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Abstract. Properties of lead difluoride are considered. Phase
equilibria in PbF,—MF, systems (n = 1—-5) and data on com-
pounds and solid solutions formed in these systems are analysed.
The characteristic features of phase diagrams of systems involving
lead difluoride are discussed. Composites of PbF, with other
inorganic compounds hold promise as a basis for the design of new
functional materials. The bibliography includes 331 references.

1. Introduction

In 1834, M Faraday discovered ! that PbF, has high electrical
conductivity when heated. This was the second (after silver
sulfide) example of a solid electrolyte and the first example of
anion (fluoride ion) conductors. Later on, both lead difluoride
and fluoride ion conductors, viz., solid solutions, composite
materials and glasses based on lead difluoride, were the subjects
of extensive studies (see, for example, Refs 2—12). Of known
chemical compounds, PbSnF, (see Refs 10 and 12) and non-
stoichiometric phases in the PbF,—KF system have the highest
fluoride ion conductivity.

The high-temperature cubic modification of lead difluoride
crystallises in one of the simplest structure types, the so-called
fluorite structure type.> The phase transition discovered by Fara-
day appeared to be an inherent characteristic of all compounds
with the fluorite structure (this transition is also known as the
Faraday transition). This transition involves mass displacements
of anions from their crystallographic positions, viz., disordering of
the anion sublattice, without a change in symmetry (sometimes,
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this phenomenon is referred to as sublattice melting) resulting in
the appearance of high ionic conductivity. This phenomenon
attracts considerable attention and is studied both experimentally
and theoretically.!?~32 Apparently, this disorder is responsible for
the formation of wide regions of heterovalent solid solutions
based on the fluorite modification of lead fluoride.

Lead difluoride has a relatively low melting point, due to
which it is used as a component of fluxes for growing single
crystals using the flux technique.33~3% Examples are PbF,—PbO,
PbF,-V,0s, PbF,—Bi,03, PbF,— B>03 and more complex sys-
tems.

Certain eutectic composites involving lead difluoride hold
promise as operating materials for nuclear reactors (breeders),
because they are characterised by good fusibility and high
density.?” Due to low affinity for fluorine, lead difluoride can be
used as a fluorinating agent. Single crystals of refractory fluorides
(CaF,, LaFj3, etc.) are grown in the presence of small additives
(2 mass % —5 mass %) of PbF; as scavengers to purify melts from
oxygen contamination.3®3% In this case, the following reactions
proceed

CaO + PbF, — CaF; + PbO.

Melts are purified from PbF> and PbO due to high volatility of
these components. Lead difluoride is used in fluorination of
organic compounds.*%-41

Single-crystalline lead difluoride, PbF», is known as an optical
functional material, which has transparency in a wide region from
UV to mid-IR.#>%3 Lead difluoride can form films with a high
index of refraction and is involved in the composition of various
optical antireflection coatings.*4~48

A new generation of elementary particle accelerators (AAC in
Protvino, Moscow region; LEP and LHC at the CERN Accel-
erator Complex, Switzerland) ¥ imposes more stringent require-
ments on materials for high-energy particle detectors, which gave
impetus to a search for new materials.?*-4° High-speed combined
systems of detectors involving scintillation and Cherenkov color-

TAAC is the Accelerator Accumulator Complex; LEP is the Large
Electron Positron Collider (electron-positron ring); LHC is the Large
Hadron Collider.
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imeters (total absorption spectrometers) are used in experiments
performed on accelerators. Requirements on working substances
of such colorimeters are as follows: a radiation resistance of no
lower than 107 rads per year; a high density (>5.5-6.5 g cm—?);
a luminescence decay time, which determines the detector time
resolution, shorter than 3—30 ns and at least a moderate specific
light yield (~1% of the specific light yield of Nal:TIl) for
scintillators; good mechanical characteristics and the absence of
hygroscopicity; low price of raw materials and high manufactur-
ability of optical elements several tens of centimetres in length.
The cubic modification of PbF,, which meets most of these
requirements, can be considered as a promising material for
electromagnetic colorimetry.349~54 The study 3> was devoted to
a search for improved PbF»-based materials, which could be
prepared as homogeneous bulk single crystals.

Scintillation efficiency of dopant ions is enhanced as the
matrix density increases. Hence, lead difluoride as well as PbF-
based crystals and glasses are investigated taking into account this
dependence. However, it appeared that divalent lead ions very
efficiently quench luminescence, in particular, from trivalent
cerium, in fluorides.>¢—%°

Lead difluoride forms numerous compounds, in which it
generally acts as a Lewis base. This compound is a constituent of
many fluoride and oxofluoride glasses serving as one of the most
important modifying agents.% ¢! The introduction of PbF; into a
glass causes network depolymerisation, thus stabilising the glass.
Binary composites of lead fluoride with all main glass-forming
materials, such as fluorides of aluminium, indium, gallium, zinc,
zirconium, etc., are parent compounds of families (parent compo-
sitions) of fluoride glasses containing large amounts (tens of
percent) of PbF, .67 Examples are provided by the so-called
‘transition metal fluoride glasses’ in PbF,—M'F,—M"F; systems
(M’ and M” are transition metals) © and CLAP glasses (CdF,—
LiF — AlF;—PbF,).58-% In the pure form, a lead difluoride melt
does not undergo a glass transition even at very high cooling rates
(10% K s—1). However, glasses can be prepared in the presence of
oxygen-containing dopants.®3-79-72 Stable lead fluoride oxide
glasses are formed in the PbF,—GeO,, PbF,—PbO-Si0O;, and
PbF,—AlF;—-PbO - B,0; 7! 72 systems. Additives of PbF, make it
possible to vary the physical properties of fluoride glasses, for
example, to increase the density® and the index of refrac-
tion.®1-73.74 This fact is used in the design of optical fibres,
whose cladding should possess a higher index of refraction than
their core, all other properties being similar. In particular, the
ZBLAN (ZrF4—BaF,—-LaF;— AlF;—NaF) glasses with various
PbF; contents were studied for this purpose.”> =77

The foregoing demonstrates that lead difluoride and PbF»-
based materials are of practical importance. Data on the proper-
ties of PbF, are often contradictory and disembodied. In the
present review, data on the phase diagrams of PbF»-based systems
with inorganic fluorides are analysed and chemical compounds
involving PbF, are briefly characterised. Taking into account
that, according to N S Kurnakov,”® phase diagrams provide a
special language for the description of chemical properties, data
on phase diagrams of systems including PbF; form the basis of our
review.

I1. Properties of lead difluoride

Lead difluoride can easily be prepared by the reaction of hydro-
fluoric acid with lead hydroxide (or carbonate) or by precipitation
of lead salts from aqueous solutions with ammonium fluo-
ride.”®-80 At 25 °C, the solubility of PbF, in wateris 0.66 g litre 1.

Crystals of lead difluoride are colourless. They are stable in
dry air at ambient temperature. At high temperature, PbF, is
subject to pyrohydrolysis in a wet atmosphere. This process occurs
at a noticeable rate starting at 400 °C. The reaction affords
oxyfluoride Pb,OF> as an intermediate. Lead difluoride is hydro-
lysed more readily than alkaline-earth (Mg— Ba) fluorides, is more

resistant to water vapour than Cd, Zn, Co, Ni, Fe, Cr and Ag
fluorides and is comparable in stability to MnF; .8!

