Chapter 4. Physico-Chemical Principles of Search for
and Preparation of New Multicomponent Fluoride
Single Crystals

4.1. Introduction

Single crystals of inorganic fluorides have been used for a long time as
the optical materials which are highly transparent within a wide range of
wavelengths, from vacuum UV to medium IR. Well known are also the
scintillators which are manufactured on the basis of alkali and alkaline earth
fluorides. Until recently those have been simple compounds, CaFj, for
instance, doped with activator ions, such as rare earths and some 3d-elements.
Small amounts of activators are responsible for luminescence characteristics of
the crystals, but, in fact, they hardly affect conservative (bulk) properties of
crystalline matrices. At the same time, new applications of optical highly
transparent media require crystalline matrices with better mechanical,
chemical, thermal properties, and better radiation stability and fy-rays
absorption, etc. Besides, it has become necessary to control luminescence and
other functional characteristics which are mainly accounted for by the type of
the incorporated activator ions as well as by the crystalline matrices.

The problem of expanding the range of application of inorganic fluoride
materials implies that the following rwo interrelated possibilities should be ensured:
- control of the conservative characteristics of crystals which, to a certain
extent, are not vital for their application;

- control of the functional properties which are indispensable for application of
a particular material in a particular field.

Both these groups of parameters do not have clear-cut boundaries
and they can interchange depending on the particular application. For
instance, density can belong both to the first group of the parameters (in
analytical instrument engineering, where the weight of the unit is not critical)
and to the functional one, such as applications in HEPh where small radiation
lengths are required, or in aerospace instrument engineering, where the total
weight of the unit is restricted. Such a conditional division makes the search
for new materials more efficient and suggests two stages of the search.

At the first stage the chosen class of chemical compounds is studied in
general in order to determine whether it can be potentially used for
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preparation of materials regardless of their practical applications. In our case
these will be new optical crystalline media.

At the second stage the previously chosen materials are provided with
new functional properties which are required for solution of specific technical
engineering problems. In our case this means transformation of optical media
into scintillators with specific parameters (short luminescence decay times, high
radiation hardnesses, etc.).

The first stage is of a most general character, and the obtained
information on the chemistry of materials can be later used as a tool for
solving various problems, when new crystals of this type are needed.

By the sixties the scope of manufactured single crystals of simple metal
fluorides had been formed. It was confined to such compounds as LiF, CaF),,
BaF,, MgF,, LaF3 and some others. This scope has been preserved up to now
and it hardly can be expanded.

Such a narrow range of compounds of certain chemical compositions
and, consequently, strictly defined physical properties could not ensure
intensive advances of contemporary science and technology which required
new adequate materials. In the mid-seventies it became evident that
possibilities of formation of fluoride materials by way of activation of single-
component crystals using various additives were quite restricted. The new
branch of quantum electronics then required new active media, with
qualitatively different laser parameters, which would be other than CaF, and
BaFj, offered by industry. A worldwide search for laser crystals commenced,
among which metal fluorides became the leading materials.

In early seventies, at the Institute of Crystallography of the Russian
Academy of Sciences the author of this Chapter suggested a program of
search for and preparation of new fluoride materials for lasers. The main
physical results of this stage are reported in the monograph [4.1] and reviews
[4.2,3].

The main idea concerning preparation of qualitatively new materials
was to pass over from single-component metal fluorides to multicomponent (in
terms of the main composition, without activator) crystals. Such an approach to
the problem of new fluoride materials has ensured essential advances in this
field of inorganic materials science, which later cleared the borders of quantum
electronics.

The simplest multicomponent materials are the two-component ones
which are formed in binary MF,, - RF,, systems. In the case of formation a
binary compound pMF,,xqRF,, with a certain composition, qualitative
changes of its properties as compared to the initial components (MF,,, RF,,)
are evident and they are provoked by the new crystal structure. Essential
changes of properties in phases of variable compositions - solid solutions
formed on the base of components of the system - are less evident. Moreover,

Arxius Sec. Cien. IEC, 110, 1994



PRINCIPLES OF SEARCH OF NEW FLUORIDE CRYSTALS 95

for crystals with a remarkably ionic character of chemical bonding, such as
most metal fluorides, physical properties, as a rule, slightly depend on the
chemical composition. That is why of special interest are solid solutions with
wide homogeneity regions, in general, and heterovalent isomorphous
replacements, in particular.

The latter type of isomorphism leads to formation of crystals with
high concentrations of structural defects (grossly nonstoichiometric crystals)
that gives rise to significant changes of properties within the chosen type of
crystal structures.

In general, any program of search for new materials should consist of
the main three parts:

- physico-chemical study of phase diagrams (in our case, of the MF,, - RF,
type) and the crystal structure of the phases formed in them;

- development of methods and techniques of preparation of multicomponent
single crystals ;

- studies of the properties of new materials which depend on the chemical
composition and structure, in order to establish their possible applications.

Although this program is confined to two-component crystals (in the
main composition), even within thirty years its first stage has just been
completed. Phase diagrams of two thirds of MF,, - RF,, systems have been
studied. They are of major interest as possible sources of new materials, 85 %
of which have been studied under the above mentioned program. Together
with the literature data on high-temperature chemistry of inorganic fluorides
in binary systems they form a universal data base of conditions of formation,
crystal structures, main physico-chemical characteristics, preferred techniques
for preparation of single crystals and other forms of materials, acceptable
conditions of their employment. These data are fundamental in the chemical
and technological aspects and serve as the basis of search for and development
of new fluoride materials for various applications. This database is the main
result of the first stage of the general characterization of this chemical family of
the materials.

In inorganic materials science the program of studies of fluoride
multicomponent crystals is a rare example when scientific foundations of
preparation of materials had been developed prior to the time they became, in
fact, needed. Therefore, the above mentioned database was used successfully
for production of new materials for quantum electronics (lasers, up-
converters, etc.), construction optical materials (lenses, prisms, windows, etc.
with better physical properties), superionic conductors (chemical sensors,
capacitors, fluorine generators and other solid state electrochemical devices),
substrates for thin film elements for microelectronics with controlled lattice
parameters, etc. Some results of both stages of the search for and development
of new fluoride materials are discussed in reviews [4.2,3]. The above list,
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which is constantly expanding, shows how the practical demands have been
changing in recent ten-fifteen years. Now, demand for new scintillators for
high energy physics and adjacent fields has arisen [4.4].

This book is concerned with the search for, production and studies of
new scintillators, particularly for the above applications. However, in the
course of this search we have used just the same database as well as the general
scheme of data analysis employed for the above applications of fluoride
materials. That is why we decided to show how a particular problem of search
for new, fast, heavy scintillators is solved and thus to provide a general scheme
for solving wider, universal problems of materials science.

Besides, analysis of possible applications of binary fluoride systems as
sources of new materials is of importance for materials science. The number of
such systems is limited. Some corrections are usually made to the choice of
components for systems when a new problem arises. This is well illustrated in the
case of materials for HEPh. Previously, we analysed and studied only 351 binary
systems formed by fluorides of 27 metals. Those systems were sufficient for search
for new optical constructions and laser single crystalline materials.

Specific requirements of HEPh to properties of crystals as well as
prospects for development of new fluoride glasses called for a wider scope of
metal fluorides which could be considered as components of the systems,
namely, 34 compounds [4.4]. They yielded 561 binary combinations (MF,, -
RF,, systems). The valence of metal (m, ) is bound to be m, n < 4, because
fluorides of metals with higher valences possess high vapour pressures (see
Section 4.2.9).

The main objects to be considered in this Chapter are the crystalline
phases which were found experimentally in the nearly 300 studied binary
systems, formed by fluorides of Li, Na, K, Rb, Cs; Mg, Ca, Sr, Ba, Zn, Cd, Pb;
Sc, Y, La and 13 lanthanides, In, Bi; Zr, Hf, Th and U. However, before we
pass over to two-component phases we shall consider how 34 simple metal
fluorides can be used as materials for HEPh. For such an analysis we shall use
the maximum set of requirements imposed by HEPh to scintillators.

4.2. Single-Component Crystals of Metal Fluorides and Their Main
Physical and Physico-Chemical Characteristics

Let us see what are the fluorides of the chosen 34 metals from the
chemical and structural viewpoint. Fig. 4.1. shows 55 elements which have
been found to form fluorides. The symbol of each element is accompanied by
the valences taken by the metal in fluorides, on the right, (the typical valences
are in the top right squares), on the left there are shown the basic structural
types (without account of distortions), which are interpreted at the bottom.
Polymorphism is in the Greek type (ct, B, Y) on the left of the symbol of the
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Polymorphism is in the Greek type (a, B, ) on the left of the symbol of the
element. 55 metals with variabe valences form 83 separate fluorides, the total
number of crystallographically distinctive phases is expanded to 101 due to
polymorphism.

Thirty four compounds were selected from all those compounds
according to the following main requirements:

- rather high chemical, thermal, mechanical, etc. resistance of the compounds
under service conditions;

- possibility to obtain single crystals from melt;

- rather high isomorphic capacity in relation to the second component which is
part of the crystal matrix or (and) activator ions. This condition ensures
effective control of crystal properties.

The criteria of the component choice are of a qualitative character,
that is why this selection is rather arbitrary. In Fig. 4.1. the 27 elements whose
fluorides satisfy most fully the above requirements, are denoted by light grey
shading. The seven metals, which satisfy them partially, are denoted by darker
shading.

At the next stage of the choice we shall consider restrictions imposed
by specific requirements to the materials which are to be manufactured as
scintillators for HEPh. They are density, melting point, polymorphism, type
of the crystal structure, features of manufacture (reactions with the
atmosphere upon heating, valence variations, vapour pressure, etc.),
mechanical characteristics, production costs, etc. Some of the above
characteristics are listed in Table IV.I.

Densities of metal fluorides, depending on the molecular weight, are
shown in Fig. 4.2 ) and Table IV.1. The value 5.5 g/cm3 which we adopted as an
acceptable minimum, is exceeded for 20 compounds. Polymorphic transitions are
observed in 8 fluorides: PbF, (inhibited), and Sm, Eu, Gd, Er, Tm, Yb, Lu, Y
trifluorides. Thus, for the 34 chosen fluorides the number of crystallographically
distinctive phases is 42 (without account of PbFj). Except YFj all the
dimorphic fluorides belong to the group of heavy metal fluorides.

Due to polymorphism the number of heavy metal fluorides avaliable
in single crystalline form is reduced from 20 to 14 and includes two formally
dimorphic compounds: PbF; with an inhibited phase transition, and ErF3 for
which the temperature of the transition is close to the melting point. It is
possible to obtain rather large crystals of high- and low- temperature
modifications of both fluorides, accordingly.

Melting points (Fig. 4.2 b) are an indirect evidence of energy costs of

commercial production of single crystals by growth from melts. The group of
refractory compounds comprises nine members (above 1300 °C, Fig. 4.2 b),
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Table IV.1.
SOME CHARACTERISTICS OF SIMPLE METAL FLUORIDES

No Compound Structure, Melting points,°C Density, g/cm3
polymorphism

1 LiF NaCl type 845 2.64
2 NaF NaCl type 994 2.79
3 KF NaCl type 857 2.52
4 RbF NaCl type 798 3.82

5 CsF NaCl type 703 4.06
6 MgF2 TiO2 type 1260 3.17
7 ZnF2 TiO? type 947 4.95

8 CaF2 CaF) type 1418 3.18
9 SrF2 CaF2 type 1464 4.28
10 BaF2 CaF) type 1354 4.89
11 CdF2 CaF2 type 1075 6.38
12 PbF2 CaF2 type 825 7.76 (o)
13 ScF3 ReO3 type 1552 2.62
14 InF3 VF3 type 1320 4.69
15 LaF3 LaF3 type 1500 5.94
16 CeF3 LaF3 type 1436 6.13
17 PrF3 LaF3 type 1401 6.28
18 NdF3 LaF3 type 1378 6.51
19 SmF3 LaF3=B-YF3 1309 6.64 (B)
20 EuF3 LaF3&B-YF3 1258 6.79 (B)
21 GdF3 LaF3&B-YF3 1235 7.06 (B)
22 TbF3 B-YF3 type 1182 7.23
23 DyF3 B-YF3 type 1160 7.47
24 HoF3 B-YF3 type 1147 7.64
25 ErF3 B-YF3&a-YF3 1147 7.82 (B)
26 TmF3 B-YF3&a-YF3 1158 7.95 (B)
27 YbF3 B-YF3:=a-YF3 1172 8.17 ()
28 LuF3 B-YF3eoa-YF3 1180 8.29 (B)
29 YF3 B-YF3e=0-YF3 1162 5.05 (B)
30 BiF3 B-YF3 type 870 7.91
31 ZrF4 ZrF4 type (900) 4.57
32 HfF4 ZrF4 type (~1140) 7.13
33 ThF4 ZrF4 type 1114 7.56
34 UF4 ZrF4 type 1036 8.29
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none of which undergo polymorphic transformations. Then, there are nine
refractory fluorides.

