0.47 0.01 -0.483
5 1 1 0.25 0.46 -0.210
5 2 0 0. 19 0.05 0. 141
5 2 1 0.68 0.50 0. 177
5 2 2 -0.65 0.52 -1.167
5 3 0 0.25 0.85 -0.601
5 3 1 0.89 0.37 0.516
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(Continued)

L IOE
2 0.79
3 -0.20
0 4.59
1 2.56
2 1.01
3 0.43
4 1.31
0 -0.70
1 1.37
2 4.24
3 0.52
4 0.34
5 0.45
0 14.41
0 9. 18
1 9.75
0 10.90
1 8.98
2 2.46
0 3. 13
1 4-48
2 -0.93
3 4.83
0 3.95
1 4.66
2 1.69
3 -1.01
4 1.87
0 0.27
1 -0.36
2 -0.33
3 0.85
4 0.73
5 -2.84
0 -0.49
1 -1.94
2 0.25
3 2.01
4 0.79
0 o01

0 -2.62
1 -0.69
0 2.81
1 3.47
2 0.04
0 -0.74
1 0.53
2 -0.96
3 -0.82
0 -1.89
1 0.55
2 0.97
3 -0.01
4 0.72
0 0.74

IC DELTA
1. 12 -0.329
0.73 -0.926
1.02 3.569
1.27 1.290
0.91 0. 100
0.83 -0.403
0.51 0.799
0.69 -1.392
0.56 0.814
0.59 3.653
0.41 0. 114
0.30 0.040
0. 16 0.293
14.56 -0. 142
9.98 -0.798
9.29 0.463
6.83 4.073
4.83 4. 146
3.53 -1.075
2.53 0.600
2.49 1.994
1.51 -2.442
0.96 3.869
1.26 2.694
1.00 3.657
0.82 0.869
0.47 -1.485
0.29 1.579
0.45 -0.185
0.45 -0.812
0.34 -0.669
0.25 0.601
0.15 0.582
0.08 -2.916
0.23 -0.718
0.20 -2. 137
0. 17 0.086
0.11 1.895
0.07 0.717
0.34 -1.237
0.11 -2.732
0.07 -0.756
0.00 2.815
0.02 3.456
0.07 -0.026
0.11 -0.855
0. 11 0.420
0. 18 -1. 139
0. 17 -0.999
0.18 -2.069
0. 19 0.353
0. 17 0.800
0.15 -0.157
0. 10 0.616
0.15 0.590
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Table 4.4(b) (Continued)

H K L IOE IC DELTA
5 1 0.25 0. 14 0. 108
5 2 0.67 0. 12 0.547
5 3 1.63 0.09 1.545
5 4 1. 12 0.06 1.058
6 0 -2.79 0.08 -2.869
6 1 -2.93 0.08 -3.005
6 2 1.21 0.06 1. 144
0 0 0.67 2.58 -1.910
1 0 1.11 2.04 -0.926
1 1 3.75 1.70 2.047
2 0 2.29 1.16 1. 134
2 1 2.08 0.94 1. 138
2 2 0.63 0.58 0.050
3 0 0.79 0.48 0.310
3 1 $.79 0.42 0.366
3 2 0.26 0.27 -0.010
3 3 1.31 0. 15 1. 154
4 0 1.53 0. 19 1.336
4 1 1.15 0.17 0.977
4 2 -1. 16 0. 13 -1.286
4 3 0.90 0.08 0.825
5 0 -0.65 0.08 -0.732
5 1 1.84 0.07 1.763
5 2 4.08 0.06 4.028
0 0 2.63 0.09 2.539
1 0 1.00 0.05 0.951
1 1 -0.34 0.03 -0.371
2 0 -0.57 0.00 -0.574
2 1 -1.41 0.00 -1.412
2 2 -0.31 0.00 -0.315
3 0 1.02 0.01 1.009
3 1 2.27 0.01 2.263
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Table 4.5(b) KCaF^ rectangular crystal at 700°C
(IOE, IC and Delta values for anharmonic thermal parameters)

H K L IOE IC DELTA
1 0 0 33.77 33. 18 0.583
1 0 0 33.59 33. 18 0.407
0 1 0 35.23 33. 18 2.049
0 0 1 30.61 33. 18 -2.571
2 0 0 332.18 346.26 -14.072
2 0 0 333.30 346.26 -12.954
0 2 0 356.29 346.26 10.036