Unlike other metal difluorides with the fluorite structure, lead
fluoride has two structural modifications under normal pressure.
The Pb?" ion has a lone electron pair,3! which is responsible for
such properties of lead difluoride as high deformability of the
electron shell of the cation, high polarisability, high refraction and
index of refraction as well as high dielectric permeability 32 and a
low melting point.

There are two structural modifications of PbF»,, viz., ortho-
rhombic (low-temperature) and cubic (high-temperature).* The
melting point of the latter modification is 822 +3 °C.

The low-temperature modification of PbF> crystallises in the
structure type of the mineral cotunnite PbCl,, space group Pnma,
Z = 4. The structure consists of lead nine-vertex polyhedra, which
can be described as trigonal prisms with additional anions (caps)
in the vicinity of each lateral face.®? It should be noted that other
(non-standard) settings of the orthorhombic unit cell (having the
interchanged a, b, ¢ axes and described by different symbols of the
space group) are also possible. This problem was exemplified by
isostructural PbCl,.%3

The high-temperature modification of PbF; crystallises in the
fluorite (CaF-) structure type [space group Fm3m (03), Z(F) = 4,
the coordination polyhedron is a tetrahedron, Z(Pb) = §, the
coordination polyhedron is a cube].

In the cubic modification, the anion sublattice is disordered on
heating (the Faraday transition), which was assumed to be a
second-order phase transition. However, detailed experimental
and theoretical investigations revealed only a strong symmetric
anomaly of heat capacity with a maximum at 710 £ 10 K and a
half-width of ~70 K. Therefore, sublattice disordering occurs
gradually and, strictly speaking, this process does not belong to
phase transitions. According to the nomenclature used in the
study,®* such a disordering process can be assigned to ‘super-
critical’ phase transitions. In terms of the catastrophe theory,®
this is a catastrophe flag. The term ‘diffuse phase transition’ is also
used.!? Its physical meaning is that cooperative interactions
between anti-Frenkel anion point defects appear as their concen-
tration increases with increasing temperature resulting in strong
anharmonism of anion vibrations, mass displacements of anions
from their crystallographic positions and the possible formation
of cluster defects. The heat and entropy of melting of the fluorite
modification of lead difluoride are abnormally small.8¢

Under standard conditions, both modifications have similar
thermodynamic characteristics.8% 87 There is a strongly hindered
first-order transition from the low-temperature modification to
the high-temperature one, the transition being irreversible at
normal pressure. The transition temperature determined in differ-
ent studies !7-80-88-91 varies from 280 to 460 °C. The transition
temperature of 447 °C was reported in the handbook.®¢ Such a
large difference is, apparently, associated with non-stoichiometry
as well as with the fact that the reaction rate depends substantially
on the particle size and the presence of stable-phase nuclei and
impurities. The transition temperature and enthalpy are
3304+ 5°C and 1.5140.13 kJ mol—!, respectively.”>?3 After
cooling to room temperature, the cubic modification remains in
a metastable state for an indefinitely long time.*

Both modifications can be prepared from aqueous solutions.
Single crystals of the orthorhombic modification are prepared by
precipitation using cross diffusion of solutions,®® crystallisation
from perchlorate solutions®’ and the hydrothermal synthesis

iIn the literature, there is a confusion about the notations of the
modifications of PbF, by the Greek letters o and B; hence, we tried not
to use these notations; where these notations are, however, used, o and B
denote the high- and low-temperature modifications, respectively.

§ According to the results of the study by G Ren, D Qun, Z Li, D Shen
J. Crystal Growth 247 141 (2003), an oxygen impurity promotes the phase
transition.
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from KF solutions.” Single crystals of the cubic modification can
be prepared by directed crystallisation using the flux techni-
ques. 435055

The orthorhombic modification is stabilised with increasing
pressure. The density of the orthorhombic modification
(8.47 g cm—3) is higher than that of the cubic modification. The
cubic — orthorhombic transition occurs at room temperature
under a pressure of ~ 4 kbar (0.4 GPa). Even grinding of a
sample in a mortar or mechanical treatment of single crystals can
lead to a partial transformation.

The temperature of the orthorhombic — cubic transition
increases with increasing pressure. At ~4 kbar, the transforma-
tion becomes reversible.?* %> Yet another first-order phase tran-
sition was observed at ~11 GPa (a Co,Si-type phase, the
orthorhombic system, the space group Pnma).”>°¢ The high-
pressure phase retains the space group and the main structural
motif of orthorhombic PbF; based on trigonal prisms with caps
above the lateral faces.

The unit cell parameters of orthorhombic PbF, determined in
the different studies are in good agreement with each other.”®-80-97
Typical values are as follows: a = 3.89098 +0.00003,
b = 6.42689 £0.00002, ¢ = 7.63574+0.00018 A (sce Ref. 88)
and a = 3.8999(7), b = 7.6479(9), ¢ = 6.4436(9) A.% A different
situation is observed for the cubic modification. Abundant
published data7-8%97 give the following two groups of values:
5.940 +0.003 and 5.92740.003 A. Generally, the smaller value
corresponds to samples prepared from aqueous solutions (see, for
example, Ref. 88), whereas the larger value corresponds to
samples prepared by melting or high-temperature annealing.
Intermediate values of the lattice parameter for PbF, were
observed %89 depending on the thermal prehistory of samples. It
is highly probable that the larger lattice parameter is attributable
to a frozen configuration of defects corresponding to a high-
temperature disordered form of cubic PbF5.

There are experimental data (A I Boltalin and N S Tka-
chenko, Moscow State University, 1990) providing evidence that
the transformation of orthorhombic PbF; into the cubic modifi-
cation is a complex process, which involves the formation of a
liquid phase co-existing with the solid one on heating of the
orthorhombic modification from 510 to 550 °C.

Polish researchers 199102 revealed complex polymorphism of
PbF; (five polymorphs) by differential thermal analysis (DTA). In
the range of existence of the cubic phase, phase transitions at 560
and 720 °C were additionally observed. However, to our knowl-
edge, these facts were not confirmed by other researchers and with
the use of other methods.

The temperature dependences of the vapour pressure of PbF»
and some other fluorides are shown in Fig. 1. The thermal
expansion coefficients were documented.8-1%¢ The results of
NMR studies were published.!®” The electronic structure and
selected properties were calculated.!%8

Phase equilibria involving PbF5 are studied primarily by DTA
and using the solid-phase synthesis followed by powder X-ray
diffraction analysis of samples. Operations with PbF> and PbF»-
containing samples have a number of characteristic features,
which can influence the validity of construction of phase dia-
grams. Because of a high vapour pressure of PbF», it is desirable to
perform studies in closed systems under an inert atmosphere (N2,
Ar or He). Since lead difluoride is prone to hydrolysis (in
particular, due to the presence of water adsorbed on the powder
particle surface), it is essential that the starting compounds should
be fluorinated. Due to high reactivity of PbF, and the ease of
reduction of Pb?*, one must use hermetically sealed gold or
platinum crucibles (tubes); in some cases, copper or open graphite
crucibles can be used.>% 195 Open platinum crucibles are unusable,
because partial reduction of lead fluoride gives rise to a low-
melting Pb—Pt alloy and leads to destruction of crucibles.
Crystallisation of the cubic modification of PbF, and solid
solutions based on this modification occurs virtually without
supercooling of the melt.