All the dimorphic fluorides belong to the group of compounds with
"mean temperature" melting points. On the whole, most simple fluorides with
high densities have relatively low melting points.

The type of crystal structure is quite an important factor which is
responsible for density, isomorphic capacity, anisotropy of properties and
other characteristics of materials. The most commonly encountered among
the considered fluorides is the B-YF3 (Fe3C) structural type, in which 12
trifluorides of REE, from Sm to Lu, Y and Bi crystallize. Most of them (8) are
dimorphic (Sm - Gd, Er - Lu, Y). All these fluorides (except yttrium fluoride)
belong to heavy compounds. The structural type LaF3 comprises 7 RE
fluorides (La - Gd), three of them (Sm, Eu, Gd) are dimorphic with tysonite
high-temperature modifications.

Five fluorides crystallize in the structure of the CaF; type. Among
them CaFj, SrFy, and BaF; are "light" and refractory ones, while CdF; and
PbF, are heavy and relatively low-melting ones.

All the five fluorides of alkali metals (Li, Na, K, Rb, Cs) have the
NaCl type structure and belong to light and low-melting compounds without
polymorphic transformations.

There are four tetrafluorides of the ZrF4 structural type: Zr, Hf, Th,
U. They do not exhibit polymorphic transformations and, except ZrFy, they
belong to the group of the heaviest compounds. Quite peculiar is the o-YF3 (
0-UQO3) structural type, which comprises high-temperature modifications of
fluorides of Y, Er - Lu. None of the a-forms of these compounds can be
obtained by quenching.

The rutile (TiO3) structural type comprises two fluorides - MgF, and
ZnF,, while ReO3 and the related VF3 type have one fluoride each (ScF3 and
InF3, respectively).

If we take into account polymorphism which imposes constraints
(except PbFy and ErF3) on the preparation of large single crystals, then the
following structural types among simple fluorides should be considered as
possible optical single crystals, in order of occurrence:

- CaFp and NaCl types (five compounds in each);
- LaF3, B-YF3 and ZrF - four compounds in each;
- the rutile type - two compounds.

Taking into account that all the compounds of alkali metals belong to
the group of light ones, the structural types CaF,, LaF3, B-YF3 and ZrFy
should be primarily considered as potentially useful single-component
crystalline matrices.
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Isomorphic capacity of the leading structural types will be
quantitatively determined experimentally from phase diagrams of the
corresponding systems, its temperature dependence will be also established.
These data will be presented below. Here we shall confine ourselves to some
general remarks.

The CaF, type, or fluorite type, is characterized by a unique
isomorphic capacity. The formed fluorite heterovalent solid solutions can
contain most of the considered 34 metal ions. Of special value for applications
are heterovalent solid solutions with 22 tri- and tetravalent elements (16 RE,
In, Bi, Zr, Hf, Th, U). The formed nonstoichiometric phases are the most
interesting both in fundamental and applied aspects.

The LaF3 - tysonite - structural type ranks second among
nonstoichiometric phases, formed in the MF,, - RF,, systems. It permits
heterovalent solid solutions with large homogeneity regions which are mostly
retained in metastable state upon cooling.

The structural types NaCl, rutile and ZrF4 are characterized by a
high isomorphic capacity for isovalent substitutions only. The thermal
stability of these solid solutions is low due to the difference in sizes of the
replacing cation (see below).

Thus, the CaFy and LaF3 type structures rank first in the high
isomorphic capacity, the number of formed solid solutions, their thermal
stability, and a possibility to control effectively crystal properties by varying
chemical compositions and defect structures of solid solutions.

Among the chosen 34 elements the family of rare earths contains the
largest number of members (16), then follow 5 alkali and 4 alkaline earth
elements. The remaining 9 elements are distributed over IIB, IIIA, IVB and
VA groups of the periodic table of the elements.

Among them there are two elements which belong to actinides and
possess natural radioactivity (thorium and uranium). Most elements have
valences +2 and +3. As the structural types CaF; and LaF3 exhibit a high
isomorphic capacity, this fact accounts for a special role of the MF; - RF3 and
MF3 - M'F3 systems as sources of new two-component materials. As RE
trifluorides make up almost half of the chosen 34 components of the MF,, -
RF,, systems, studies of these systems will contribute to further advances in the
high-temperature chemistry of RE trifluorides.

Pyrohydrolysis is an important characteristic of the chemical
behaviour of metal fluorides when the technique of their preparation involves
thermal treatment and melting stages. Crystal growth is directly related with
their thermal treatment and melting. At any of these stages fluorides can
interact with water vapour at high temperatures and yield oxifluorides or
oxides of corresponding metals.
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As for the ability to pyrohydrolysis, metal fluorides are divided into
two groups [4.5, 6]. Fluorides of Mg, Zn, Bi, Th, U and RE trifluorides are
readily hydrolyzed upon heating in humid atmospheres. The RE trifluorides
can be subdivided into two groups. Trifluorides of Sc, Ce, Gd, Tb, Dy, Ho,
Er Tm, Yb, Lu hydrolyze quite fast (full hydrolysis lasts for less than 30
minutes at 1000 °C). Fluorides of Y, La, Pr, Nd, Sm, Eu take more time for a
full hydrolysis (up to 150 min).

The second group comprises fluorides of alkaline earths (except Mg)
and alkali fluorides which do not hydrolyze easily. Fluorides of K, Rb and Cs
are highly hygroscopic, and therefore, they can be sources of water in
multicomponent starting mixtures for crystal growth.

Quite peculiar are Cd and Pb fluorides. Their pyrohydrolysis is quite
easy but the final products are volatile oxides which vapourize from melts.
That is why CdF, and PbF;) can be employed, as "scavengers" to remove
oxygen from the melt [4.7, 8].

Variable valence (we consider reduction conditions only) is typical
of some RE. The tendency of reduction to R2* decreases in the order: Eu >
Yb > Sm > Tm [4.9, 10]. Under ionizing radiation and sample treatment by
vapours of corresponding metals (additive coloring) R3* ions in M.
«RyF24x crystals are partially transformed into the state R2* [4.11, 12). The
possibility to control the oxidation state using thermal treatment under
various conditions is quite important for obtaining radiation hard materials
(4.13].

Vapour pressure of fluorides is an important characteristic of
materials obtained by crystallization from melts, including heating and
prolonged exposure in the molten state. Fig. 4.3 presents the data on vapour
pressures for the fluorides for which losses of substance due to evaporation
during crystal growth should be taken into account. This figure shows
temperature dependences for some low-volatile compounds, to which RE
trifluorides belong. For comparison, temperature dependencies of saturated
vapour pressures for low-volatile fluorides YF3, LaF3, LuF3 and BaF, are
given. BaF) is at the boundary between low- and high-volatile compounds.
An increase of cationic valency usually evidences a high volatility. That is why
we consider only fluorides with cationic valences +4 and lower. Some
fluorides which are stable under usual conditions evapourate incongruently,
eg. EuF3 and YF3 [4.9]. The high vapour pressures of some metal fluorides
remarkably hinder preparation of appropriate single crystals.

Mechanical characteristics of quite many metal fluorides which are
not widely used, have been studied insufficiently. Crystals of simple
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fluorides, used as constructional optical materials, can be arranged in the
following order, as their hardness increases: NaF (60 kg/mm?2) < BaF, (80
kg/mm?2) < LiF (100 kg/mm?2) < CaF, SrF, (160 kg/mm?) < ThEy (260, 212,
227 kg/mm?, along the 4, b, ¢ axes, respectively) < MgF, (580 kg/mm? ). All
the optically isotropic crystals belong to the NaCl and CaF structural types
with a perfect cleavage. This property along with a low hardness is most
unwanted in production, mechanical treatment and application of single
crystals. Fortunately, mechanical properties of multicomponent materials can
be controlled and improved.

|HP 1300 1100 1000 900 800 700 600 so0 1T
atm
W NJ ‘
-9 Bi ]
In
Phig

-5 Ba \{ U Hi
This
7 \ Sc\ (s

Lu
La
MF,,,,RF,,

T Y T 1

10 il

Fig. 4.3. Temperature dependences of saturated vapour pressures of some metal
fluorides.

Cost of raw materials, as well as that of the processes of their
transformation into single crystals, plays a major role in the selection of the
substance for large-scale manufacture. At the same time, production
management and the growing demand for raw materials change their costs.
We refer to prices of metal fluorides according to the Aldrich Catalog [4.14].
Prices of oxides and some fluorides of the considered metals are presented in
Fig. 4.4. A greater demand can change the prices. Deep purification
remarkably raises the costs of the raw materials and makes this way of
increasing radiation hardness quite expensive. The compounds with Sc, Eu,
Tb, Tm, Lu, Hf are the most expensive ones. This group contains two
elements which are promising high-density fluorides - LuF3 and HfFy.
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Comparison of the costs of oxides and corresponding fluorides
suggests that the fluorination process does not essentially raise the price of the
raw materials. It should be born in mind, however, that in the case of highly
pure oxides some losses of purity are unavoidable upon the transition to
fluorides. At the same time, from a comparison of the prices of powder
materials and single crystals, a significant rise in the costs of the latter (over
tenfold) can be expected.
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Fig. 4.4. Costs of some metal fluorides and oxides.

Main conclusions about single-component crystals of metal
fluorides. Thus, we have considered the main physical, physico-chemical and
cost characteristics of 34 simple metal fluorides, chosen as components of
binary MF,,, - RF,, systems. The analysis of these characteristics leads to the
following assessment of a potential scope for using simple fluorides as single
crystalline high-density optical media for development of new scintillators for
high-energy physics and similar fields:

- in terms of densities (> 5.5 g/cm3) and absence of polymorphic
transformations fluorides of Cd, Pb, La, Ce, Pr, Nd, Tb, Dy, Ho, Hf, In, Bi,
Th, U are of interest;
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- it would be desirable to exclude 5 - 7 compounds from the above listed 14
fluorides due to their natural radioactivity, high vapour pressure, costs,
reduction ability, etc. Most of the remaining promising and easy for
manufacture fluorides belong to the RE family: La, Ce, Pr, Nd, Tb, Dy, Ho.

- among metal fluorides of other groups CdF; and particularly PbF; should
be mentioned specially. Their drawbacks are the high vapour pressure at
elevated temperatures, low hardnesses, luminescence quenching in PbF, and
ablllty of Pb2* to reduction to metal, occurrence of a slowed phase
transition, etc. Up to now, attempts to obtain PbF; crystals possessing
high radiation hardnesses have been unsuccessful. Nevertheless, PbF, is
regarded as one of the most possible promising material for Cherenkov
radiators.

Thus, among simple metal fluorides there are some compounds
which, from the viewpoint of their densities are suitable for high-energy
physics. However, the conditions for fast scintillation cannot be created in all
such crystalline matrices. CeF3 is the most proper simple fluoride, which meets
all the above requirements. We have seen, however, in the Introduction and in
Fig. 4.2 a), that these crystals are not highly absorbing (X, = 1. 66 cm, R} =
2.63 cm). Crystals of cerium fluoride have the density 6.13 g/cm which does
not greatly exceed that of BaF; (4.89 g/cm3, X, = 2.03 cm, R = 3.39 cm), the
decay time being greater by several fold than that of BaF,. The spectral
composition of their luminescence is complex. Thus, the re-orientation from
BaF; scintillators to CeF3 ones which started in 1991 - 1992 does not seem to
be the best and final choice.