-2 0 0 332.34 346.26 -13.921
0 -2 0 352.36 346.26 6.103
0 0 2 316.54 346.26 -29.718
2 2 0 186.23 176.34 9.893
0 2 2 181.68 176.34 5.341
2 0 2 183.52 176.34 7. 182

-2 -2 0 185.44 176.34 9. 101
-2 2 0 185.02 176.34 8.683
1 1 0 4.74 5.62 -0.880
1 1 1 136.89 120.80 16.096
2 1 0 35.73 34.40 1.331
2 1 1 23.37 21.25 2. 121
2 2 1 28.91 29.39 -0.484
2 2 2 86.34 85.87 0.461
3 0 0 0. 17 0.59 -0.421
3 1 0 1.20 1. 12 0.080
3 1 1 15.04 15.04 -0.004
3 2 0 3.37 2.80 0.575
3 2 1 6.26 6.33 -0.067
3 2 2 3.86 4. 10 -0.242
3 3 0 1.61 1.54 0.069
3 3 1 0.07 0.04 0.034
3 3 2 3.93 4.05 -0.120
3 3 3 2.08 1.90 0. 181
4 0 0 74.23 74.68 -0.449
4 1 0 25.21 25.59 -0.387

' 4 1 1 29.79 31.54 -1.754
4 2 0 36.29 36.20 0.091
4 2 1 15.91 15.83 0.080
4 2 2 17.00 16.97 0.028
4 3 0 6.09 5.96 0.130
4 3 1 9.26 9.77 -0.510
4 3 2 3.97 4. 18 -0.205
4 3 3 4.50 4. 14 0.367
4 4 0 7.45 6.79 0.655
4 4 1 4.53 4.72 -0.192
4 4 2 3.05 3.36 -0.316
4 4 3 5.77 1.74 4.025
4 4 4 -0.89 0.92 -1.812
5 0 0 0.46 0.56 -0.096
5 1 0 -0.49 0. 10 -0.588
5 1 1 0.26 0. 14 0.110
5 2 0 0.20 0.03 0. 168
5 2 1 0.70 1.01 -0.311
5 2 2 -0.67 0.51 -1.171
5 3 0 0.25 1.13 -0.872
5 3 1 0.92 0.87 0.044
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Table 4.5(b) (Continued)

H K L
5 3 2
5 3 3
5 4 0
5 4 1
5 4 2
5 4 3
5 4 4
5 5 0
5 5 1
5 5 2
5 5 3
5 5 4
5 5 5
6 0 0
6 1 0
6 1 1

2 0
2 1
2 2
3 0
3 1
3 2

6 3 3
6 4 0
6 4 1
6 4 2
6 4 3
6 4 4
6 5 0
6 5 1
6 5 2
6 5 3
6 5 4
6 5 5
6 6 0
6 6 1
6 6 2
6 6 3
6 6 4
7 0 0
7 1 0
7 1 1
7 2 0
7 2 1
7 2 2
7 3 0
7 3 1
7 3 2
7 3 3
7 4 0
7 4 1
7 4 2
7 4 3
7 4 4
7 5 0

247

IOE IC DELTA
0.81 1.67 -0.860

-0.21 1.63 -1.838
4.73 1.14 3.593
2.64 1.83 0.810
1.05 1.10 -0.058
0.44 1.24 -0.800
1.35 0.66 0.689

-0.72 1.06 -1.782
1.41 1.04 0.372
4.38 0.97 3.404
0.54 0.81 -0.279
0.35 0.48 -0.134
0.47 0.30 0.167
14.87 14.55 0.322
9.47 9.54 -0.068
10.07 10.83 -0.763
11.25 7.36 3.888
9.26 5.16 4.100
2.54 3.71 -1.178
3.23 2.91 0.320
4.62 3.29 1,336

-0.96 1.68 -2.648
4.98 1.21 3.769
4.08 1.46 2.615
4.80 1.21 3.592
1.74 0.86 0.888