12 104T7-1/K-!

Temperature dependences of the vapour pressure for LaF3 (1),

Figure 1.
BaF, (2), CeFs (3), YF3 (4), InF3 (5), ThF4 (6), LiF(liq.) (7), UF4 (8),
AlF; (9), PbF; (10), HfF4 (11), ZrF4 (12) and BiF; (13).103-105

I11. Systems PbF, - MF

PbF,—LiF. The phase diagram of this system (Fig. 2a) was
described in two studies %% 119 (points / and 2, respectively). The
results of these studies are in good agreement with each other. The
thermal effects in the solid state at 430 °C were assigned to the
polymorphic transformation of PbF,.1% A narrow region of a
LiF-based solid solution with the maximum PbF, content
(341 mol.%) was found to exist at the eutectic temperature.!10
The PbF>-based solid solution region is very narrow. These data
are in contradiction with the results of the study,'!! where single
crystals of PbF, containing 6% of LiF (the percentage type was
not reported) were prepared by melt crystallisation. The forma-
tion of a solid solution is evidenced by a substantial decrease in the
lattice parameter from 5.94 to 5.83 A. Apparently, this system has
a retrograde solubility. The possibility of the existence of the
LiPbF; compound with the inverse perovskite structure contain-
ing octahedrally coordinated Li™ ions (analogous to the structure
of the known LiBaF3; compound) in the PbF;— LiF system was
examined.!'? However, attempts to synthesise this compound
failed. Nevertheless, the existence of this compound was men-
tioned in the studies '3 114 with a reference to the investigation.!1?
The ionic conductivity of a eutectic composite was studied.!'!>

PbF,—NaF. The system was examined in two studies 10116
(Fig. 2 b; points [ and 2, respectively). The results of these studies
are in good agreement with each other. This system is of the
eutectic type without the formation of compounds. Solid solution
regions based on the components are very small.!'® However, high
ionic conductivity of a eutectic composite in this system is
indicative of the existence of the Pb; _ \Na,F»_  solid solution.!!”
The mechanism of the formation of the solid solution was
confirmed by NMR spectroscopy.'!®

It should be noted that compounds are not formed in the
condensed state. However, the LiPbF3; and NaPbF; molecules
were found in the vapour phases of the above-mentioned sys-
tems.!1°

Phase diagrams of systems involving potassium and rubidium
fluorides are substantially more complicated and the results of
different studies are in poorer agreement. These systems (and the
PbF,— CsF system to an even greater extent) are difficult to study
due to high hygroscopicity of alkali metal fluorides.

PbF,—KF. Phase equilibria in this system (Fig. 2¢) were
studied in detail.!'6-120=124 There is a consensus about the
existence of the fluorite solid solution Pb; _ \KF>_ ., the limiting
concentration being attained at x = 0.10—0.12. This solid solu-
tion is one of the best fluoride ion conductors.!!8121,123,125-127
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According to the results of the study,!'® this system has an
incongruently melting phase of the variable composition
K,Pb;_,Fo_, (~15%—55% of KF), which undergoes a rever-
sible polymorphic transition in the range of 300—315 °C, and the
K4PbFs compound, which melts according to a peritectic reac-
tion. The high-temperature modification of the K,Pb;_,F>_,
phase has a body-centred cubic (BCC) structure of the defect
anti-a-Agl type. Under a pressure of up to 40 kbar, the KPbF3
compound, which undergoes a polymorphic transformation at
300 °C (the low-temperature low-symmetry modification of
KPbF; II), was synthesised.'?® Attempts to synthesise
K,Pb; _,F>_, or K4PbFj failed.'?° The K,,Pb; _,F>_, phase and
a phase which is X-ray identical to KPbF3 II (this metastable
phase was observed on cooling of melts containing 25 mol.% of
KF), were revealed in the investigation.!?!

A radically different interpretation of phase equilibria was
proposed in the publication.!?? A solid solution based on the low-
temperature orthorhombic modification of PbF,, which is stabi-
lised by the addition of potassium fluoride, was hypothesised to
exist instead of an individual phase of variable composition
(Fig. 2d). This solid solution melts according to a peritectic
reaction. The KPbF3; compound melts congruently at 500 °C,
has a homogeneity region and undergoes a polymorphic transi-
tion. According to the results of high-temperature neutron dif-
fraction measurements,'23 124 the 2 PbF, - KF composite adopts a
BCC structure of the defect anti-o-Agl type upon heating above
250 °C, which was confirmed by the results of the investigation.!!¢
This process is accompanied by a step increase in the ionic
conductivity to ~1 Q~"cm~! (this value is higher than the
conductivity of the fluorite phase), which corresponds to the
superionic state. The X-ray diffraction pattern of this composite
at room temperature is similar to that of orthorhombic PbF>, but
it was non interpreted. The homogeneity region of the BCC phase
extends from 33 mol.% to 68 mol.% of KF.!?* It should be noted
that the procedure for the preparation of samples used in the
studies 123:124 did not involve fluorination and, consequently,
oxygen contamination of these samples cannot be ruled out. The
KPbF; molecules were found in the vapour phase of the system.

PbF,—RbF. A cubic non-stoichiometric phase of the anti-o-
Agl type, which is analogous to that present in the potassium
system, was found to exist in this system (Fig. 2¢).!'%12* The
homogeneity region of the BCC phase extends from 33 mol.% to
50 mol.% of RbF, i.e., includes the RbPbF3 composite.'?* The
authors of the study !¢ believed that the RbPbF3; compound exists
in the individual state, melts congruently and is characterised by a
complicated X-ray diffraction pattern. In the investigation,!?8 this
compound was mentioned as a cubic phase with the perovskite
structure (¢ = 4.790 A). According to the results of investiga-
tions, 2% 130 the transformation into the high-temperature cubic
perovskite-type modification takes place at 206 °C. Data on the
melting points of eutectics and RbPbF; obtained in the study 3’
differ substantially from those published in the investigation.!1¢ It
was noted '3! that non-stoichiometric phases in this system have
high ionic conductivity. The RbPbF; molecules were found in the
vapour phase of the system.