Summarizing the analysis of prospects for applications of simple
metal fluorides as high-density optical media for high energy physics, we
come to a conclusion that search for new materials in this group of substances
has not been completed. In fact, the search has yielded BaF; scintillator
crystals (core-valency fast transitions) and CeFj3 (fast interconfiguration 4f -
5d transitions of Ce ions). However, none of these crystals, in all the
parameters, has evident advantages as compared to other crystals which could
be used as fast, heavy, radiation hard scintillators. These materials, together
with some other suggested single-component fluoride materials (CdF,, PbF,,
ThFy) require significant improvement of their parameters which are involved
in resolving a particular problem. As we have mentioned above, there are very
few simple fluorides which have not been studied yet as the basis for fast and
heavy scintillators. Hence, the strategy of the search for new materials of this
type should be changed completely. In our opinion, which will be justified
below, a transition from single-component to multicomponent optical materials
is required.
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4.3. MF,, - RF, Systems as Potential Sources of New Optical Two-
Component Materials

Taking into account specific requirements of high energy physics to
optical materials, we increased the number of system components up to 34,
that yieled a total 561 binary MF,, - RF,, systems formed by these
components. The estimations presented here refer only to the experimental
data on phase diagrams of almost 300 studied binary systems. In fact, the
possibilities of obtaining new phases in all MF,, - RF, systems are much
higher.

The primary characteristic for choice of two-component phases with
constant or variable compositions as possible materials for HEPh was their
density (specific weight, g/cm3), which correlates well with the ability to
absorb ionizing radiation. The choice of this parameter is accounted for by a
relatively insignificant influence of quite many controlled and uncontrolled
factors. That is why these parameters are called conservative. Radiation
absorption is a major criterion of choice of a material for high energy physics.

m=n : m=n
153 t
1501
128
§ . %0 “ Total number of
= / studied phase diagrams
s n
é 52
=)
38
2
21 .
A7 i
L

122 33 44 . 12 13 23 18 24 34

valences of cations (mn)
Fig. 4.5. Types of MF,, - RF, systems and their up-dated phase diagrams
characterization. Column heights denote the total number of systems (top figure),

shaded areas are the obtained phase diagrams (including our data, denoted by black
areas).
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The densities were calculated from the data on the chemical
compositions and lattice parameters of the phases. These parameters, as well
as the dependences of the solid solutions, had been found by us
experimentally for all the phases, formed in the studied systems [4.15, 16], and
parameters for some binary chemical compounds were taken from the data
available in the literature.

4.3.1. Classification of the MF,, - RF, Systems According to
Combinations of Metal Valences (m, n).

Let us see how this set of 561 systems is divided into ten types, each
having its own combination of cationic valences of the components (m, 7),
Fig. 4.5. The column height corresponds to the total number of systems of the
certain type. The height of the shaded areas corresponds to the number of the
studied phase diagrams, black fields denote the number of systems studied
under our program.

The types of the systems are divided into two large groups. On the
left, a group comprising four types of systems formed by fluorides of
isovalent cations (m = n) is shown. The group contains a total of 190 systems,
phase diagrams have been obtained for 37 % systems. The largest type in this
group is the MF3 - M'F3 type formed by combinations of 18 trifluorides.

The second group comprises 6 types of systems which are formed by
fluorides of cations having different valences (m # 7). The total number of
such systems is 371, phase diagrams have been studied for 59 % of them. The
systems of this group show a possibility of formation of heterovalent solid
solutions which are of primary importance for development of materials with
controlled characteristics. That is why the phase diagrams of those systems
have been studied quite profoundly (76% MF, - RF3 systems).

It is quite important for search for new materials how many systems
have been characterized in chemical and physical aspects. Theoretical
knowledge about heterovalent isomorphic substitutions does not permit
predictions of the limits of isomorphic capacity of different crystalline
matrices, and even a possibility of heterovalent replacement. Hence, search
for new two-component materials can be based on the experimental data
about phase diagrams only. As we have a database of experimental data on
chemical interactions in almost 300 binary systems, we can now discuss their
possible usage for developing new two-component optical materials.
However, even in this book we cannot supply all the phase diagrams of the
studied MF,, - RF, systems. Therefore, we shall confine ourselves to
considering 18 schematic typical phase diagrams which cover most real
systems that are of interest for materials science, Fig. 4.6. The symbols of
some chemical elements which are given in brackets evidence partial
inconsistency of the phase diagram with the above scheme. The types of the
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structures in which solid solutions crystallize, are denoted by capital and
Greek letters (comments are given in the legend to Fig. 4.6.).
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Fig. 4.6. Main types of phase diagrams of MF;, - RFp systems (follows overleaf).
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Fig. 4.6. Main types of phase diagrams of MF,, - RF,, systems. Structural types of
phases of variable compositions are denoted by: N - NaCl, T - rutile (TiO,), F -
fluorite, L - tysonite (LaF3), R - ReO3, S - SmZrFy, Z - ZrFy, o - a-YF3, B - B-YF3.
Compositions with a congruent character of melting are denoted by circles at the
maxima of the melting curves.
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The character of melting of solid solutions and chemical compounds
is of special importance for preparation of two-component optical grade
single crystals.

In general, the phases of variable composition (solid solutions)
decompose while melting. Yet, for most heterovalent solid solutions based on
components such anomalies as maxima on melting curves are observed. These
phases are denoted by circles in schemes 10, 11, 13, 14 of the Figure.

Binary compounds with homogeneity regions are often heterovalent
solid solutions as well. They are quite often characterized by congruent
melting and are also denoted by circles in schemes 9, 12, 15, 17.

Quite peculiar are heterovalent solid solutions whose structures differ
from that of the components. These phases (so-called berthollides [4.17,
18] by name of French scientist Berthollet) often have a congruent character
of melting, they are shown in schemes 7 and 11 (phases F and L,
respectively). A distinctive feature of berthollide phases is a change in the
composition of the maximum on the melting curves from system to system,
when for instance, cations of rare earths are replaced by other ions from the
same series.

Among isovalent solid solutions, only in some systems minima are
observed on melting curves, scheme 2. We shall discuss in Chapter 5 the
importance of occurrence of minima and maxima on melting curves of solid
solutions for crystal growth.

Now, we shall briefly characterize each of the 10 types from the
viewpoint of formation and thermal behaviour (character of melting) of the
phases. The following types of phases can be singled out:

- isovalent solid solutions;

- heterovalent solid solutions;

- binary chemical compounds with the congruent mode of melting and
without polymorphic transformations.

We shall how discuss two-component phases in different 10 types of
the systems in the order they are shown in Fig. 4.5.

4.3.2. Isovalent solid solutions My_yM' F,, can be formed in 190
systems MF,, - M'F,,, which comprise four types: MF - M'F, MF, - M'F5,
MF3 - M'F3, MF4 - M'Fy4.

4.3.2.1 The MF - M'F Type of Systems is represented by 10 systems
of fluorides of Li, Na, K, Rb, and Cs which crystallize in the structure of
NaCl. Phase diagrams have been obtained for all of them [4.19]. Differences in
the ionic radii gives rise to the following features of the thermal behaviour of
the M{_yM'F phases:
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- in case of crystallization of continuous solid solutions from melts (KF -RbF
and RbF - CsF systems) they partially decompose upon temperature
lowering, scheme 1, Fig. 4.6.;

- solubility can be restricted within the entire temperature range (NaF - KF,
KF - CsF systems, etc.).

The Mq_yM'yF solid solutions, in principle, might be of interest as
scintillators, even fast ones, as they contain K, Rb and Cs cations, required for
core-valence transitions (see Chapter 1). These materials, however, are highly
hygroscopic and this is not the only reason why they cannot be used as
scintillators.

We have agreed to assess whether crystals are suitable for HEPh
proceeding from their densities. Fig. 4.7. shows changes in densities for solid
solutions in all of the four types of the systems, which contain cations of the
same valence. The column heights correspond to the intervals of density
changes of isovalent solid solutions in this type of systems. For comparison,
the densities of some components of the systems are shown. Here and below
black areas denote the densities of the crystals studied in this work. It follows
from Flg 4.7 that all the M{_ M'\F crystals have the densities below 5.5
g/cm3 which makes them unsuitable for scintillators in HEPh.

4.3.2.2. The MF5 - M'F; Type of Systems is formed by 21 systems of
fluorides of Mg, Ca, Sr, Ba, Zn, Cd, and Pb. Five of them crystallize in the
CaF) type structure, two - in the rutile type structure (MgF», ZnF)).

Among the studied systems continuous solid solutions M{_yM'yFp
with the fluorite structure are formed at high temperatures in the CaF; - SrFp
and CaF, - BaF, systems. They have minima on the melting curves and
partially decompose at temperature lowering, see scheme 2, Fig. 4.6. In CaF5 -
Csz, SrFp - BaFj, SrF) - Csz, Csz - PbFz systems the M 1-xM'xFp
phases are more stable at temperature lowering, the melting curves exhibit
minima in the latter three systems. The other four systems with isostructural
fluorite components have not been studied yet.

Fig. 4.7. shows variation of densities of M1_yM'yF; solid solutions in
the studied systems. The combination CdF, - PbF, yields phases with
densities exceeding 6.5 g/cm3 within the entire range of the compositions. In
the SrFy - CdFy and CaFp - CdF; systems this value is higher in
compositions with 30 - 40 mole % of CdF,. All solid solutions with the rutile
structure have densities lower than 5.5 g/cm3. Phase relations in this type are
represented by schemes 1 and 2 in Fig. 4.6.

4.3.2.3. The MF3 - M'F3 Type of Systems comprises 153 systems of
fluorides of Sc, Y, La and 13 lanthanides, In, Bi. It consists mainly of
combinations of trifluorides of 16 RE. The other 33 combinations are systems
of MF3 with trifluorides of In and Bi. All the components of th13 type of
systems, except ScF3 and YF3, have densities over 5.5.g/cm3, Fig. 4.7.
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According to its crystal structure, BiF3 belongs to the B-YF3 type and can be
considered in topology of phase diagrams of BiF3 - MF3 in the main group of
the systems of RE trifluorides.
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Fig. 4.7. Variations of density of M{_ M',F,, isovalent solid solutions (m <4). Circles
denote densities of fluorides which are components of systems, symbols of
corresponding metals are given beside.

Due to the effect of lanthanide contraction the largest ion is La3+,
whose ionic radius is 22 % larger than that of Lu3* (the ionic radii are taken
from [4.20] for the coordination number 6). This difference gives rise to two
morphotropic structural type changes in the series of RE trifluorides. The
scheme of phase transformations in RE trifluorides and influence of oxygen
contamination on phase transitions and crystal structure were discussed in
[4.21, 22].

Scandium fluoride, as a single representative of the ReOj3 structural
type among RE fluorides, exhibits a distinctive chemical behaviour in the MF3
- M'F3 systems. ScF3 has a low density and it is not considered here.
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Thus, according to the morphotropy and polymorphism, the series of
RE trifluorides (except ScF3) can be divided into four subgroups:

A - fluorides of La, Ce, Pr, Nd, with the LaFj structure, from the melting
points to low temperatures;

B - dimorphic fluorides of Sm, Eu, Gd, (high temperature forms are of LaFj
and low temperature ones are B-YF3 structural types);

C - fluorides of Tb, Dy, Ho, (Bi) which crystallize in the B-YF3 type only;

D - dimorphic fluorides of Er, Tm, Yb, Lu and Y (structural types B-YF3 and
high temperature a-YF3). Relations between various structural types of RE
fluorides are discussed in [4.23, 4.24). Apparently, in case of slight difference
in cationic sizes of M and M', which stand close to one another in the REE
series both continuous and extended solid solutions are often formed in the
MF3 - M'F3 systems.

If we ignore ScF3, InF3, and BiF3 (two latter as non-RE) we obtain a
total of 105 systems of 15 RE trifluorides. This set comprises 10 subtypes,
according to the aforesaid subdivision of MFj into four structural subgroups:
1. A - A', six systems, scheme 3, Fig. 4.6, four systems have been studied;

2. A - B, twelve systems, scheme 3, four systems have been studied;
3. A - C, twelve systems, one system has been studied;

4. A - D, twenty systems, seven have been studied;

5. B - B, three systems, not studied;

6. B - C, nine systems, three have been studied;

7. B - D, fifteen systems, scheme 4, five have been studied;

8. C - C', three systems, scheme 2, one system has been studied;

9. C - D, fifteen systems, five have been studied;

10. D - D/, ten systems, four have been studied.

Thus, the studied 34 systems [4.25 - 27] cover all the subtypes, except
B - B', which contains the smallest number of systems and for which phase
relations can be easily predicted. These systems are unique experimental
materials for testing theoretical assumptions about isovalent isomorphism of
highly charged cations [4.28].