-1.04 0.54 -1.584
1.93 0.31 1.621
0.28 0.64 -0.362

-0.37 0.67 -1.041
-0.34 0.46 -0.808
0.87 0.36 0.518
0.75 0.21 0.542

-2.92 0.13 -3.054
-0.51 0.32 -0.829
-2.00 0.29 -2.290
0.26 0.23 0.031
2.07 0.17 1.906
0.81 0.10 0.709

-0.93 0.00 -0.930
-2.70 0.08 -2.788
-0.71 0.06 -0.767
2.90 0.11 2.791
3.58 0.30 3.277
0.05 0.31 -0.263

-0.77 0.42 -1.188
0.55 0.40 0.144

-0.99 0.51 -1.502
-0.85 0.47 -1.316
-1.95 0.38 -2.336
0.56 0.45 0.117
1.00 0.38 0.624

-0.01 0.34 -0.344
0.74 0.21 0.528
0.76 0.33 0.437



K
5
5
5
5
6
6
6
0
1
1
2
2
2
3
3
3
3
4
4
4
4
5
5
5
0
1
1
2
2
2
3

(Continued)

L IOE IC DELTA
1 0.25 0.31 -0.056
2 0.69 0.27 0.420
3 1.69 0.20 1.483
4 1.15 0. 13 1.027
0 -2.87 0. 17 -3.043
1 -3.02 0.16 -3.182
2 1.25 0.13 1. 113
0 0.69 2. 15 -1.464
0 1.15 1.70 -0.558
1 3.87 1.64 2.227
0 2.37 1.21 1. 153
1 2. 14 0.97 1. 172
2 0.65 0.68 -0.030
0 0.82 0.61 0.212
1 0.82 0.57 0.247
2 0.27 0.36 -0.087
3 1.35 0.23 1. 124
0 1.58 0.30 1.274
1 1. 18 0.26 0.922
2 -1.20 0. 19 -1.390
3 0.93 0.12 0.807
0 -0.67 0. 15 -0.822
1 1.89 0. 14 1.755
2 4.21 0. 10 4. 108
0 2.72 0.14 2.581
0 1.03 0.16 0.876
1 -0.35 0.15 -0.503
0 -0.59 0. 15 -0.738
1 -1.46 0.17 -1.622
2 -0.32 0.16 -0.478
0 1.05 0.15 0.896
1 2.34 0. 15 2. 196
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CHAPTER 5 
THE ELPASOLITES: A 2 + 1 B+ 1 RE+ 3 X 6 - 1

5.1 Introduction
The elpasolites represent a huge group of compounds, not 
only halides, but also oxides, sulfides, nitrates, and 
cyanides. In this chapter however only halides will be 
considered. These materials, which are known to be good 
fluoride ion conductors [57] are of general formula 
A 2 BReX6  (where A and B are monovalent ions and Re is a 
rare earth cation) with a perovskite related structure. 
Several members of this class of materials are known to 
undergo a number of phase transitions involving distortion 
of the ReX 6 octahedra. The majority of the compounds 
A 2 BReF6  and A 2 BReCl6  crystallise with the elpasolite 
structure, space group O5^ [58]. Only a very few 
insulating rare-earth compounds with cubic point symmetry 
are known (mainly spinels and divalent fluorites RF2) and 
the present isostructural series provides a basis for the 
systematic study of the effect of changing the rare-earth 
ion. The symmetry is the same as in previously examined 
rock-salt structures for which physical phenomena 
associated with crystal field effects have been very 
satisfactorily explained using simple theoretical models. 
There have been several recent studies of the 
crystallographic [58-62], optical [63,64], magnetic [65- 
67], and spectroscopic [68,69], properties of these 
classes of compounds.
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The main theme of this chapter is concerned with the 
structural studies of several members of the A 2 BReX6  

system which have been investigated by High Resolution X- 
ray Diffraction using the synchrotron radiation source at 
the Daresbury Laboratory.

5.2 Structural Considerations
The structural family of the elpasolites as a whole can 
neither be classified by structure field maps nor by 
Goldschmidt's tolerance factor t', both based on ionic 
radii [156]. For each class, say Cs2 BReCl6  and Rb 2 BReCl6  

and Cs2 BReBr6, respectively, one would have to evaluate the 
tolerance factor ranges, which makes the concept difficult 
to handle and rather impractical, see Fig. 5.1.