PbF,—CsF. In this system, only the CsPbF; compound was
revealed.”!- 116,124,129, 130,132 According to the results of the
study,!'® this compound melts congruently and undergoes the
first-order polymorphic transition (Fig. 2f). At 145 K, this com-
pound undergoes the second-order phase transition from the
tetragonal modification to the perovskite cubic modifica-
tion.!3%:132 In the study,”’ CsPbF;-based solid solutions (up to
4 mol.% of PbF; at 520 °C and 10 mol.% of CsF at 495 °C) were
found to exist, the polymorphism of CsPbF3 being unobservable
(Fig. 2 g). The melting point (630 °C) is substantially lower than
that reported in the study ''® and could correspond to metastable

9 See A I Boltalin, A N Rykov, Yu M Korenev Zh. Neorg. Khim. 34
2617 (1989); 34 2908 (1990) [Russ. J. Inorg. Chem. ( Engl. Transl.)]

melting of the low-temperature modification of CsPbF5.'1% An
ordered perovskite structure was established for CsPbF3 in the
investigation.'?* The CsPbF3 molecules were also found in the
vapour phase (see’ and Ref. 133).

PbF,;— AgF. The phase diagram of this system constructed in
the study !3* (Fig. 2/h) does not satisfy the phase rule. The
Pb,_,Ag.F>_. solid solution is characterised by high ionic
conductivity.?

PbF,—TIF. The system was not studied, but the TIPbF;
compound with the cubic perovskite structure was described
(a =462 A).1?

IV. Systems PbF,—-MF,

PbF; - BeF; . This system (Fig. 3 a) was examined in the study.!33
Two compounds with compositions PbsBeF¢ and PbBeF4 and a
wide region of a PbBeF4-based solid solution were revealed. X-ray
diffraction data for this system were not interpreted. According to
the results of the study, 3¢ PbBeF4 crystallises in the orthorhombic
system. The Pbs;Be>F14 compound available in the JCPDS (Joint
Committee on Powder Diffraction Standards) database under the
entry number 37-1055 is erroneous, because the PbsGe,F 4 com-
pound was described in the original publication.!3’

PbF,—-MgF,. The system is characterised by the phase
diagram (Fig. 3 b) of the eutectic type.’> 13® The Pb,MgFs com-
pound was found to exist in the solid state in this system. The exact
temperature of its decomposition into components was not
determined, but it was determined that it is in the range from 510
to 670 °C.

PbF,— CaF; . An outline of the phase diagram of the system is
shown in Fig. 3 ¢.101:139 This diagram was analysed in more detail
in the investigations > 140- 141 (Fig. 3 d). The phase diagram of the
peritectic type containing solid solutions based on both compo-
nents is presented in Fig. 3¢. The peritectic temperature is
860 £ 5 °C. The limiting solubility of CaF, in PbF; increases
from 6 mol.% to 15 mol.% as the temperature increases from 510
to 750 °C. According to the results of the studies,!?- 13 the solid
solution regions based on both components cover ranges of
approximately 18 mol.% —20 mol.%. The interpretation of
numerous phase transitions presented in Fig. 3 ¢ is still an open
question.

PbF,—SrF, and PbF,—BaF,. Continuous fluorite solid sol-
utions are formed in these systems (Fig. 3 e, f).3> 140144

Continuous solid solutions were prepared by co-precipitation
from Pb and Sr nitrate solutions with HF followed by calcination
of the precipitate at 500 °C.'43 By the third law of thermodynam-
ics, continuous solid solutions should either decompose or
undergo ordering with decreasing temperature. According to the
results of two studies,>> 44 the critical solid solution temperatures
in the PbF,—SrF, and PbF,— BaF; systems are below 500 °C and
at about 450 °C, respectively.

PbF,—CdF,. A continuous solid solution formed in this
system has a minimum in the liquidus curve
(Fig. 3 g, h).>>35100,141,145-159 The coordinates of the minimum
were evaluated at 60 mol.% of PbF, and 720 °C,!%° 60 mol.% of
PbF, and 745°C'™° and 6742 mol.% of PbF, and
74545 °C,3> 141 j e, the composition corresponds to the stoichi-
ometry Pb,CdFs. The addition of CdF, to lead difluoride
stabilises the high-temperature cubic phase. The solid solution
(particularly, in the vicinity of the minimum) is characterised by
high fluoride ion conductivity.>-3%131-157 The solid solution can
undergo ordering at low temperature.!37- 158

Systems of PbF; with Mn, Fe, Co, Ni, Cu and Zn difluorides
were studied 4% 146 by DTA and powder X-ray diffraction anal-
ysis of samples synthesised in platinum tubes (Fig. 4). In all
systems, the PboMFs compounds were revealed. In the case of
M = Mn, Fe, Co, Ni and Zn, these compounds have a tetragonal
fluorite-like structure similar to the Ba,MFg structure but with the
doubled a parameter of the tetragonal unit cell. The PboMnFg
compound exhibits antiferromagnetic (7n =30+1 K) and
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Figure 3. Phase diagrams of the PbF,—BeF; (a),'*> PbF,—MgF, (b),%> 138 PbF,—CaF, (c),'°1139 PbF,—CaF; (d),>>!40 PbF,-SrF, (e),3% 140

PbF, - BaFs (f),55 14 PbE, - CdF; (g) > 4! and PbF, -~ CdF; (h) 1% systems.

(1) DTA data, (2) powder X-ray diffraction data, (3) calculations using a model of an ideal liquid solution.

superionic (~ 500 K) properties.!#” Not only PboMnFg but also  phous phase prepared by rapid (10¢ K s—!) quenching of a melt in
PbMnF,4 was found in products of crystallisation of an amor- the PbF,—MnF, system. %3
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The Pb,CuF¢ compound crystallises in the monoclinic sys-
tem.!46:14% Judging from the phase diagram reported in the
study,!#® the starting CuF, compound presumably undergoes
partial pyrohydrolysis (Fig. 4e¢).

PbF;—SnF, . The PbSnF4 compound is formed in this system
(Fig. 5).10-12,160-176 The superionic conductivity revealed in this
compound '° gave impetus to extensive experimental studies. The
PbSnF4 compound is characterised by complex polymorphism.
The following scheme of polymorphism was proposed: 63166

o-PbSnFa | o) 350 °C 380 °C
—— B-PbSnF;, —> p'-PbSnFy —>

o/ -PbSnF,

390 °C
—> y-PbSnF4 —> melt.

The high-temperature y modification has a cubic fluorite
structure; the B and B’ modifications have tetragonal structures,
the o and of modifications belong to the monoclinic system. A
somewhat different scheme was published in the study 03 (without
monoclinic phases). A monoclinic distortion of the tetragonal
lattice was observed below room temperature.!’> The crystal
structure of PbSnF,4 was solved in several studies.!70-171.173.174
The investigation '° provided evidence for the existence of a
PbSnF4-based homogeneity region.'®® The influence of the syn-
thesis condition on the character of distortions of the fluorite
lattice in samples of PbSnF4 was examined.!”>

A PbF;-based cubic solid solution containing ~20 mol.% of
SnF; exists in the PbF,—SnF, system. In addition, a series of

fluorite-like phases were revealed in the solid state in the region of
30 mol.% — 50 mol.% of SnF,.1®
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Figure 5. Phase diagram of the PbF,—SnF; system.