It was shown in [4.26] that the geometrical factor plays the major role
in the mutual isomorphic substitutions of RE ions in all the three structural
types: LaF3, 0-YF3 and B-YF3 Scheme 4 in Fig. 4.6 shows phase relations in
a "synthetic" system, which comprises solid solutions of all the three
structural types. Such a scheme of phase relations is typical of systems of the
B - D subgroup.

The experimentally established compositions of specific points on
the phase diagrams (x, y, z in scheme 4, fig. 4.6) are given by the mean
cationic radius in solid solutions with the structures of LaF3 (0.934 + 0.002
A), o-YF3 (0.884 £ 0.003 A) and most refractory compositions of the B-YF;
type solid solutions My yM'yF3 (0.931 + 0.001 A) [4.26]. Thermal
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stabilization of the latter type upon isovalent isomorphous replacements is of
major importance for crystal growth of such phases from melts. The
established regularlty refers to all the subtypes, except A-D, for which the
difference in sizes of replaced cations attains maximum values (from 13 to 22
% in the system of radii [4.20]).

Thus, despite the fact that just about 30 % of the MF3 - M'F3
systems have been characterized, phase relations can be quite reliably
predicted for about 75 % of the systems. It is more difficult to assess thermal
behaviour of the M{_yM'yF3 phases as the temperature goes down. Similar to
other systems, formed by fluorides of isovalent cations, most such phases
decompose upon cooling. Possibilities of preparation and application of such
single crystals require further investigations.

For the MF3 - M'F3 type systems there is no need to consider in
detail variations in densities of the solid solutions due to their chemical
compositions and combinations of RE. Apparently, (Fig. 4.7 and Table IV.I),
for all the (M, M") pair combinations and compositions, except solid
solutions based on ScFs, YF3 and InF3, the densities of all the other My_

«M'F3 phases exceed 5.5 g/cm3.

4.3.2.4. The MF4 - M'F4 Type of Systems is represented by 6
systems, formed by isostructural tetrafluorides of Zr, Hf, Th and U, none of
which undergoes polymorphic transitions. Two systems, ZrF4 - UF4 and
ThFy - UFy, with continuous solid solutions and a minimum on the melting
curves for the former system [4.19], have been studied experimentally. Fig. 4.7
shows variations of densities of solid solutions that can be obtained. In all the
combinations of HfFy, ThF4 and UFy two- component solid solutions M1_

«M'F4 have densities ranging from 7.2 to 8.3 g/cm3. Only in systems w1th,
ZrF4, when the content of the latter exceeds 70 - 80 mole %, the density is
lower than 5.5 g/cm3. Phase diagrams for these systems are shown in schemes

1,2 in Fig. 4.6.

Thus, we have considered the experimentally studied four types of
MF,, - M'F,, systems: MF - M'F, MF, - M'Fy, MF3 - M'F3, MF4 - M'F,.
Let us assess the general regularities of the formation and specific thermal
behaviour of two-component crystals of isovalent solid solutions.

In 30 % of 190 MF,, - M'F,, systems the components are
isostructural within the entire temperature range, while in 13 % of the
systems there is one common isostructural polymorphic modification. That is,
continuous solid solutions are most likely to be formed in such systems.
However, in practice, this possibility is essentially restricted due to the fact
that isomorphous relations of cations of the same valence is found to be
dependent on the relation of their sizes.
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The geometrical factor makes the mutual solubility of the
isostructural components in the NaF - KF and KF - CsF systems as small as
several percent. In case of M{_yM'yF continuous solid solutions which
crystallize from melts, they partially decompose upon temperature lowering
(schemes 1, 2, Fig. 4.6). This is quite regular, because the difference in sizes of
univalent cations in the series of alkaline elements attains 35 % in combination
LiF - CsF (relative to the smaller one).

In the MF)- M'Fp systems, where this difference in cationic sizes
lies within 5 - 27 %, continuous solid solutions with the fluorite type
structure are formed in all the studied systems at high temperatures.
However, the decomposition phenomena, which have been studied
insufficiently, in this case are a constraint for obtaining single crystals, too. At
the same time, a positive feature is the congruent behaviour (minima on
melting curves) of some compositions of the M{_yM' F phases in the CaF,
- SrFy, CaF; - BaF, SrF) - BaFj, SrF, - CdF,, PbF; - CdF; systems. The
importance of occurrence of extrema on the melting curves of solid solutions
for obtaining optical grade two-component crystals will be considered in
Chapter 5.

For the MF3 - M"Fj3 systems, in contrast to the above two types,
phase equilibria in subsolidus were studied in detail, temperature
dependencies of mutual solubility of components were determined. The
studied MF3 - M"F3 systems are the most promising sources of quite many
My _yM' F3 crystals (continuous or extended solid solutions). Minima on
melting curves of these phases were observed only for a C - C' subgroup.
Many other systems, which have not been studied yet (whose phase
compositions can be easily predicted) are quite promising [4.26].

All of the MF4 - M'F4 type systems are formed by isostructural
components without polymorphic transformations. Because of slight
differences in the cationic radii the resulting M{_yM,'F4 phases are quite
stable within the entire temperature range.

The isovalent isomorphism, which is quite often observed in the
studied MF,, - M'F,, systems, concerns solely the cationic sublattice. The
formed defects of the species of M and M' cations which occupy the same
crystallographic sites in the structure, give rise to some changes in the
conservative physwal properties of crystals, which are changed with their
chemical composition. These changes, however, cannot be crucial, because in
case of isovalent isomorphism a similarity in sizes and other characteristics of
the replaced cationic pair is a condition for a high isomorphic capacity of
cations and thermal stability of the M_yM',F,,, phases.

The structure and properties of the crystals can be changed more
drastically by way of heterovalent isomorphous replacements which we shall
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consider now. Their main distinctive feature is a high concentration of
structural defects.

4.3.3. Heterovalent Solid Solutions can be formed in 371 MF,, -
RF,, systems (66% of the total), in which m # #n. These systems are
composed of fluorides of all the 34 metals.

In inorganic fluorides the heterovalent cationic replacements which
give rise to the formation of two-component solid solutions that can be
employed as optical materials occur just in a few structural types. If we take
into account such important features for materials science as the congruent
mode of melting, wide regions of homogeneity of phases, a high tendency to
retain disordered crystal structure upon cooling, low vapour pressures of the
components, etc., there remain phases which crystallize in two main structural
types only: the fluorite (CaF;) and tysonite (LaF3).

However, the small number of the structural types is compensated
for by a high possibility to change their cationic "stuffing”. All of the chosen
34 cations can be involved in heterovalent isomorphism in the MF,, - RF,
systems. As a result, we obtain a large number of qualitatively different two-
component crystals, i.e., with various combinations of M and R. When such
materials are isostructural, they can possess quite different properties in
different systems. To a certain extent, such a structural uniformity of materials
is quite convenient. It allows broad variations of the composition and
properties of crystals within the chosen type of the structure. It is noteworthy
that main structural type CaF; belongs to the cubic crystal system, i.e., the
obtained materials are isotropic.

In order to assess the role of heterovalent solid solutions that
crystallize in the above mentioned structural types, we note here that, among
the phases found experimentally in MF,,, - RF,, (m # n) 44 % phases belong
to the CaF) type and 27 % phases - to the LaF3 type. In the systems which
could possibly yield heterovalent solid solutions, such phases are found in 75
% of the cases. Taking into account the fact that quite many phase diagrams
have been studied, we can make the following conclusion, basing on statistics:
heterovalent isomorphous replacements normally result from chemical
interactions of the chosen metal fluorides in binary systems at high
temperatures. Thus, these manifestations of heterovalent isomorphism in
fluorides, as well as specific structure and physical properties of two-
component crystals should be considered in more detail.

Heterovalent isomorphism in CaF; and LaFj structures belongs to
the same type, i.e., isomorphism with variations in the number of atoms in the
unit cell. In this case cationic sublattices of CaF, and LaFj structures are still
fully occupied, while the compensation for the difference in charges of the
replaced cationic pair is made in the form of structural defects of various
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kinds in the anionic motif. Depending on the relation of cationic valences,
either additional (to stoichiometry of MF,; and RF3) fluorine ions are
incorporated into the structure or vacancies are formed in the anionic motif,
or, the two processes occur simultaneously.

In all the cases the relation between cations and anions, as a relation
of integers which is typical of stoichiometric compounds, is upset. For the
latter this relation fully corresponds to the relation between the number of
various crystallographic positions, fully occupied by cations and fluorine ions
in the space groups in which CaFj and LaFj crystallize.

In heterovalent solid solutions there appear the sites which are
partially occupied by fluorine anions, the extent of occupation can vary with
the crystal composition. Such crystals, in which the relation of the number of
different atoms is not equal to the relation of the numbers of corresponding
different  crystallographic  positions, are  called  nonstoichiometric
(crystallographic definition of nonstoichiometry, according to [4.28]).

For most nonstoichiometric crystals the extent of stoichiometry
perturbations, in defect content, does not exceed several atomic %.
Nonstoichiometric phases with the CaFy and LaF3 structural types in fluorides
are a rare case of grossly nonstoichiometric crystals. This word combination
was proposed in [4.29] to denote nonstoichiometric phases whose behaviour
cannot be described as an approximation to point structural defects. The
concentrations of structural defects in them can attain dozens of atomic %.
There occur significant interactions between the defects.

Regularities of manifestation of gross nonstoichiometry in inorganic
fluorides are reported in reviews [4.2, 3] and in other publications. The up-to-
date theoretical knowledge about nonstoichiometry and its gross
perturbations does not permit an « priori prediction of systems in which such
perturbations should occur. Moreover, it is impossible to predict quantitative
characteristics of heterovalent replacements and their influence on the
properties of grossly nonstoichiometric crystals. Consequently, experimental
studies are indispensable for preparation of grossly nonstoichiometric
materials with controlled parameters. The knowledge about the scale and
forms of manifestation of gross nonstoichiometry in fluorides is a result of
implementation of the large-scale program of physicochemical studies of
phase diagrams of MF,,, - RF,, systems (m # n), which we shall consider now.

4.3.3.1. The MF - RF; Type of Systems, formed by fluorides of Li,
Na, K, Rb, Cs; Mg, Ca, Sr, Ba, Zn, Cd, Pb, has been studied quite
profoundly. Phase diagrams have been obtained for 27 of the 35 systems. In
these systems saturated solid solutions based on fluorite RFy with the
maximum concertration (about 10 mole % of NaF) in the NaF - CdF,
system [4.30] are formed. The large homogeneity regions based on both
components (the NaCl and rutile structural types) which were found in the
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LiF - MgF», LiF - ZnF, systems should be elucidated. In the KF - PbF, and
RbF - PbFp systems, besides solid solutions based on MF there are
nonstoichiometric phases in the middle range of the compositions which
exhibit incongruent melting and polymorphic transformation. Phase diagrams
of these systems should be refined. The solid solutions in the systems based
on LiF, RbF, MgF, and ZnF, have low densities, Fig. 4.8 (the first column on
the left). Besides, the Mq_p4R4F phases are thermally unstable and decompose
partially upon cooling. Solubility of MF in CdF, and PbF; is restricted as
well. This type of systems is more interesting owing to binary compounds,
scheme 5, Fig. 4.6. A marked region of homogeneity on both sides of the
composition 1:1 is reported for the congruent KMgF3 [4.19]. The other
compounds in MF - RF, systems will be discussed in Chapter 4.3.4.

4.3.3.2. The MF - RF3 Type of Systems is formed by fluorides of Li,
Na, K, Rb, Cs; Sc, Y, La and 13 lanthanides, In, Bi. Phase diagrams have been
obtained for 52 of 90 systems. The phase composition of the systems changes
essentially upon replacement of M* in the series of alkaline elements. In the
LiF - RF3 (R = RE) systems no phases with variable composition are formed.
The only observation of a homogeneity region in LiYF4 [4.31] was not
confirmed in subsequent studies of the system.