The mineral elpasolite, K 2 NaAlF6, named after El Paso,
Texas, was originally said to crystallize in the cubic
space group Pa3 [157]. More recent work on synthetic 
K 2 NaAlF6 [158] could not establish any deviations from the
symmetry of the cubic face-centred space group Fm3m. The
crystal structure, see Fig. 5.2 may be understood as a
substitutional variant of the cubic perovskite. According
to

2 A+1RE+2X3 -A2 1RE2 2X6 -A2 1B+1RE+3X6

The divalent cations in the octahedral interstices are 
substituted in an ordered way by half monovalent and half 
trivalent cations of nearly equal size. The character of 
a close-packed structure remains although the repeat
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2r (M)» 2 r ( X )  = a 2 r(A)  *  2 r ( X )  ,
n

0.90 -

r =
r(A) + r (X )

f2{ r ( X ) )

Cs2LiMCl6
RbjLiMCl6
Cs2NaMCl6
R b 2NaMCI6

Cs 2KMC16
90 100
r ( M 3*) /pm

a2b m x6
ELPASOLITES

FIG. 5.1’, The derivation of Goldschmidt’s tolerance factor 
t' (above) and its (useless) application to chloro-epasolites

2 6 1



^ V m(M)/cm3 mole*1

4 Vm(A)/cnv molf?'1
CsRbNaMCl,

1111]

1070

pm

cubic1050

a/31111]
100

FIG. 5.2?A Structure Field Map for A2NaMCl6 compounds (M= 
RE,In), above. For the crystal structure of the cubic face- 
centered (K) and tetragonally distorted (T) elpasolites see 
lower left. For thermal expansion of Rb2NaTmCl6 see lower 
right.
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distance has to be doubled. Cubic stacking of AX 3 layers 
takes place in the [1 1 1 ] direction and the sequence is as 
indicated in Fig. 5.2. All cations are in special 
positions, there is only one free structural parameter, 
X(X') « 0.25, that adjusts to the 'sizes' of the B+ and 
RE3+ cations. There are many known cubic face-centred 
elpasolites, and halides of this type have appeared in the 
literature [159]

As is the case with the perovskites, variants of lower 
symmetry occur depending upon composition, temperature, 
and pressure. One phase transition that is frequently 
observed reduces the symmetry of the cubic face-centred 
aristotype (paraelastic phase) to a presumably tetragonal 
hettotype (ferroelastic phase) [160]. For Cs2 NaRECl6  

compounds the transition temperatures were found to be 
rather low. Splittings of epr fine-structure lines were 
observed for Gd3 + :Cs2 NaLaCl6  and Gd3 + :Cs2 NaPrCl6 between 
room temperature and 77K, but not for Gd3 + :Cs2 NaYCl6  

[161]. Conclusions that were drawn from these experiments 
are : the phase transitions are 'small' and reversible, a 
centre of inversion is preserved at the rare-earth site, 
the relative size of the trivalent ion seems to be the 
determining factor whether or not a phase transition is 
observed. This view is supported by the transition 
temperature as far as they were determined: 158K for 
Cs2 NaPrCl6 and 138K for Cs2 NaNdCl6  [162]. As is shown in 
Fig. 5.3 the transition temperature for bromo-elpasolites
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Vm(Cs2U M Br6)/cm3mo(e*1 

216 -

B = Li,Na 

M= RE, In 212

100
208

x(Cs?LiSc,-xLuxBr6)—~
-100

-5 0

196 100

228 232 236

Vm(Cs2 Na M Br6)/c m3 mol e*1
208 212 220 2 2 U216

FIG. 5.31 Relationships between the molar volumes of 
Cs2NaMBr6 (M- RE,In) and those of cubic (filled circles, 
part A; filled squares represent V (Cs2NaMBr,)at -100°C) 
and hexagonal (part B, 6 L, 0  : 12 L, A :  2 L type struc
tures) Os,LiMBrs compounds. Part C: temperature dependence 
of the molar volumes of Cs2 NaPrBr6 and Cs2 NaLaBr, ( 0 :  cu
bic, 0  : tetragonal). Part D: dependence of the transition 
temperature t^ (cubic to tetragonal) upon the respective 
molar volume of Cs2NaMBr6
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Cs2 NaREBr6  [163] is strongly dependent upon the size of 
the trivalent rare-earth ion, which is represented by the 
molar volume of the respective compounds: the transition 
temperature decreases rapidly from +43°C (Cs2 NaLaBr6) to. - 
100 °C (Cs2 NaGdBr6). There are also examples for 
transitions above room temperature: 168°C for Rb 2 NaTmCl6  