(1) unpublished data of T Yu Glazunova, A I Boltalin (Moscow State

University) and P P Fedorov, (2) according to the results of the stud-
ies, 10. 164,169,174
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The PbSnF,4 compound melts incongruently at 370 °C. The
liquidus temperature for this composition is 520 °C. The com-
pounds which were reported in the study '%° based on the DTA
data, are apparently artefacts. A phase with the fluorite structure
was prepared 73 by quenching a melt with composition PbSnsF g .
This phase rapidly decomposes at room temperature. The thermo-
gram of this sample shows reversible effects at 190 (non-variant)
and 280 °C (monovariant), which agrees well with the phase
diagram shown in Fig. 5.

PbF,— PdF,. The PbPdF4 compound (the tetragonal system,
the K[BrF4] structure type) was synthesised at 820 °C by the
reaction of PbF, with PdF> in a gold bomb.!7”

V. Systems PbF, - MF;

The common characteristic feature of the PbF,— MFj; systems is
the formation of the heterovalent solid solutions Pb; _ M F>
and ordered fluorite-like compounds.

PbF,—BF;. Two compounds, viz., Pby(BF4)F3; and
Pb4(BF4)F7, exist in this system. These compounds were prepared
by the reaction of BF3 with PbF,.178:17% Two allotropic modifica-
tions of Pbys(BF4)F3 are formed by the reaction of BF; with
orthorhombic and cubic PbF,.

PbF; - AlF;. The system was studied in detail 6> 180197 The
cubic solid solution Pb; _  AlF>+ ,» with a limiting concentration
of ~10 mol.% — 12 mol.% of AlF3 was revealed in this system by
several research groups.!80-181,183.184,191 Thig solid solution is
characterised by high fluoride ion conductivity. In addition to
the solid solution, the PbAIFs (the tetragonal system, the SrAlFs/
BaFeFs structure type), PbAl,Fg and PboAl,F»4 compounds were
found to exist in the solid state at 550 °C.181-182 However,
examination of the phase diagram (Fig. 6 a) revealed only one
incongruently melting intermediate compound with composition
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Figure 6. Fragments of the phase diagram of the PbF,— AlF3 system.
(a) according to the results of the study,!? () according to the results of
the study. !4

Pb;ALF2,'8 whose powder X-ray diffraction pattern is similar to
that of PbAIFs.!81 A careful reinvestigation of the phase dia-
gram '8¢ (Fig. 6 b) confirmed the Pb3AlF;, composition of this
compound. In addition, the PbgAl,F24 compound, which was
described in earlier publications,!8!- 182 was revealed. In the solid
state, the latter compound decomposes according to a peritectoid
reaction, whose temperature is close to the eutectic temperature.
The PbAILFs compound was not observed.

The tetragonal phase in the PbF,—AlF; system and its
analogues in the M'F,—MFj3 systems (M’ = Pb, Sr, Ba; M = Ti,
V, Cr, Fe, Ga) attract interest because of detection of ferroelectric
phase transitions.!8> 192 This transition was observed in PbAIFs at
312 °C.192 The composition of the tetragonal phase was refined in
the study.'® The existence of the PbsAl3Fi9 compound was
postulated by analogy with the chromium analogue, whose crystal
structure was established. The PbsAlsF9 compound was prepared
(along with analogues for Ti, V, Cr, Fe and Ga) by solid-phase
synthesis. The parameters of the tetragonal unit cell of PbsAl3F 9
determined in the study!®3 are similar to those reported for
PbAIFs.!8! For this compound, a ferroelectric phase transition
was revealed at close to room temperature. It should be noted that
the phase transition temperature determined for PbsAlsF 9 differs
substantially (by 300 °C) from that of PbAIFs.'85-192 This indi-
cates that either different compounds were studied or the research-
ers dealt with non-stoichiometry of the same phase.

Later on, the coordinates of the peritectic and eutectic
equilibria in this system were reproduced with a good accuracy
(£3 mol.%, +£10 °C).'8¢ Single crystals of an incongruently
melting compound were grown from a flux containing an excess
of PbF,. It was determined that this compound has the compo-
sition PbsAl3F 9 . An investigation of these single crystals revealed
a monoclinic distortion of the tetragonal unit cell. Further studies
of the crystal structure of PbsAlsF;9 did not clarify this problem.
For example, different space groups were reported for these
crystals.!88-190 Investigations of other compounds of the ferro-
electric family PbsM3F 9 showed that doubling of the « parameter
is typical of high-temperature paraelectric phases.!8?

The compound with composition PbsAlF > was prepared by
hydrothermal synthesis. However, this phase differs in the pack-
ing of octahedra.!86

PbF,— GaF3. The system (Fig. 7) has the fluorite-type solid
solution Pb;_Ga,F>+y (0 < x <0.11) and three intermediate
phases, 82198 yiz_ the congruently melting Pb3(GaFg)> phase and
the incongruently melting PbGaFs and PboGa,F»4 phases (in the
study,'8? the latter phase was denoted as the B phase with the
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Figure 7. Fragment of the phase diagram of the PbF,— GaFj3 system.!%%
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range of existence of ~20 mol.% of GaF3). The PbyGasF»4 phase
has a distorted fluorite-like lattice. The structural model for this
phase was proposed in the study.'® The Pb3(GaFg), compound is
transformed into the ferroelectric state at 347 °C.200

The PbGaFs compound was found'®? to undergo a ferro-
electric phase transition at 312 °C. The formula PbsGasF ;9 was
proposed 185 for the tetragonal phase by analogy with other
ferroelectric compounds. This composition is intermediate
between Pbs3(GaFg), and PbGaFs.182 According to the results of
two studies,!$5290 PbsGa3F19 and Pb3(GaFg), have the same
phase transition temperature. Apparently, the authors studied
the same sample, to which different compositions were assigned.
The same statement is true for other Pbi(MF¢)2 compounds,
where M = Ti, Fe, V or Cr (for M =V, the difference in the
temperature is 4 K; for M = Cr, the difference is 5 K). This
problem requires additional investigation. The position of the
maximum in the liquidus curve for Pb3(GaFe)> (see Ref. 198)
corresponds to the composition containing 40 mol.% of PbF>.
The phase equilibria in the PbF,—GaF3 system unambiguously
indicate that there are at least two compounds. The difference in
the phase transition temperature determined for Pb3(GaFg) in
two studies 198200 is substantially larger than the experimental
error.

PbF,—InF3. The system was studied by several research
groups.!82,201-203 A fragment of the phase diagram of this system
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Figure 8. Phase diagram of the PbF,—InF; system;

(@) according to the results of the study,?°! (b) according to the results of
the study;?°® (/) DTA data, (2) single-phase samples, (3) two-phase
samples (according to the results of the solid-phase synthesis and powder
X-ray diffraction analysis); the numbers at the curves indicate the temper-
ature in °C.

is shown in Fig. 8 a. The fluorite-type Pb;_ In.F> . solid sol-
ution and the Pb,InF; and PbsInsFa9 compounds were observed
in this system. In the study,?®! the composition PbslnsF2, was
reported instead of Pb;InsFay.'82 The limiting concentration of
the solid solution is x = 0.25; a = 5.82 A.20! After quenching, a
tetragonal distortion with metastable ordering was observed at
x = 0.25. The Pb;InsF29 compound melts according to a peritectic
reaction at 525 °C. The phase diagram shown in Fig. 8 b agrees
satisfactorily with the results of the study.?°! The difference is that
a small homogeneity region was revealed for the PbsInsFag
compound in the study?°! and thermal effects were interpreted
differently: the temperature of 525 °C corresponds to a eutectic
rather than to decomposition of the PbsInsF29 compound, which
melts according to a peritectic reaction at 53545 °C. The ionic
conductivity of phases in this system was studied.?’> The structure
of the solid solution was investigated by NMR spectro-
scopy. 204,205

PbF,—ScF3. The system is of the eutectic type (Fig. 9) with-
out the formation of compounds.® The Pb;_,Sc.F>+ solid
solution (0 < x <0.16), which exhibits high fluoride ion conduc-
tivity, was described.®7-%- 12
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Figure 9. Phase diagram of the PbF,— ScFj3 system.?