In the middle region of the NaF - RF3 systems, R = Pr - Lu, Y, the
nonstoichiometric phases Nag 5_yRq 544F242x crystallize [4.19]. They
exhibit remarkable homogeneity regions, congruent mode of melting in some
systems and tend to retain their metastable state upon cooling. The data on
phase diagrams of NaF - RF3 systems obtained by R.E. Thoma and co-
authors [4.19], which stimulated interest to studies of systems containing RE
fluorides, had to be revised in [4.32 - 34]. The ranges of density variations of
the Nag 5.xR0 5+xF2+2x phases with the fluorite structure are the shaded
parts in Fig. 4.8 (the second column on the left). The maximum densxty is 6.8
g/cm3 for a phase in the NaF - LuF3 system. However, the cornpsmons with
the congruent meltmg, denoted by light circles, have densities in the range
6.00 - 6.25 g/cm3. In view of a rather hlgh density of single crystals as well as
technological advantages of their preparation [4.35, 36], the discussed phases
are quite interesting for HEPh.

For several RE, fluorite phases with variable composition are
reported to form in some KF - RF3 systems. Most of them are a result of
metastable crystallization. Some crystals of this stractural type (and its
derivatives) are already employed as laser, etc. materials. This is due to 2
marked tendency of grossly nonstoichiometric phases to retain their high-
temperature (partially disordered) state upon cooling to room and e. a
helium temperatures.

Similar phases were observed in systems with RbF and CsF with RE
trifluorides [4.19]. Compounds with high RbF and CsF content in systems
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Fig. 4.8. Variations of densities of heterovalent solid solutions in the MF,, - RF,,
systems (m < n < 4). Compositions with a congruent character of melting are denoted
by light circles, saturated solid solutions with an incongruent melting - by black ones.
Densities of components are double circles. Phases of the CaF, structural type are
denoted by single-line inclined shading, LaF3 - by double-line shading, rutile - by
horizontal shading, NaCl - square shading.
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with RE trifluorides are reported to be hygroscopic. Binary compounds with
the fluorite-like structure will be considered below. Physico-chemical studies
of the systems (K, Rb, Cs)F - RF3, as well as preparation of materials are
complicated because fluorides of the above alkali metals are hygroscopic.
Despite the fact that systems based on them have been studied quite
profoundly, most of the literature data are not exact due to hydrolysis. In this
connection, Fig. 4.8 shows variations of densities of fluorite phases only for
some systems with KF. Most of the compounds have densities beyond the
allowed limit for HEPh.

The main types of phase diagrams of MF - RF3 systems are shown in
schemes 6 - 8, Fig. 4.6.

4.3.3.3. The MF; - RF3 Type of Systems is formed by fluorides of
Mg, Ca, Sr, Ba, Zn, Cd, Pb and Sc, Y, La and 13 lanthanides, In, Bi. They are
most numerous among all the other MF,, - RF, systems, which exhibit
heterovalent isomorphism. Phase diagrams are known for 96 of 126 systems.
These systems, as we have noted before [4.3, 37], exhibit the most evident
gross nonstoichiometry among inorganic fluorides. The data on the
maximum homogeneity regions of CaF, and LaF3 phases in 80 systems of
fluorides of Ca, Sr, Ba, Cd, Pb and 16 RE (except promethium) are reported
in the review [4.3]. The phase diagram of the PbF; - BiF3 system with
congruently melting phases Pby_yBiyFy,y and Bij.yPbyF3 ; has been
recently published [4.38].

As we have pointed out above, nonstoichiometric phases My_yRF),
with the fluorite-type defect structure are of primary interest as new optical
materials with regulated physical properties [4.2, 39].

A distinctive feature of their thermal behaviour is the congruent
character of melting, found in 53 MF, - RF3 systems, of 81 systems (including
PbF; - BiF3), in which such phases were discovered. This is a kind of effect of
thermal stabilization of a CaFj type structure by heterovalent isomorphic
substitutions. A crystal chemical feature of formation of nonstoichiometric
phases is a higher density of filling the space in a rather "loose" starting
fluorite-type MF,. The variation of densities of fluorite phases in the MF, -
RF3 systems is shown in Fig. 4.8. The densities, given in the low part of
columns (double circles) correspond to the initial MF,, those given in the
upper part correspond to M{_yRyFpy solid solutions saturated with regard
to RF3.

A larger relative increase in density with an increase in RE content is
observed in Caj_yRyF2,x phases (from 3.18 to 5.60 g/cm3). However, the
maximum values are attained in the solid solutions based on CaF; for the
compositions which are practically inadequate for growing crystals due to an
inhomogeneous distribution of the second component [4.39 - 41].
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Among Srq_ R, F>. solid solutions there are compositions with
densities exceeding 5.5 g/cmg‘ for almost all RE. However, the most proper
for growing homogeneous crystals are the regions close to congruently
melting compositions, whose densities are denoted by light circles in Fig. 4.8.
Unfortunately, all these compositions have densities less than 5.5 g/cm3.

In case of Baj_yRyFp,y with R = RE of cerium subgroup, the
densities of congruently melting solid solutions are close to the lower limit.
The highest density among the nonstoichiometric fluorite phases based on
BaF, is found in BagsUqgsF; 5, Fig. 4.8. It is difficult to obtain this
compound due to thermal instability of UF3 and its natural radioactivity.

Nonstoichiometric phases Ry_yMyF3_ with the LaF3 type
structure are formed in the systems CaF - RF3 anc{ SrF; - RF3 with fluorides
of all RE. In the BaF; - RFj series they are observed for R = La - Ho, in the
CdF, - RFj series for R = La - Tm, Y, and in the PbF; - RFj series for R =
La - Ho, Y. Their thermal behaviour (melting points and solid state phase
decomposition temperatures) vary significantly with changes of cationic
composition from series to series of di- and trivalent elements. The congruent
mode of melting was established in 30 MF, - RF3 systems (including PbF; -
BiF3 ) of 65 ones, in which they were observed. The Rq.yMyF3_y phases in
the systems with CaFy, SrF; and all RF3, as well as in systems thf‘; BaFj and
RE fluorides of the cerium subgroup and UFj are the most interesting in view
of applications and preparation conditions. In Fig. 4.8 the regions of variation
in densities of Rq -yMyF3.y phases are denoted by double shading. The
densities of incongruently meltmg compositions are denoted by light circles.
It is evident that in all the MF; - RF3 systems, except systems with Sc and Y,
the densities of tysonite phases exceed the critical value 5.5 g/cm The
composition Bi gPb yF, g has the maximum density 8.06 g/cm3, it melts
congruently.

The main types of phase diagrams of the MF, - RF3 systems are
shown in schemes 10 - 14, Fig. 4.6.

4.3.3.4. The MF3 - RF4 Type of Systems is formed by fluorides of
RE elements, In, Bi and tetrafluorides of Zr, Hf, Th and U. Although this
group contains 72 systems, phase diagrams have been obtained only for 16
systems because of the technical difficulties due to essential differences in
vapour pressures at high temperatures. Ten phase diagrams of the MF3 - HfF4
series have been studied most profoundly [4.46, 47]. My _yRyF3,.y solid
solutions with small (5 %) contents of tetrafluoride are formed on the basis of
tysonite MF3 (from La to Sm inclusive). Two-side homogeneity regions are
observed on the basis of refractory MRF7 compounds. In systems with M =
Gd, Tb, Ho, Er, Yb (and, apparently, in not studied systems with Dy, Lu and
Y) these phases with the SmZrF7 type structure melt congruently and do not
undergo polymorphic transformations.
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MZrF; phases with all RE have been synthesized for the MF3 - ZrFy
systems [4.48]. A polymorphic transition occurs in the phases with M = Tm,
Yb, Lu [4.49], that is why they are of no interest for us.

As for the MF3 - ThF4 systems, a phase diagram of only CeFj -
ThFy system has been studied [4.19]. A wide range of solid solutions with the
tysonite structure is assumed to exist on the basis of CeF3. Isothermal (1000 °
C) sections with M = Dy - Lu, Y have been studied for some MF3 - UF4
systems [4.50]. Phases with variable compositions M{_yUyF3,4 (0.7 < x <
0.85) with the SmZrF; type structure have been found. However, their mode
of melting and polymorphism have not been studied yet. We refer to these
phases because of their ultra high densities.

In the UF3 - UF4 system the solubility of uranium tetrafluoride in
tysonite UF3 is established to be up to 25 mole %. It is rather difficult to
obtain single crystals in all the systems of this type due to differences in
vapour pressures of components, although this obstacle can be overcome
using available devices for growing crystals under pressures. Typical phase
diagrams of the MF3 - RF4 type systems are presented in schemes 17 and 18,
Fig. 4.6.

Thus, we have considered the experimentally studied MF,, - RF,
systems with m # n in which nonstoichiometric phases can be formed. The
first general conclusion that follows from the data given above is that
heterovalent isomorphism can provide a large number of binary (and more
complex) crystalline fluoride materials.

Second, stoichiometry perturbations in the phases which crystallize in
some fluoride systems can be remarkable. In this respect, the
Pbg 25Lag 75F> 75 fluorite-type phase, obtained under high pressures, ranks
first among the presently known grossly nonstoichiometric crystals in the
amount of structural defects.

Third, a distinctive feature of the thermal behaviour of grossly
nonstoichiometric phases is the congruent character of melting of many two-
component compositions. This refers to solid solutions only with a variable
number of atoms per unit cell [4.51]. Besides, most nonstoichiometric phases
tend to retain their disordered (metastable) state upon cooling. These two
factors make heterovalent solid solutions in MF,, - RF, systems most
promising single crystalline materials for various applications.

The fourth specific feature of grossly nonstoichiometric phases in
fluoride systems is the block type isomorphism established for fluorite
Mq_xRyF),x phases. In the fluorite structure RE ions are grouped into blocks
(clusters, see a review [4.52]), shown by shaded polyhedra in Fig. 4.9 which
replace blocks of a non-perturbed fluorite lattice. In this case all the defects
(R3+ cations, fluorine vacancies VF,and interstitial fluorine ions F; and Ff)
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are hidden inside the block. The periphery of the distorted blocks is in a
rather good geometrical accordance with the non-distorted part of the crystal.
This feature of the mechanism of structural realization of gross stoichiometry
perturbations in the CaF, type accounts for most anomalies of properties of
such phases, such as a high isomorphic capacity of the CaFj structural type
towards aliovalent cations and a relatively weak dependence of solubility on
the difference in cationic sizes [4.3, 53].

In Fig. 4.10 octahedral arrangements made up of Yb ions are clearly
seen in the structure of an ordered BagYb3F{7 phase (results of joint studies
of the Institute of Crystallography, Moscow, and Institut d'Estudis Catalans,
Barcelona).

Ba4Yb3 F17

Fig. 4.10. Arrangement of octahedral groups of Yb ions in a BagYb3F{7 crystal with
the fluorite-type structure.

Possibilities of monitoring properties of grossly nonstoichiometric

crystals will be discussed in Chapter 8. It is most important to consider
possibilities of an effective influence upon density and radiation hardness of
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fluoride crystals by way of varying the chemical composition, and, therefore,
the defect structure of crystals.

4.3.4. Binary pMF,,,xqRF,, Compounds in the MF,,, - RF,, systems
are quite numerous. We have decided to choose only those which satisfy the
main requirement to an optical material - a possibility to obtain optical grade
single crystals. Unfortunately, polymorphism of binary compounds in
fluoride systems, which is the main obstacle in crystal growth, is one of the
most disputable questions in analysis of data on phase equilibria. Most often
contradictory data on polymorphism are due to uncontrolled processes of
pyrohydrolysis [4.21, 53 - 55].

The compositions, melting points and densities of the binary
compounds are presented in Table IV.2. In some cases data are reported for
the compounds whose character of melting has not been established or the
data on polymorphism are contradictory. Such exclusions are accounted for
by a possibility of using these phases as heavy optical media, if the data on
phase transitions turn to be erroneous in future studies.

It follows from the above considerations that the form of the phase
diagrams (in the region of the compound formation) for the compositions
listed in Table IV.2, corresponds to schemes 5 (phase 1:1); 6, 8 (phase 1:2); 9
(phases 3:1 and 1:1); 15 (phases R, L); 16 (phase R); 17 (phases S, R), Fig. 4.6.
An example of a compound with a congruent character of melting which
undergoes a polymorphic transition that destroys the crystal, is given in
scheme 8, Fig. 4.6. However, if the temperature of polymorphic
transformation is close to the melting point, large single crystals of the low-
temperature modification can be obtained [4.55]. A good example is as
follows. Despite the phase transformation, definitely detected by the
techniques of the thermal and X-ray analysis, we can obtain large single
crystals of the family of p-BaTm,Fg phases and use them as active elements of
lasers or up-convertors [4.56 - 59].