[160], see Fig.5.2; and 110°C for Cs2 NaErI6  [164]. For 
Rb 2 NaTmCl6 no evidence was found that would demand a 
crystal system of lower symmetry than tetragonal [160]. 
Powder patterns of this material show only a few line 
splittings and one very weak extra line, which is 
consistent with tetragonal symmetry. Difference 
reflections on single crystal exposures correspond to a 
unit cell of size almost equal to that of the cubic a r i s t o -  
type, and ;the space group is found to be P4/nbm [160]. 
The paraelastic-ferroelastic character of the phase 
transition causes severe strain in the crystals, which 
usually gives rise to multiple twinning. However, the 
space group and the transition order remain contradictory: 
the low temperature space group of Cs2 NaPrCl6 was said to 
be 14/mmm and the transition of first order [162]. From 
epr spectra and optical spectroscopy of the doped 
elpasolites mentioned above, it seems to be likely that 
14/m would be more appropriate [161].

Investigation of thermal expansion in the -100 to +350°C 
range yielded expansion coefficients of ^11=4.78xl0”5 K” 1  

and <*33=3.51xl0“5 K” 1 for tetragonal Rb 2 NaTmCl6-I and
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-  5 -  1^11=3.83x10 K for the isotropic Rb 2 NaTmClg-II. As no 
volume discontinuity could be detected (see Fig.5.2) at 
the transition point, the transition is presumably of 
second order.

Those compounds that crystallize tetragonally at ambient 
temperature are included in the literature [159]. The 
structure field map for A 2 NaRECl6 compounds as shown in 
Fig.5.2 indicates the cubic to tetragonal border. To 
summarize: chloro-elpasolites become tetragonal when A+ is 
sufficiently small, and RE3+ and B+ sufficiently large.
The results as described for Rb2 NaTmCl6 make it clear that 
the tetragonal to cubic border is very sensitive to 
temperature and, in an inverse manner, to static pressure. 
Higher temperatures favour the cubic aristotype and the 
border is moved eg. in the A 2 NaRECl6  map to the 'south
east 1 .

On the other hand, the stability of the cubic elpasolite 
type is limited when B+ and RE3+ become too small or in 
turn A+ and/or X" too large and polarizable. Three 
stacking variants have been observed for the fluorides HT- 
K 2 LiAlF6  [165], Cs2 NaCrF6 and Cs2 LiGaF6  [166]. Whereas 
the elpasolite exhibits all octahedra corner-sharing, the 
latter, the Cs2 LiGaF6 type is determined by all [BX6] and 
[REX6] octahedra sharing common faces which leads to 
infinite chains of face-sharing octahedra in the [0 0 .1 ] 
direction with voids occupied alternatively by B+ and RE3+.
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As a consequence, the molar volume is some 3% larger than 
expected by extrapolation of linear relations of 
commensurate series of compounds, eg. from a plot of the 
molar volumes of Cs2 LiREBr6  against Cs2 NaREBr6  (see 
Fig.5.3).

The K 2 NaAlF6  and Cs2 LiGaF6 types may be understood as 
polymorphs. Direct phase transitions between these two 
are not known and are not likely because two stacking 
variants or polytypes occur between these polymorphs. 
These stacking variants have one third hexagonal/two 
thirds cubic stacking (HT-K2 LiAlF6  or 6 L type [165] and 
equal parts of hexagonal and cubic stacking (Cs2 NaCrF6 or 
12L type [166].

Increases in molar volumes as compared with the K 2 NaAlF6  

type are around 1 and 2% respectively. The principal 
parts of the four structure types are compared which 
differ in the stacking sequences of AX 3 'layers1 and are 
shown in Fig.5.4.