(1) DTA data, (2) single-phase samples, (3) two-phase samples (according
to the results of the solid-phase synthesis and powder X-ray diffraction
analysis).

PbF,—RF3 (R=Y, La—Lu). A series of PbF,-containing
systems with rare-earth fluorides were investigated %> 28- 105,206 -208
by DTA and powder X-ray diffraction analysis of annealed and
quenched samples (Fig. 10). Similar results were obtained in
studies of phase equilibria in the solid state.29%-219 The
Pb;_+R F2 1« solid solutions with the fluorite structure exist in
these systems. The character of melting of these solid solutions
changes from peritectic (LaF3— EuF3) to eutectic with a maximum
in the melting curve. The phase diagram of the PbF,—GdF;
system is very similar to that of the transition type. A change in the
coordinates of non-variant transformations in the PbF,—LnF;
systems in a series of rare-earth elements is shown in Fig. 11.
Trigonal fluorite-like PbsR3F;7-based phases are formed in sys-
tems involving RF; (R = Sm—Lu, Y) (Fig. 12). Their stability
increases with decreasing ionic radius of R3*.28,206,210.211 The
regions of existence of the cubic solid solutions Pb; _ (R F>+  are
limited by the PbsR3F,7 compounds. The precision lattice param-
eters of PbyR3F;; were determined.?'? An investigation of the
crystal structure of PbsY3F 7 revealed oxygen contamination of
the samples corresponding to the formula PbgY¢F3,0.210 In
addition, phases with a tetragonally distorted fluorite lattice
were observed. A tetragonal distortion for the phase containing
~48 mol.% of YF; was observed.?®” A similar phase was
demonstrated ?*° to have the composition Pb,YF;. Dissolution
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Figure 11. Changes in the temperatures of nonvariant equilibria (a) and
compositions of the phases involved in these equilibria (b) in the
PbF,—RF; systems (R = La—Lu);!03

(a): (I) a eutectic, (2) the maximum in the melting curves of the
Pb;_ «R\F2, solid solution with the fluorite structure (phase F), (3) and
(4) the upper and lower limits of stability of a phase of variable
composition with the tysonite structure, (5) peritectic melting of the
phase F, (6) the upper temperature limit of stability of the PbsR3F;7
phase; (b): (/) the composition of the melt involved in the peritectic
equilibrium, (2) the limiting concentration of the Pb;_, R F> . solid
solution, (3) the composition corresponding to the maximum in the
melting curve of the phase F, () the composition of the eutectic.

of PbF, in RF3 (R = La—Gd) afforded trigonal solid solutions
with the LaFs-type (tysonite-type) structure. For R = Tb—Ho
and Y, berthollide phases of variable composition with the
tysonite structure occur. The regions of existence of these phases
decrease with decreasing ionic radius of R3*. The electrical

Yb Er
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Figure 12. Decomposition temperature of the Ca,RF7 (7), CagRsF3; (2)
and PbsR;3F;;7 (3) compounds vs. the ionic radius of R3* (equation
T = 1430]r —1.23]0:991) 105,211

conductivity and defect structures of the Pb;_ R F». solid
solutions were investigated in detail 4 ¢~9-205,213-216

PbF,—MF3 (M = Ti, V, Cr, Fe). These systems are similar to
the PbF,—MFj; systems with M = Al or Ga .!82 185 [n addition to
the fluorite solid solutions, fluorite-like phases with an ortho-
rhombically distorted structure derived from the fluorite structure
were revealed for systems with M = Ga, Ti, V, Cr and Fe. For
M = Ga and Cr, x = 0.20, the doubled unit cell of fluorite under-
goes an orthorhombic distortion.'®? In the study,'®® it was
hypothesised that excess anions in ordered anion-excess fluorite-
like phases are located in the seven-vertex polyhedra [MF7], which
form various parallel structures of zigzag chains incorporated into
the fluorite lattice. One-dimensional clusters formed by chains of
the [MF7] polyhedra can be considered as basic structural units for
the homologous series Pb,M»F>,+¢ (n = 2). For titanium, n = 3;
for vanadium, n = 4; and for gallium, n = 5. An analogous
situation was observed also for ordered fluorite-like phases in
the PbF,— MF, system (see the next section).

PbF,—-TiF3. Solid-phase equilibria were partially studied at
500 °C.182.217 The Pb; _,Ti F2 + , solid solution with the fluorite
structure at 0 < x < 0.15, an ordered B phase with an ortho-
rhombically distorted fluorite structure at 0.25 < x < 0.26 12 and
the Pbs(TiFe)> compound belonging to the tetragonal system were
found to exist in this system. In the publication,'®> the composi-
tion PbsTizF g rather than Pbs(TiFe), was assigned to the ferro-
electric phase.

PbF,—-VF3. Phase equilibria in this system were investi-
gated.!82.218.219 The phase diagram is shown in Fig. 13a. The
Pb; _ . V.F> 1 solid solution with the fluorite structure exists at
0 <x<0.15 (see Refs 182 and 218) or 0 < x<0.22 (see
Ref. 219). An ordered fluorite-like phase characterised by an
orthorhombic distortion of the cubic lattice exists in this system
in the range of 27 mol.% —28.5 mol.% of VF3.'82218 In the
study,?!® the composition PbyVF;; was assigned to this phase,
the phase undergoing a polymorphic transformation. The high-
temperature modification has a homogeneity region. The struc-
tural model for this phase was described in the study.!®® In
addition, the system contains a tetragonal phase. The data on
the composition of this phase (in spite of similar unit cell
parameters) are contradictory (analogously to the system with
aluminium trifluoride). For example, the composition PbVFs was
assigned to this phase in the study, 2'® where it was mentioned that
this phase melts congruently at 566+ 7 °C. By contrast, the
composition Pbi(VF¢)> was proposed for this phase in the
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Figure 13. Phase diagrams of the PbF,—VF; (a) 2! and PbF,—CrF; (b)
systems.220

studies, 8221 the compound undergoing a polymorphic trans-
formation and the character of melting being intermediate
between congruent and incongruent (see Fig. 13a). The same
composition was reported in the investigation.?°° However, this
composition was corrected to PbsV3Fi9 in the more recent
study.!$>

PbF,—CrF3;. The system was studied in-depth
(Fig. 13 5).182:185,193,220-222 The Pb;_ Cr,F,+, solid solution
with the fluorite structure at 0 < x < 0.12 and two compounds,
PbsCrF;; and Pbs(CrFe),, were revealed in this system. The
character of melting of Pbs(CrFg), is intermediate between con-
gruent and incongruent. The composition of the Pbs(CrFs),
compound was refined '35 193-222 based on results of X-ray dif-
fraction analysis, and the compound was found to have the
composition PbsCr3;F g rather than Pbs(CrF)- .