It follows from Table IV.2 that over 80 binary compounds meet the
above requirements of preparation of single crystals. In MF,,, - M'F,, type
systems, such compounds were found in three cases only: in MgF, - BaF; and
ZnF, - BaF) systems the phases MBaF4 are formed, while in the ZnF, - PbF,
system the compound ZnPbjF¢ is formed. The latter has rather a high
density, but, unfortunately, a perfect cleavage (mica type). Other binary
compounds result from interactions of fluorides with different valences.

Thus, the MF,,, - RF,, type systems (m # n ) are the main source of
new promising multicomponent materials: grossly nonstoichiometric phases and
binary compounds.

The variations of the densities of the binary compounds are presented
in Fig. 4.11 The metals whose fluorides take part in the formation
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Table IV.2.
COMPOSITIONS, TEMPERATURES OF CONGRUENT MELTING,
AND DENSITIES OF BINARY COMPOUNDS pMFquRF”

No System type, Melting Structure, [\ References,
compounds points,°C crystal system g/cm3 remarks
I.The systems MF - RF2
Compounds MRF3
1 KMgF3 1070 monoclinic 3.15 [4.19]
2 CsMgF3 tetragonal 3.72 [4.19]
3 KCaF3 1068 monoclinic 2.70 cubic fr. other
data
4 RbCaF3 1110 cubic 3.43
NaZnF3 748 tetragonal (4.56)
6 KZnF3 850 cubic 4.02 tetragonal fr.
other data
7 CsZnF3 600 tetragonal 4.17
KCdF3 949 cubic 4.25
9 RbCdF3 1018 cubic, perovskite- | 4.97
type
10 RbPbF3 560 the same
11 CsPbF3 725 the same 5.97 polymorphism
data are wrong
IL. The systems MF - RF3
Compounds LiRF4
12 LiTmF4 842 CaWO4 type 5.49 [4.60]
13 LiYbF4 822 the same 6.09 the same
14 LiLuF4 846 the same 6.19 the same
Compounds MR2F7
15 RbEr2F7 1106 hexagonal 5.80 [4.10]
16 CsEu2F7 1117 the same 5.45 the same
17 CsDy2F7 1170 the same 5.81 the same
18 CsEr2F7 1190 the same 6.10 [4.61]
19 CsYb2F7 1174 the same 6.32 the same
20 CsLu2F7 1193 the same 6.47 [4.62]
21 CsBi2F7 545 orthorhombic 6.31 [4.63]
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Compounds M3RF¢
22 Rb3BiFe 800 by [4.63)is
hygroscopic
23 CsBi3Fe 805 tetragonal 5.12 the same
Compounds MR3F10
24 KTb3F10 KTb3F10 type 5.99 [4.10, 64]
25 KDy3F10 1026 the same 6.04 the same
26 KHo3F10 the same 6.12 the same
27 KEr3F10 the same 6.32 the same
28 KY3F10 1000 the same 4.32 the same
I11. The systems MF - RF4
Compounds M3RF7
29 Li3ThF7 573 tetragonal 5.27 [4.19]
30 K3ZrF7 910 cubic 3.12 [4.19, 42]
3 K3HfF7 923 cubic the same
32 K3UF7 957 orthorhombic the same
33 Rb3ZrF7 897 cubic 3.96 the same
34 Rb3ThF7 974 cubic the same
35 Rb3UF7 995 cubic 4.76 the same
36 Cs3ZrF7 784 cubic (4.53) hygroscopic
37 Cs3ThF7 869 cubic (5.01) the same
38 Cs3UF7 970 cubic the same
Compounds M2RFg
39 Li2ZrFe 596 hexagonal
40 Na2ThFe 705 the same
Compounds M7Re¢F31
41 Na7ZreF31 525 trigonal 4.15
42 Na7UgF31 718 the same 5.87
43 K7Ug6F31 789 5.57
Compounds MRF5
44 KThFs5 905
45 CsThFs5 839
46 RbUFs5 735
47 RbZrFs congruently
48 RbHfFs congruently
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IV. The systems MF2 - RF3

Compounds BaR2Fg

49 B-BaEr2Fg low B-BaTm2Fg 6.76 [4.65]
temperature monoclinic
form
50 B-BaTm2Fg the same monoclinic 6.86 the same
51 B-BaYb2Fg the same monoclinic 7.01 the same
52 B-BaLu2Fg the same monoclinic 7.11 the same
53 B-BaY2Fg the same monoclinic 5.04 the same
54 o-BaYb2Fg 940 o-BaLu,Fg, 6.85 the same
orthorhombic
55 a-BaLu2Fg 945 the same 6.94 the same
V. The systems MF2 - RF4

Compounds M2RFg
56 Ba2ZrFg 1006 tetragonal 5.18 [4.43, 44]
57 Ba2HfFg 1018 tetragonal 6.05 the same

Compounds MRFg

58 MgZrFe cubic, ReO3 3.05 the same
59 CaZrFg 1075 the same 2.67 the same
60 CaHfFe 1126 the same 3.65 the same
61 ZnZrFe the same 3.52 [4.19]
62 PbZrFe 620 the same 6.14 the same
63 SrThFe the same 6.63 the same
64 CaUFg 1005 the same 6.62 the same
65 BaUFg the same 6.85 the same
66 PbUFe 836 the same 8.32 the same

Compounds MR2F10
67 MgTh2F10 937

VI. The systems MF3 - RF4
Compounds MRF7

68 GdHfF7 1020 SmZrF7 type 5.61 [4.46)
69 TbHfF7 988 the same 5.70 the same
70 DyHf{F7 the same 5.79 the same
71 HoHfF7 1020 the same 5.88 the same
72 ErHfF7 1035 the same 5.96 the same
73 TmHfF7 the same 6.03 the same
74 YbHfF7 1088 the same 6.13 the same
75 LuHfF7 the same 6.20 the same
76 YHfF7 the same 4.97 the same
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of the compound and their relations are shown near individual densities (light
circles). Some X-ray diffraction data in the literature, on MF - RF4 systems, in
particular, prevent correct calculations of X-ray diffraction densities, as
integer formula units cannot be located in the given cell dimentions. However,
when tri- and tetrafluorides of heavy metals take part in the formation of the
compound the density of the phases should be very high.

&/om? pMEy aRE,

81 PbU

3 ME-RE

Fig. 4.11. Densities of binary pMF,,,x gRF,, compounds with a congruent character of
melting which are formed in MF,,, - RF,, systems.

In the MF - RF; type systems only the compounds containing heavy
alkaline earths, cadmium and lead, approach the lowest possible limit of the
crystal density. These phases are difficult to obtain because fluorides of
alkaline metals are hygroscopic, as was shown above. A typical phase diagram
is shown in scheme 5, Fig. 4.6.

A large group of rather dense compounds of fluorides of heavy
alkaline metals, RE and Bi [4.60 - 64] are formed in the MF - RFj3 type
systems. It is rather difficult to obtain such compounds with KF, RbF, CsF
due to the fact that the components are hygroscopic, too. The techniques of
obtaining the LiRF4 type crystals (the so-called YLF family) have been
developed quite a long time ago with regard to active elements of low-
threshold lasers. The question about the transition point from incongruent to
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congruent melting of LiRF, in the RE series (R) is still disputable and it
required further studies which we have undertaken. The phase diagram of this
type of systems is represented in scheme 6, Fig. 4.6.

In MF - RF4 systems a large number of various compounds are
formed, see scheme 9, Fig. 4.6. However, no densities over 5.5 g/cm3 are
shown, because the available X-ray diffraction data are not correct. In fact,
high-density binary compounds are formed in these systems.

In the MF, - RFj systems the crystals of the two structural types:
monoclinic B-BaTmjFg and orthorhombic a-BaLuyFg possess high densities
[4.65 - 69]. Despite the polymorphism, they can be obtained as large single
crystals [4.56]. In this work we have investigated some phases of this type and
solid solutions based on them (see Fig. 4.11, the black area). The phase
relations in the MF; - RF3 systems with the formation of BaR)Fg correspond
to scheme 12 in Fig. 4.6.

The compounds in the MF; - RF4 type systems exhibit a wide range
of densities which vary from the lowest to the highest among all the phases
considered here. The compounds with the highest densities (see scheme 15,
Fig. 4.6, (phase L) belong to the LaFj3 structural type, similar to CeF3 as well
as MRFg. The number of compounds with the general formula MRF¢ and the
LaFj3 type structure in the MF,) - RF4 systems is much larger than that listed
in Table IV.2. The thing is that most of those phases were obtained in the
form of powders by the ceramic synthesis technique. They have been studied
using X-ray powder diffraction techniques only, their melting points, melting
character, occurrence of polymorphic transformations were not well
determined. That is why the MF, - RF4 systems can be of a significant
interest as sources of high-density MRF¢ phases with the tysonite structure.
To find out these possibilities additional physico-chemical studies are
required.

The less dense compounds crystallize in these systems in a very loose
structural type ReO3, see schemes 16 and 15, Fig. 4.6, phase R.

In the MF3 - HfF4 type systems all the monoclinic binary
compounds MHfF7, except YHfF7, lie within the range of acceptable
densities. They belong to two main structural types - SmZrF7 and ReOs3,
scheme 17, Fig. 4.6. The phases with the structure of a distorted ReO3 type
were observed in some isothermal sections of the MF3 - ZrFy systems, their
melting was not studied. The possibilities of obtaining single crystals from the
melt are restricted due to a large difference in vapour pressures of the
components.

On the whole, as far as the densities are concerned, slightly less than
half of the binary compounds found in the MF,, - RF,, systems seem to be
promising for HEPh. Up to now a few of them have been obtained as single
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crystals. Thus, the binary compounds pMF,,y qRF, open up wide prospects

for search and development of new optical fluoride media.

When discussing possibilities of using binary compounds as new
fluoride optical media one should take into account the fact that the
congruent character of melting is a very strict criterion of choice. In practice
this condition can be neglected, if the other characteristics of the compound
are prominent. The technique of preparation of single crystals which melt
congruently has been developed.

4.3.5. General Assessment of the Studied MF,, - RF,, Systems as
Potential Sources of Single Crystalline Two-Component Optical Materials.
Let us consider statistical data on the number of the phases formed in the
studied MF,,, - RF, systems which, in principle, can be employed for
preparation of single crystals. We have formulated these conditions as the
criteria of choice of the compounds for Table IV.2. All these (about 80)
compounds can be obtained by crystallization from melts with a congruent
behaviour.

The case of solid solutions which, in general, melt incongruently, is
more complicated. That is why for these phases we have to replace the strict
requirements of congruent melting by a less strict condition of the coexistence
of the solid solution (or some part of its compositions) in equilibrium with the
melt. For comparison, Fig. 4.12 shows the data on single-component single-
crystalline fluoride materials on the left of the dashed vertical line. The
column heights correspond to the number of the phases. The double shading
denotes single crystals produced on the up-to-date industrial scale. The next
column characterizes the potentialities of 34 simple fluorides which (with an
account of polymorphism) form 42 crystallographically distinctive phases.
Only some of them (single line shading) are in equilibrium with the melt.
There are quite few (SC) that meet HEPh requirements to scintillation
materials.

The corresponding data for two groups of solid solutions, isovalent
and heterovalent, are shown on the right. The subdivision of both groups into
structural types is indicated.

Isovalent solid solutions Mq1_yM' F,, have been established in 71
studied systems, among which the b-YF3 structural type ranks first.
However, only some of the M{_yM'F3 phases are in equilibrium with the
melt. Such phases are denoted by single line shading. Only one system
exhibits a minimum on the melting curves which corresponds to a congruent
behaviour of a two-component melt.

The second group in occurrence of isovalent solid solutions
My _yM' F3 with the LaFj structure are in equilibrium with the melt. Among the
studied systems there is not a single composition which melts congruently.
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Fig. 4.12. Two-component materials with variable compositions (on the right) in
experimentally studied MF,, - RF,, systems (arrangement according to structural types
and thermal behaviour). Digits near the columns denote the total number of phases,
shaded areas are phases in equilibrium with the melt, black ones denote those which
melt congruently. Double shading denotes scope of commercial single crystal
production, then - prospects for preparation of crystals of the chosen 34 fluorides
which form 42 phases (including scintillators - SC).
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The number of the phases M1_yM' F3 with the a-YF3 structure is
quite large, they all crystallize from melt. However, upon cooling the crystals
fully decompose due to a reconstructive polymorphic transition.