Strictly speaking all A 2 BREX6  compounds belong to the 
group of nesohalides, ie. they do not have a secondary 
structure. Therefore the only way to a structural 
classification is obtained by using field maps. Two more 
are shown in Figs.5.4 and 5.5 for the compounds A 2 LiRECl6  

and Cs2 NaREX6, respectively. The first one contains the 
five structure types to be considered here and makes it
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CsRbUMCl

TUliMCl

-14 -12 -10

FIG. 5.4: Structure Field Map for A2LiMCl6 compounds (U- 
RE, Cr,V,In) together with structural details for the four 
stacking variants observed for elpasolites
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-60

-20

-12

f i g . 5.5: Structure Field Map for Cs2NaREX6 compounds show
ing the effect of polarizability on differences in molar 
volumes especially when proceeding from fluorides to the 
heavier halides (M s RE)
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clear that the structure types 6 L and 12L are not very 
stable intermediates. Especially the stability range of the 
6 L type is very small. The latter map combines halides of 
all kinds and it shows that fluorides are not much 
affected by the actual 'size' of the RE3+ ion as are 
increasingly chlorides, bromides, and iodides. Clearly, 
this is due to the ascending polarizability in that order.

Phase transitions from the cubic elpasolite to the so- 
called hexagonal elpasolites have been observed. These, 
and their pressure and temperature dependence, have been 
described in some detail by Babel [167] for the respective 
transition and post-transition metal containing compounds. 
With rare earths, transitions were observed for Cs2 LiErBr6  

as well as for solid solutions Cs2 LiTm1_x E'rxBr6,
Cs2 Li1 _yNayTmBr6  ̂ and for cs2 LiYbCl6  (all cubic to 6 L) 
[168].6L to 12L transitions were observed within the 
Cs2 LiSc1_x YbxCl 6 system [169].

Note that it is always the modification with the higher 
expected molar volume that occurs as the high-temperature 
polymorph. A series of phase transitions which is 
puzzling was established for Cs2 LiLuCl6  [170]: two 
modifications occur with two transitions in the solid 
state below the melting point (675°C). At ambient 
temperature Cs2 LiLuCl6 crystallizes with the 6 L type, 
named Cs2 LiLuCl6 -I,L.. At about 325°C a reversible 6 L to 
cubic phase transition occurs which is surprising in that
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centered); c) a proposed rotational mechanism of the phase 
transitions
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the molar volume shows a sharp decrease (see Fig.5.6 ).
The transition temperature is strongly dependent upon the 
actual conditions such as heating or cooling rates and 
also what is called the 'history of the sample1. The 
cubic to 6 L transition shows a tendency to supercool so 
that upon rapid cooling the cubic modification, named 
Cs2 LiLuCl6 -II, may be retained in a metastable form for 
some days. The transition is of first order and a simple 

model is shown schematically in Fig.5.6.60° rotations take 
place within the close-packed CsCl3 layers with [00.1] as 
rotation axis. The double layer BA in ..aC«BcA6 CbAyBa.. 
(Cs2 LiLuCl6 -I, a,b,c represent Lu3+, <*,6 ,y Li+ with the 
same x,y - coordinates as Cs+ in the respective layers 
A,B,C) undergoes a concerted rotation to AB which yields 
. . aC6 AcB<*CbAyBa. . , ie the cubic stacking in Cs2 LiLuCl6 -II.

*?4- . . . -I- . .The LuJ positions remain unchanged, the Li positions <* 
and 6  rotate to 6  and <* respectively. Note that for a 
better comparison shifts in origin were made in [0 0 .1 ] 
direction compared to the usual descriptions for the 
stacking sequences. At about 510°C a second phase 
transition from cubic back to 6 L is observed with a 
positive volume discontinuity. This is the 'normal' high- 
temperature transition that one would expect and which is 
in fact observed for the adjacent Cs2 LiYbCl6, although at 
a slightly higher transition temperature (580°C)[171], 
attesting to the higher stability of the cubic phase with 
increasing size of the RE3+ cation.
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5.3 Preparation of A 2 BREC16 Compounds

A 2 BREC16  compounds have been prepared by many workers 
using a variety of straightforward techniques [172]. Most 
commonly these compounds are synthesised by reacting the 
three chloride compounds according to the equation;

2AC1+BC1+REC13^A2BREC16

The chlorides were added to a small quantity of HC1 and
the solution was evaporated to dryness using electrical
heating. The solid or crystalline elpasolites were thus 
obtained. In this work, the following elpasolite 
compounds were prepared:

Cs2 AgNdCl6  K
Cs2 NaNdCl6 K
Cs 2 KNdCl6  K
Rb 2 NaErCl6 T

where K = cubic face- centred K 2 NaAlF6 type;
T = tetragonal, isotypic with Rb2 NaTmCl6

The compounds were characterized by High Resolution X-rays 
using the High Resolution 9.1 powder diffractometer at SRS 
Daresbury.