PbF;—FeF3. The solid-phase equilibrium in the system was
studied at 500 °C.182:223 The Pb;_Fe,F» . solid solution with
the fluorite structure at 0 < x < 0.17, the new Pb;_ Fe.F>,
phase with an orthorhombically distorted fluorite structure at
0.26 < x < 0.27 and the Pbs(FeF¢), compound belonging to the
tetragonal system were found to exist in this system. In the
study, 185 the composition PbsFe;F19 instead of Pbs(FeFg), was
assigned to the ferroelectric phase. The Pbs(FeF¢), compound was
prepared by hydrothermal synthesis,?** but this was another
phase, which belongs to the triclinic system and contains the
ring-like [Fe4F0]® ~ tetramers consisting of the (FeFg)*~ octahe-
dra.

PbF,—SbF3. Solid-phase equilibria in this system were
studied at 250 °C.225 The Pb; _,Sb,F> . solid solution with the

fluorite structure at 0 <x < 0.40 and the Pb>SbsF;3 compound
were revealed. The structure of the latter compound was not
established.

PbF,—BiF3;. The system was studied by several research
groups.?20-230 The phase diagram of the system is shown in
Fig. 14. The following two phases of variable composition exist
in this system: the fluorite solid solution Pb; _ \BiF>+  based on
high-temperature PbF, with a maximum in the melting curve at
~25mol.% of BiF3; and 890 °C and the berthollide phase
Bi;_,Pb,Fs_, with the tysonite structure. The homogeneity
region of Pb;_,Bi,Fs+, extends up to 50 mol.% of BiF;.>%¢
However, the dependence of the lattice parameter on the compo-
sition (a linear decrease up to x = 0.3 followed by concentration
independence) is abnormal. A careful X-ray diffraction
study 227-228 showed ordering and the formation of the PbBiFs
compound with a tetragonally distorted structure. The homoge-
neity region of the tysonite phase is 0.05 < y < 0.25 (see Ref. 230)
or 0.075 < y < 0.175 (see Ref. 228). The polymorphic transition
for BiF3 described in the study 23 is indicative of possible oxygen
contamination because no polymorphic transformations are
observed in pure BiF;.231-232
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Figure 14. Phase diagram of the PbF,— BiF3 system.23¢

PbF,—RhF3. The system was not studied, but the PboRhF7
compound was synthesised.?33234

VI. Systems PbF,—-MF4

PbF,—UF4. The phase diagram of the system (Fig. 15 a) has two
maxima in the liquidus curve, which were assigned to the
formation of compounds. The homogeneity regions are absent.
The interpretation of compositions in the region of high PbF»
concentrations was found to be erroneous.?3%237 The reinvesti-
gation (Fig. 15b) revealed the Pb;_,U.F>12, solid solution
(0 mol.% —25 mol.% of UF,4), which has a maximum in the
liquidus curve at 923 °C corresponding to the composition
Pbo ssUo.15F2.3.238-239 In addition, a phase of variable composi-
tion with the tysonite structure (45 mol.% —50 mol.% of UF,)
was observed. The maximum in the liquidus curve of the solid
solution at 836 °C corresponds to the composition
Pbo.ssUo.45F29. The phases formed in the system under consid-
eration are characterised by high fluoride ion conductivity.?3%-240
In the Pb; _ .U, F2 2. solid solution, a decrease in the temperature
and diffusion of the Faraday phase transition are observed with
increasing concentration of uranium fluoride.

PbF,—ThF4. The system was studied with the aim of revealing
ion transport. There is evidence for the existence of the
Pb;_ThyF> 2, solid solution (0 < x < 0.2) with the fluorite
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Figure 15. Phase diagram of the PbF,— UF, system.
(a) according to the results of the study;?3% () according to the results of
the study.238

structure.?#!-242 The PbThF¢ compound with the tysonite struc-
ture was synthesised.’®-243 In this compound, a substantial
amount of PbF, can be dissolved.?*! The mobility of fluoride
ions in PbThF¢ was investigated.?**

PbF,—ZrF4. The system was examined by several research
teams.19%-243-251 The phase diagram of the system is shown in
Fig. 16. The system contains the congruently melting PbZrFe
compound, the incongruently melting PbsZrF;y compound and
the cubic solid solution Pb;_,ZrF2+2, (0 < x <0.18), whose
structure undergoes ordering with decreasing temperature.*$
Like Pb3ZrFio (n = 6),'? the monoclinic pseudotetragonal fluo-
rite-like phase (¢ ~ ar, b ~ ¢ ~ 3ar) with approximate composi-
tion PbsZrF 4 is apparently a member of the homologous series
Pb,R>F>,+3 (n = 10). Ordering is based on formation of one-
dimensional infinite clusters consisting of the ZrFg antiprisms.

A phase formed in the temperature range of 510 <7 < 560 °C
at 0.34 < x < 0.35 was interpreted 2#® as a series of microphases,
which can be described as orthorhombic superstructures with the
unit cell parametersa ~ n-10,b ~ 11.6, ¢ ~ 5.4 A. Thecasen = 3
corresponds to the Pb,ZrFg compound.

According to the results of the study,?3! ZrF, is characterised
by polymorphic transformations, which is apparently indicative
of oxygen contamination.?2

The PbZrFs, PbsZrF 4 and Pb,ZrFs compounds were syn-
thesised by the reactions of solutions of ammonium fluorozirco-
nates with lead nitrate.?33 24

T/°C

900

700
Pb3ZrFi0+ PbZrFg

500 -

PbZrFe+ ZrF,

1 1 1
PbF, 30 50 70
mol.%

ZI‘F4

Figure 16. Phase diagram of the PbF,—ZrF4 system constructed based on
the unpublished data of V. K Goncharuk, G D Lukiyanchuk (Institute of
Chemistry, Far-East Branch of the Russian Academy of Sciences) and
P P Fedorov taking into account low-temperature equilibria published in
the study.?*®

PbF,—GeF4. The system has'37 the Pb;_,Ge,F,+ 2. solid
solution with the fluorite structure in the concentration range
0 < x <£0.08 and the Pb3;GeF;o, Pb3Ge,F 4 and PbGeF¢ com-
pounds. The liquidus of the system was not studied.

PbF,—SnF4. An analogous solid solution at 0 < x < 0.10 and
one PbSnFs compound exist in the system.!37 The liquidus of the
system was not examined. The ionic conductivity of
Pb; _Sn,F, >, was examined.?>>

PbF,—TeF,. The system was investigated 2°¢ with the aim of
revealing ionic conductivity in the solid state at 200 °C (TeF4
decomposes above 193 °C). The PbF-based solid solution
Pb;_,TeF>4 2 was found to exist at 0 < x < 0.2. The lattice
parameter sharply non-linearly increases as x increases to
~6.05 A. The PbsTesF30, PbTeFs and PbTesFio compounds
were also mentioned, but their characteristics were not reported.