All the M| 4M' Fy solid solutions with the fluorite structure
crystallize from melts. About half of them exhibit minima on the melting
curves.

The potentialities of using the MF,, - M'F,, systems as a source of
single-crystalline phases of variable compositions are much higher than it is
shown in Fig. 4.12. The predicted phase compositions of the systems of this type,
which have not been studied yet, evidence that it is possible to obtain at least
twice as many promising two-component phases as those studied
experimentally now.

The number of phases which are formed in the 222 studied MF,,, -
RF,, systems with cations of different valences (m # ) is larger by a factor of
three than the number of isovalent solid solutions. The amount of
nonstoichiometric phases which are in equilibrium with the melt is also much
larger. They are all the phases with the defect structure of the CaF; type, 84
% LaF3-type phases and the same amount of phases with the SmZrF7 and
ReOj structures (together).

Let us summarize the assessment of potentialities of the systems as
sources of new single-crystalline optical materials. Among the studied (about
300) binary MF,,, - RF,, (m, n< 4) systems formed by fluorides of 34 metals
there are:

- about 80 binary compounds pMF,,x qRF, with a congruent mode of
melting and absence of polymorphism;

- about 50 isovalent My_ M'.F,, solid solutions with qualitatively different
chemical compositions (M # M'), 10 % of which have congruently melting
compositions;

- about 300 beterovalent solid solutions with the general formula M;_
xRxFm(1-x)+nx one third of which have congruently melting compositions.

Thus, in the studied MF,, - RF,, systems there are about 430 two-
component crystals of qualitatively different compositions (different M and
R) which can be obtained from melts. Over 40 % of these solid solutions
contain congruently melting compositions in the homogeneity areas. This
creates favorable conditions for preparation of single crystals. Thus, the
transition to two-component materials yields more than a tenfold increase in
the scope of materials in terms of qualitative differences in their chemical
compositions only. Besides, as we have shown, properties of crystals of solid
solutions are most likely to be changed due to wariations of relative
concentrations of the MF,, and RF, components within the homogeneity
regions for the particular type of the structure.
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The true potentialities of the MF,, - RF, systems are even still
higher. They can be discovered in the future mainly in the course of studies of
systems of the MF3 - M'F3 , MF - RF3, MF, - RF4 and MF3 - RFy4.

4.3.6. Some Prospects for Development of New Fluoride Materials
with More Complex Compositions. By now we have considered solely
binary systems and two-component materials. They are the simplest
multicomponent materials. A larger number of components yields much more
possible combinations of chemical elements in crystals. For instance, if
fluorides of 34 elements yield a total of 561 binary systems, the number of
ternary systems formed from the same number of components will be 5984,
and the number of quaternary ones will be 46376.

Phase diagrams have been obtained for slightly over 50 % of the
binary systems, despite the fact that large-scale directed studies have been
carried out [4.3, 19, 42, 67, etc.]. Apparently, full studies of phase equilibria
even in ternary systems which are most important for materials science cannot
be carried out, as the total amount of physico-chemical experimental work
will be tremendous. At the same time, some fluoride materials which contain
three or more components, are being used now. We believe that in the case of
single crystalline materials a still more complex composition can be justified
only when the possibilities of obtaining two-component (in terms of the basic
chemical composition, without account of activators) crystals have been
exhausted, or, in special cases of more radical changes of the properties of
such materials.

However, there is a large group of promising fluoride materials,
which, in principle, cannot be obtained in binary systems (with a few
exceptions). They are fluoride glasses, which have been obtained in more
complex systems and studied intensively in recent decade. There are several
groups of glasses with mixed anionic compositions in which fluorine plays a
significant role.

The advantages of amorphous materials over single crystalline ones,
especially in the case of large size crystals, are evident. This is true for oxide
materials. The remarkable tendency to vitrification, typical of fluoride glasses,
rather than of oxide ones, is a constraint for their applications. Another
drawback is a low radiation hardness of fluoride glasses. Recently, new data
have shown that this parameter can be increased up to the values acceptable
for HEPh [4.70].

We shall not give in this Chapter a detailed analysis of the strategy of
search for fluoride high-density glasses, we shall consider some experimental
data available. A total of 5984 ternary systems are formed by fluorides of the
chosen 34 metals. They are subdivided into 20 types, Fig. 4.13. As the
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components of di- and trifluorides of metals prevail, ternary systems formed
from them are predominant. These five combinations - 233, 333, 133, 123, 334
- cover about 2/3 of all the ternary systems. About 3/4 of the systems contain
RE trifluorides as components.

1000}
(4
E
o
12
>
v
& 600t
@
; S
Z
2
2

200} 180

105
10 70 40

630

133
134

360

144
222

378

223
224

Fig. 4.13. Types of MF,, - RF, - R"F, ternary

combinations of 34 cations.

1071

233

234

333
334
4

612

with Rare Earths

4
T <
-
m <

—>TYPEofSYSTEM

systems according to valence

In about 86 % of the systems nonstoichiometric phases can be
formed, i.e., at least a couple of cations have different valences. When it is
hardly possible to perform phase equilibria investigations for ternary systems,
estimations and predictions of phase relations in such systems proceeding
from the available experimental data on phase diagrams of the binary systems
are of tremendous importance.

Most of the studied fluoride glasses contain more than three
components, therefore, our constraint in the number of components of the
considered systems is artificial. An increase in the number of components
gives rise to a decrease of crystallization temperature, more stable amorphous
state and other positive effects. At the same time, when considering the
chemical composition of "heavy" fluoride glasses one can reduce it to a three-
component basis by means of integration of several components into one
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group. The principles of this integration are based on chemical affinity and
crystal-chemical similarity of metal fluorides.

Let us introduce some restrictions in order to assess the possibilities
of obtaining amorphous fluoride glasses for HEPh:

- we shall consider only the MF,, - RF,, - R'F,, ternary systems, which then
will become more complex due to incorporation of cations, following the
principle of isomorphous replacements, applied both to crystalline and
amorphous materials [4.71];

- we shall not analyze all the data on the formation of glasses in fluoride
systems, we shall confine ourselves to a few reviews [4.72 - 75], which are not
quite up-to-date but remain most informative for ternary fluorlde glasses;

- we shall consider only the densities higher than 5.5 g/cm3, that excludes
practically all the systems with the glasses of the ZBLAN family, and some
other studied light amorphous materials;

- we shall use approximate densities in order to asses whether the fluoride
glasses are adequate for HEPh [24].

Table IV.3. presents compositions and calculated densities for some
"heavy" fluoride glasses. The largest number of glasses were obtained in the
234 and 223 type systems. However, if we compare the number of
compositions (8 in each type) with the total number of the systems of these
two types (882), it will be clear that we have made just a few steps forward in
investigations of ternary fluoride materials, both amorphous and crystalline.

If we consider the chemical composition of the "heavy" fluoride
glasses we see that they contain the same components as the "heavy"
crystalline materials: Ba, Zn, Cd, Pb, Y, La - Lu, Zr, Hf, Th, U. At the same
time, even elements with small atomic weights which were excluded from the
34 chosen compounds, can be present in the high-density glasses. We have not
considered about 100 compounds with densities below 5.5 g/cm3, see [4.72 -
75]. It is possible to make the compounds "heavier" owing to replacement of
the "light" components by their heavier crystal-chemical analogues, using the
approach, similar to the one applied to isomorphous series of crystals. In
particular, the series ZrF4 - HfF4 - ThF4 - UFy; SrF; - BaF, - PbFy; CaF, -
CdFj; RF3 - BiF3 (R = RE fluorides of the yttrium subgroup) can be
recommended for such replacements. For instance, this approach was used
when passing over from the compound 1 to compound 3, for the 234 systems
in Table IV.3. To explain how this principle can be used, we present
schematically the data from Table IV.3 in Fig. 4.14. Taking into account the
chemical and crystal-chemical similarity of the components, the reader can
construct ternary systems with new combinations of the components and
probabilities of formation of glasses. It should be born in mind that when
glasses of various types are mixed with one another, more complex
amorphous materials are formed.
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Table IV.3.
CHEMICAL COMPOSITIONS AND DENSITIES OF SOME HEAVY FLUORIDE
GLASSES
No Type of system and composition of glass, mole % Density,
g/cm3
Systems 2 3 4
1 30PbF2 8LaF3 62ZrF4 5.64
2 33.75BaF2 8.75CeF3 57.5HfF4 6.29
3 33BaF2 5LaF3 62HfF4 6.33
4 30BaF2 8LaF3 62HfF4 6.36
5 34ZnF2 33YbF3 33ThF4 6.87
6 20BaF2 40YbF3 40ThF4 7.27
7 20BaF2 40LuF3 40ThF4 7.32
8 10BaF2 40YbF3 50UF4 7.90
Systems 223
9 20BaF2 30PbF2 50InF3 5.65
10 47BaF2 48CdF2 5YbF3 5.77
11 30BaF2 45ZnF2 25LuF3 5.77
12 20PbF2 40CdF2 40InF3 5.98
13 25ZnF2 48PbF2 27InF3 6.23
14 25SnF2 40PbF2 35InF3 6.23
15 25ZnF2 50PbF2 25GaF3 6.24
Systems 2 2 4
16 47CdF2 47BaF2 6ThF4 5.75
17 30ZnF2 20MgF2 50ThF4 5.90
18 40ZnF2 20BaF2 40ThF4 5.98
19 40ZnF2 10CaF2 50ThF4 6.08
20 30ZnF2 20BaF2 50UF4 6.59
Systems 3 4 4
21 10LaF3 60ZrF4 30ThF4 5.72
22 5YF3 60ZrF4 35ThF4 5.80
23 10LaF3 57.5HfF4 32.5ThF4 7.15
Systems 3 3 4
24 30ScF3 30YF3 40ThF4 5.82
25 30AIF3 20LaF3 50UF4 6.29
Systems 22 2
26 | 40BaF2 20ZnF; 40CdF2 [ 5.50
Systems 2 4 4
27 | 33.75BaF) 57.5HfF4 8.75ThFa4 [ 6.41
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Summarizing the above said, we would like to stress the following:
- a further increase in the number of components of fluoride materials (from
two to three and more complex) provides unlimited prospects for preparation of
new combinations with qualitatively and quantitatively different compositions
and properties;
- it is possible to prepare amorphous fluoride materials (glasses) as well as single
crystals in ternary and more complex systems;
- fluoride glasses are technologically advantageous as compared to single
crystalline materials. However, the up-to-date knowledge about them does not
suggest a possibility to use them successfully in HEPb;
- a justified use of the approach of complication of the chemical composition
(increasing the number of the components) for search for new materials
requires system predictions of phase compositions, topology of phase diagrams
and phase formation, including glass formation processes in ternary systems.
Such predictions should be based on the data of phase diagrams of the
constituent binary systems.

4.3.7. General Principles How to Impart to Optical Fluoride
Materials Scintillation Abilities. It follows from Chapters 2 and 3, that only a
few techniques of excitation of "fast" luminescence can be employed when
developing scintillators for HEPh. Thus, proceeding from classification of fast
luminescence mechanisms in fluorides, one can make up the following scheme
of choice of optical media for scintillators employed in HEPh.

The first group comprises optical materials in which core-valence
transitions can occur:

- fluorides of K, Rb, Cs, Ba and some other elements;

- multicomponent fluorides which contain K, Rb, Cs, Ba and some other 'core-
valence' cations;

- fluoride glasses with fluorides of the above elements as one component (at
least).

The second group comprises optical materials which contain cations
with fast luminescence due to interconfiguration electronic transitions. Such
materials are:

- simple fluorides of some heavy metals (as we have seen before, not all such
compounds have been studied as scintillators), doped with Ce3*+, Nd>+ and
other above mentioned ions;

- multicomponent optical crystalline materials with the above activators;

- fluoride amorphous materials (glasses) with the above dopants.

At the first stage of the search for new fast, dense, radiation hard

scintillators for HEPh, which will be reported in the next Chapters, it was
impossible to carry out studies of all of the listed materials.
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We have chosen for further experimental studies activation of optical
materials by RE ions (Ce, Pr, Nd, Eu, Gd, Tb, Dy, Ho, Tm, Yb ) as well as by
Cr and Co ions. The following cations: K, Rb, Ba which take part in the CVT
mechanism, were incorporated into the crystals.