5.4 Results and Discussion
Plots of the data are shown in Figures 5.7(a), (b), (c)
and (d) respectively.
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Looking carefully at all the patterns it can be seen that 
High Resolution X-ray diffraction demonstrates a great 
complexity in all cases. This is due to the multiphase 
present in all the compounds. Rietvield analysis [111] 
was attempted but the minority phases could not be 
identified. Apart from the multiphase difficulty there is 
also a problem due to small traces of unreacted materials 
e.g. alkali-halides and the rare-earth halides. The only 
solution to this problem will be the preparation of single 
crystals of the elpasolites using a melt growth method 
[145]. The growth process should zone-refine the material 
to produce a portion of pure elpasolite. This, however, 
would require a considerable amount of work as the growth 
conditions would have to be determined for each of the 
different materials. Future work should take this 
approach. However, due to the time involved, the studies 
would have to concentrate on one particular elpasolite. 
Experiments can be performed on both fluoride and chloride 
members of this class at several temperatures, including 
the high temperature superionic region.

In addition elpasolite fluorides A 2 A'CF3 ( A,A' = alkali 
metals, C = trivalent metal) can be investigated in terms 
of transport phenomena but this is not the concern of this 
thesis. The work therefore performed in this chapter 
provides a basis for the further systematic investigation 
of these systems.
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CHAPTER 6
CONCLUSION AND SUGGESTIONS FOR FURTHER WORK

In this thesis the structural properties of solid ionic 
halides and in particular several classes of fluorite 
structured materials have been investigated. The systems 
studied include: rare-earth fluorides and the anion excess 
alkaline earth fluorides, perovskite and elpasolite 
structured halides.

The work involved in Chapter 3 of this thesis determines 
the effects of ageing (investigated by annealing samples 
at high temperatures for variable times) and dopant ion 
radius on the defect structures of the solid solutions of 
composition 95-50 mole per cent CaF2 - (Ln)F3 where Ln =
La, Er and Nd. The prepared and annealed compounds were 
characterised by X-ray powder diffraction. The results 
show that:

(i) In the CaF2/LaF3 system new compounds may be
present in the region of 90-80 mole% CaF2 and 65-55 
mole% CaF2. The stick diagrams of these two 
regions Fig 3.3(b) confirm that prolonged 
annealing clearly shows ion and vacancy movements. 
It can also be seen that annealing initially 
decreases the symmetry, perhaps by domain 
formation although the final annealing product 
i.e. the three-week annealed compounds, again has
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a relatively simple cubic structure. In general a 
minor phase seems to have been formed. Therefore 
for future work it is worthwhile investigating 
these two regions even further by undertaking a 
High Resolution X-ray diffraction study.

(ii) In the CaF2/ErF3 system a new compound may be
present in the 65-55 mole% CaF2 region. The stick 
diagrams of this region Fig 3.3(c) show that 
prolonged annealing produces new phases within the 
lattice. In this case however we are not dealing 
with a simple tetragonal distortion of the lattice 
but with a possible orthorhombic or even domain 
formation of a new phase. Again for future work 
the 65-55 mole% CaF2 region is worth investigating 
further.

(iii) In the CaF2/NdF3 system a new compound is not
clearly evident. Prolonged annealing of three
possible compounds namely 85, 75 and 65% mole% CaF2 

was undertaken. The stick diagrams Fig 3.3(d) 
show that annealing has made things more 
complicated with either a new phase or more 
domains of impurities. For this reason further 
investigation of this system by High Resolution X- 
ray diffraction is required.

It is also worthwhile mentioning that the results in this
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chapter are consistent with radius-ratio considerations. 
Despite intensive investigations of these classic 
disordered solid phases, there remain several puzzles in 
understanding their complex defect structures. Early 
work, using both neutron diffraction [45] and computer 
modelling methods, [46] supported the formation of 
dopant/interstitial dimers and trimers in systems 
containing 5-10 mole% of the trivalent ion, dissolved 
substitutionally in the fluorite structured host. Recent 
work [47] has proposed more complex structures, in 
particular the cubo-octahedral structure containing 6  

dopant ions. Computer modelling studies [48] have 
suggested that the relative stability of the different 
cluster types depends on the radius of the dopant ion, 
with clusters of the 2:2:2 and 4:3:2 type being stable for 
the larger dopant ions (e.g. La3+) and the cubo-octahedral 
aggregates having greater stability for the smaller dopant 
ions (e.g. Y3+, Er3+) . These predictions have been 
supported by EXAFS studies [49] and by recent single 
crystal neutron diffraction work [50,51]. Further neutron 
work is, however, needed with the following aims (i) to 
increase our knowledge of the variation of cluster 
structure with dopant radius, (ii) to study the effects of 
the host lattice-parameter on cluster structure 
experiments on doped SrF2 and BaF2, (iii) to investigate 
the temperature dependence of the cluster structure and
(iv) to determine the effects of ageing on the defect 
structure of the solid solutions.
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The possibility of very rapid data collection on D9 offers 
the unique opportunity of solving these problems and 
obtaining a definitive understanding of the structural 
properties of these important and complex solid solutions. 
The single crystal neutron work can be carried out in 
conjunction with computer modelling and EXAFS studies - a 
combination which has proved particularly effective in 
recent work on these systems [49]. The feedback from 
these studies into the analysis of existing high quality 
conductivity data will enable the mechanisms of F~ 
transport in these systems to be resolved. In addition 
future workers can explore the use of N.M.R. studies to 
ascertain the local environments of the paramagnetic rare 
earth ions. This technique has considerable potential as 
a structural tool and can be thoroughly tested for these 
materials against well-characterized systems.

Several halides that have the fluorite (CaF2) structure may 
be classified as solid electrolytes at high temperatures 
because they have high halide ion conductivity. The hope 
of discovering a suitable solid with a high F“ ion 
conductivity is not beyond reach. The F" ion is the 
smallest of the anions, and it possesses a single charge.
As a consequence, fluorides can be predicted as the best 
anionic conductors. However in the case of defect 
complexes the details of the sites occupied are not known, 
especially in the more disordered structures at high 
temperatures. In the case of KCaF3, dealt within Chapter 4
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of this thesis, the results show that KCaF3 is a 
straightforward structure with a low concentration of 
defects. Although there is some evidence for vacancies 
there is no significant occupation of interstitial sites. 
All the ions show a small amount of anharmonic behaviour 
and it is possible that the high conductivity could be due 
to a small population of highly mobile vacancies. The K* 
and Ca2+ cations are fairly rigidly fixed on their sites 
and the F“ anions show anharmonic oblate ellipsoid discus
like vibrations with no obvious move towards a saddle 
point (see proposed mechanism in Chapter 4); although

rvexpansible for conductivity KCaF3 does not behave like other 
fluorides in which the F” anions move off their sites. The 
KCaF3 structure is probably a Schottky rather than a 
Frenkel disordered system. Although the F“ anions are 
vibrating in the superionic state and there appears to be 
latticepremelting or sublattice melting, a considerable 
number of F“ anions are still on their sites. For future 
work molecular dynamics or static simulation could be used 
to locate saddle points in possible migration pathways.

Several elpasolite structured halides, of general formula 
A 2BReX6 (where A and B are monovalent ions and Re is a 
rare-earth cation) were prepared, and investigated in 
Chapter 5. High Resolution X-ray diffraction demonstrated 
a great complexity in all cases due to the multiphase 
present in all the compounds. The minority phases could 
not be identified using the Rietvield method [111]. For
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future work however the problem can be overcome by 
preparing single crystals of the elpasolites using a melt 
growth method [145]. However due to the time involved, 
the studies would have to concentrate on one particular 
elpasolite. Experiments can be performed on both fluoride 
and chloride members of this class at several 
temperatures, including the high temperature superionic 
region. The work therefore presented in this chapter 
provides a basis for the further systematic investigation 
of these systems.
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