The choice of techniques of conversion of high-density optical
fluoride crystals to fast scintillators provides for further wide-scale search in
this direction (activation by other ions with f - d and s2 - sp transitions), as
well as for making conditions for realization of CVT. These prospects will be
discussed in Chapter 8.

4.3.8. Choice of Multicomponent Fluoride Materials Which Are
Promising as Sources of High-Density Scintillators. Table IV.4 summarizes
the data on the most promising high-density optical materials and the objects
we have chosen for the first stage of the search. The choice was based on the
analysis of the densities of phases presented in Fig. 4.7, 4.8 and 4.11, as
compared to the database on phase composition and phase diagrams of the
MEF,, - RF,, systems. It should be supplemented by data on kinetics of phase
transformations, structure of phases, etc.

We have chosen from binary compounds the phases with the
structure of monoclinic B-BaTm,Fg, formed in the BaF, - RF; systems,
section I, Table IV.4. Their densities lie within the range 5.04 - 7.11 g/cm3 .
They were discovered in the course of our studies of phase diagrams [4.65],
their structures were studied [4.65], several works on development of low
threshold lasers and up-convertors were carried out [4.56 - 59].

According to strictly formal principles, phases of the BaR,Fg types
should be excluded due to their polymorphism. Preparation of BaR,Fg single
crystals and their solid solutions Ba(R{_4R'y),Fg is, in fact, complicated due
to polymorphism and morphotropy, as well as due to a strong tendency of the
melts to supercooling. However, both the first and the second factors can be
overcome and large crystals can be obtained. This fact illustrates that
knowledge of phase diagrams which give information on equilibrium states of
the system, is insufficient for the analysis of potentialities of the systems for
obtaining multicomponent single crystals. The data on the equilibrium
relations of the phases in the system should be supplemented by kinetic
factors, as well as by analysis of the crystal structure and crystal chemistry of
the phase transformations. Without their account a conclusion that single
crystals can be obtained proceeding only from phase diagrams might be
erroneous.

Among other congruently melting binary compounds the MRFg
phases with the La F3 type structure are undoubtedly promising, because
their densities sometimes exceed 8 g/cm3. However, their preparation is quite
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Table IV 4.
PROMISING TWO - COMPONENT OPTICAL CRYSTALLINE
MEDIA FOR HIGH ENERGY PHYSICS (DENSITY > 5.5 - 6.5 g/cm3)

I. Binary compounds pMF,, xqRF,,
in systems:

II1. Heterovalent solid solutions M1-xRxFm(1-x)+nx
in systems:

I.1. MF - RF2,M=Cs; R=Pb

II1.1. MF - RF2; M = Li, Na, K, Rb; R = Cd, Pb;
R1-xMxF2-x solid solutions (CaF?2 structural type)

1.2. MF - RF3, M = Li, K, Rb, Cs;
R = RE; compositions: 1:1; 1:2; 1:3

1I1.2. MF - RF3; M=Na;R=Er-Luy, Y
Na0.5-xR0.5+xF2+2x (CaF2 structural type)

1.3. MF2 - RF3, M = Ba; R = Er - Lu; compounds BaR2Fg (B-

BaTm2F8 type)
and solid solutions Ba(R1-xR 'x)2F8

111.3. MF2 - RF3; M = Ba, Cd, Pb;
R=RE,Bj;
M1-xRxF2+x solid solutions (CaF2 structural type)

1.4. MF2 - RF4, M = Pb; R = Zr, (Hf, Th, U); compounds MRFe¢
(LaF3 type)

111.4. MF2 - RF3; M = Ca, Sr, Pb; R = RE;
R1-yMyF3.y solid solutions (LaF3 structural type)

1.5. MF3 - RF4, M = RE; R = Hf;
compounds MHfF7 (SmZrF7 type)

111.5. MF2 - RF4; M = Ca, Sr, Ba, Pb; R = Th, U;
Rl-yM linb-y solid solutions (LaF5 structural type)

IL Isovalens solid solutions M1-xM xFm in systems:

IIL6. MF2 - RF4; M = Pb, (Cd); R = U, (Th);
M1-xRxF242x solid solutions (CaF2 structural type)

I1.1. MF2 - M'F2; M, M' = Cd, Pb, (Sr), Mg, Ca, Ba; CaF2

structural type solid solutions

11.2. MF3 - M'F3; M, M' = RE, Bi; LaF3 and B-YF3 structural
types

11.3. MF4 - M'Fa; M, M' = Zr, Hf, Th, U;
ZrF4 structural type solid solutions

[44!
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complicated due to a high vapour pressure of tetrafluorides, on the one hand,
and, on the other hand, due to natural radioactivity of the components which
are the most interesting from the viewpoint of the density (ThF4 and UFy).
The high vapour pressure made us refrain from ptreparation of the MRF;
phases (the SmZrF5 type), at the first stage, although their thorium and
uranium analogues, which have not been synthesized up to now, might be of
interest as high-density optical materials.

Among the second group of materials, namely, isovalent solid
solutions, Table IV.4, we have chosen two types of systems: MF, - M'F; and
MF3 - M'F3.

Among the phases formed in the MF; - M'F, type systems, as the
analysis of the densities of the studied solid solutions /;_ M',F, (Fig. 4.7)
demonstrates, the most promising are the Pbj_4CdyFy and Pbq_4SryF)
phases. In the first system the melting curves exhibit 2 minimum, that makes
the task of obtaining homogeneous binary crystals easier. Doping of PbF;
with magnesium, calcium and barium which decrease the density, was made in
order to study possibilities of increasing the low radiation hardness of pure
PbF,.

My _yM' F3 solid solutions were chosen, because in the systems
formed by fluorides of the cerium group of RE (La, Ce, Pr, Nd) continuous
solid solutions are formed, which are stable upon cooling and have densities
within the range 5.94 - 6.51 g/cm3. These values can be increased to some
extent by means of partial isomorphic replacement of the above cations by
heavier RE (Sm, Eu, Gd), whose fluorides have a high-temperature
modification of the LaF3 type. We have used this approach (see below), which
allowed us to obtain crystals with the tysonite structure with the density 6.60
g/cm3. A remarkable advantage of this type of materials is a possibility to
incorporate ions of all RE, single or in any combinations, into crystalline
matrices of the LaF3 type in certain amounts which should be always
sufficient to yield luminescence.

Another promising direction for obtaining high-density materials in
the MF3 - M'F3 systems is the use of solid solutions with the B-YF3
structure. Single crystals of simple compounds, TbF3, DyF3, HoF3, which
have the only crystalline form of the B-YF3 type within the entire
temperature range and densities, from 7.23 to 7.64 g/cm3, have not been
studied yet. Besides these single-component fluorides of RE, which have not
been studied yet as materials for scintillators, binary and ternary solid
solutions in the TbF3 - DyF3 - HoFj3 system should be taken into account, as
they are stable within the entire temperature and concentration ranges.
Another attractive circumstance is establishment of a minimum [4.27] on the
melting curves of the Dy{_yHoyF3 solid solutions. Apparently, similar
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anomalies will be observed in the other two systems which have not been
studied yet, TbF3 - DyF3 and TbF3 - HoF3, as well as in more complex
combinations of RE trifluorides. It is possible to make the materials with the B
-YF3 type structure much "heavier" owing to a partial or full (this can be
effected for all the three fluorides, Tb, Dy and Ho) 1somorphous replacement
of RE by Bi3+. However, manufacture of single crystals in this case will be
still complicated (see section 4.2.).

Preparation of the materials M1_yM',F3 with higher densities based
on heavy RE is restricted due to polymorphism of MF3 with M = Er - Lu.

We chose four types of phases in the group III, which comprises
heterovalent solid solutions. Three of them have the CaF; type structure, the
fourth one has the LaF3 type structure.

In the MF - RF, with R = Cd, Pb, based on MF;, the Ry_yM,Fj_
solid solutions restricted by a few mole % MF are formed. They partially
decompose with the temperature lowering. These crystals are of interest for
solving the above problems because luminescence could be due to core-
valence radiative transitions after doping PbFp with potassium and cesium.
Besides, the influence of dopants of alkaline elements on the radiation stability
of PbF; could be studied.

The MF - RFj3 systems are the sources of the Nag 5_4R0 54+xF242x
fluorite phases, for R = Pr - Lu, Y. We have chosen some of them with R =
Tm, Yb, Lu, with the densities from 6.13 to 6.75 g/cm3. These single crystals
can be manufactured easily (due to relatively low temperatures and a
congruent mode of melting). As they belong to the CaF; structure type, they
possess a high isomorphic capacity with respect to many 1-, 2-, and 3-charged
cations. This provides good possibilities for incorporation of activator ions
into crystalline matrices, as well as makes the matrices themselves "heavier"
(due to replacement of RE by Bi). At the first stage we have confined
ourselves to studies of radiation resistances and luminescence of some
members of this family, which we studied before with regard to their optical
and other characteristics [4.38].

In the MF - RF3 systems the choice of nonstoichiometric phases
with the CaF; structure is restrlcted by the fact that in many systems their
densities are lower than 5.5 g/cm3, Fig. 4.8. At the same time there is a
number of phases in the BaF, - RF3 systems (with maxima on the melting
curves), which are easy to manufacture. As the Baj_yRyF».,y phases are at the
boundary of allowed densities and, at the same time, their density is higher
than that of the BaF; scintillator, which is widely used now, we have included
them into the scope of this work. The Cdq_yRyFy,4 and Pby.
xRxF24x fluorite type crystals have much higher densities. Several
compounds of these materials have been obtained and studied.
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In the same MF,; - RFj3 systems of certain interest are the
nonstoichiometric Ry_yMyF3_, phases w1th the LaF3 type structure. Their
densities in all the systems exceeds 5.5 g/cm3. We have chosen for synthesis
and characterization some phases in the CaF5 - RF3 and SrF; - RF3 systems,
which melt congruently.

Let us classify the chosen materials according to their chemical and
structural features:

- group 1: binary BaRyFg compounds and Ba(R{_yxR'y)2Fg solid solutions,
which crystallize in the B -BaTmyFg type structure, whose composition is
strictly stoichiometric, c.n. of cations of various species differ significantly (Ba -
12, R-8);

- group 2: phases with variable compositions, the CaFy type structure, which
are divided into the following groups, according to the type of the structural
defects:

a) isovalent solid solutions M_yM'yF with defects of the species of cations
and defect-free fluorite anionic sublattice; coordination polybedra are
nondistorted cubes;

b) crystals of Ry_xMyFy_y with the fluorite lattice with anionic deficiency
(small amounts of anionic vacancies); the question about cn. and their
structure is unclear;

c) fluorite nonstoichiometric phases M1_yRy F2+x and Nag s_yRp 5+xF2+2x
with two types of defects: incorporation of FI= into structure voids (i- and
complexes of sp.gr. Fm3m) and vacancies in the main (fluorite) anionic motif;
the cationic coordination is varied, the average c.n. is increased with respect to
the defect-free CaFy;

- group 3: phases with the LaF3 type structure, represented by:

a) isovalent solid solutions of M{_yM'yF3, c.n. of cations is 11;

b) nonstoichiometric phases Ry_yMyF3_, with high concentrations of
structural defects - vacancies in thé anionic motzf average c.n. of cations is
decreased relative to the defect-free LaF3 .

Thus, on the whole, the choice of multicomponent materzals for studies
of some pbyszcal properties covers the range 4.89 - 7.91 g/cm3. Among the
chosen compositions there are representatives of all the structural types, which
are of primary interest for HEPb.

We have crystallized a total of 250 multicomponent materials. They
differ in their qualitative composition, i.e., in the combinations of M and R
cations and in the relation of the components (concentration series of solid
solutions with a variable M/R relation). However, for the reasons that will be
considered in the next Chapter, not all the materials were obtained as
optically homogeneous single crystals. That is why (and, according to the
classification of the concentration series of the crystals) in the general table,
which shows results of studies of physical properties, the number of
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compositions presented in Chapter 6 was significantly reduced. The
materials, which were chosen for experimental studies of some physical
properties, are formed in the systems shown by schemes of phase diagrams 1
- 4,7, 10 - 14, Fig. 4.6. These schemes are denoted by ® near the scheme
numbers.
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