A series of compounds of lead difluoride with tetravalent
metal fluorides were synthesised: PbCeFs, PbNpFs,2** PbPbF,
(PbF3) 257 and PbPtF.258

VII. Systems PbF,—-MFs5

PbF,—NbFs. Interactions in this system were examined in
detail 220 (Fig. 17). Five compounds formed at the NbFs/
PbF; ratios of 4/1, 5/2, 2/1, 1/1 and 1/3 were revealed.

PbF,—TaFs. The system was partially studied by DTA and
X-ray diffraction analysis of annealed samples.?! In the range
0 < x < 0.14, the Pb; _,Ta,F> 1 35 solid solution with the fluorite
structure exists. The lattice parameter of this solid solution
changes from 5.940+0.005 for x =0 to 5.946+0.005 A for
x = 0.14. Annealing of samples from 0.14 < x < 0.15 at 400 °C
demonstrated the presence of a low-temperature phase with the
idealised composition PbgTaF;7 (x = 0.143), which is trans-
formed into the high-temperature modification at 460 °C. The
ordered fluorite-like PbsTaF;; phase exists at x = 0.25.

The PbAs;Fi» and PbSbyF;» compounds were synthes-
ised.262.263 The coordinates of eutectics in the PbF,— MF,, binary
systems and characteristics of the compounds formed in these
systems are given in Tables 1 and 2, respectively.
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Table 1. Coordinates of eutectics in PbF,—MF,, systems.

MF, [PbFs] (mol.%) T/)°C Ref. MF, [PbF] (mol.%) T/)°C Ref.
LiF 60 580 109 AlF3 78 560 186
6242 583+£5 110 GaF; 72.3,55.5 550, 605 198
NaF 64 510 110 InF; 58 525+£5 203
66 520 116 ScF3 7442 685+£5 9
KF 42 465 116 YF; 49 885 105, 206, 207
RbF 55,32 550, 485 116 GdF3 58 1033 105, 206
65, ~36 501, 457 37 TbF3 56 991 105, 206
CsF 71,28 565, 500 116 DyF3 52.5 967 105, 206
72,28 520, 500 91 HoF3 50 925 105, 206
BeF> 79, ~68; ~8 471, 465, ~ 527 135 ErF3 50 900 105, 206
Mgk> 11+£2 740+ 5 138 TmF3 52 880 105, 206
MnF; 60 588 146 YbF; 51 842 105, 206
FeF» 72, 60 620, 623 146 LuF3 47.5 807 105, 206
CoF» 78 655 146 VF; 70, 59 540, 620 219
NiF» 82.5 708 146 CrF3 74 561 220
ZnF, 71.5, 54 600, 603 146 74 571 221
CukF> 71.5, 54 600, 603 146 BiF; 30 745 230
SnkF, 10 200 see? UF,4 60, 30 820, 732 238
AlF3 76.5 570 180 ZrF4 62,35 530, 538 see®
71.5 565 184 NbFs ~2 78 260
aSee Fig. 5. P See Fig. 6.
T/°C T/°C
800
800
600
600
400 L+ F+NaF
400
200
I
I
200 W 1 1 1 1
Pbo_67cdo,33F2 20 40 60 80 NaF

NbFs  4/1522/1 1/4 1/3

mol.%

PbF;

Figure 17. Phase diagram of the PbF,—NbFs system.260

VIII. Ternary systems involving PbF»

Numerous compounds involving PbF, were synthesised 264271
(see Table 2). Data on phase equilibria in the corresponding
systems are scarce.

NaF - PbF,— CdF, . The system was examined > 272 using the
NaF —Pby ¢7Cdo 33F> section passing through a minimum in the
melting curves of the phase diagram of the PbF,—CdF; system
(Fig. 18). Sodium fluoride was found to be readily dissolved in a
fluorite matrix, the solubility being as much as 16 mol.%.

NaF - PbF, - BiF3 . Phase equilibria in the system were studied
at 400 °C (Fig. 19). The system has a band of a continuous solid
solution F between a non-stoichiometric fluorite phase in the
NaF - BiF; system and the Pb; _ \Bi,F> + \ solid solution based on
cubic PbF; as well as the NaBiF4 phase with the gagarinite

mol.%

Figure 18. Polythermal section NaF—Pbge7Cdo33F> of the NaF-
PbF,—CdF; ternary system.>%-272
(1) DTA data, (2) single-phase samples (powder X-ray diffraction data).

structure (NaNdF4) characterised by a narrow homogeneity
region. A change in the lattice parameter of the ternary solid
solution does not follow Vegard’s law. Apparently, a melt was
present in the concentration triangle formed by the NaF — F—Na-
BiF4 phases at the experimental temperature (400 °C). Non-
stoichiometry is typical of compounds with the gagarinite-type
structure. Phases with the idealised composition KPbRFg
(R = REM) belong to this family (see Table 2).

RbF - PbF,—BiF5. The melting points of a number of compo-
sites in the system were determined 3’ (Fig. 20). These results
provided evidence for the existence of the congruently melting
RbPbBiF¢ compound.
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Table 2. Selected characteristics of compounds involving lead difluoride.
Compound Crystal system, Unit cell parameters VA Density Transforma-  Ref.
structure type, /g cm—3 tion tempera-
space group a /A b /A ¢ /A o, f,7 ture /°C
/deg exper- calcula-
iment tion
K0A33Pb0,57F1A67 cubic, 46655(1), 2 — — — 123
Im3m at 673 K
KPbF; — — - - - — — — 298.5 (p) 120
K4PbFs trigonal, R3¢ 9.6 12.3 — 4.07 3.93 475 (i) 116
Rbo_g}Pbo,mF]_(ﬁ cubic, Im3m — 2 — — — 124
RbPbLF; — — - - - — — - 560 (c) 116
— — - — - — — — 524 (c) 37
cubic, Pm3m 4.790 1 — — — 128
a-CsPbF3 the same 4.800 1 — — 615 (p) 116
- — - - - — — - 725 (c), 91
630 (c)
TIPbF; cubic, Pm3m 4.62 1 — — - 129
PbBeF4 orthorhombic, Pnma 8.310 5.350 6.370 — — 6.853  585+5(c) 135, 136
Pb,BeFs — — — — - — — — 482+ 5(c) 135
PboMgFs tetragonal, P4>/nbc  7.93 16.15 8 <670 (d) 138, 141
PboMnFe the same 7.98 16.92 8 7.10 7.19 592 (i) 145, 146,
147
Pb,FeFq " 7.97 16.66 8 7.25 7.33 628 (¢) 143, 144
Pb,CoF " 7.92 16.46 8 7.50 7.56 670 (i) 143, 144
Pb,NiF, " 7.88 16.22 8 7.67 7.74 738 (1) 143, 144
Pb,ZnF¢ " 7.92 16.33 8 7.63 7.70 613 (c) 143, 144
Pb,CuF, monoclinic, 72/m 4.04+£0.01 15.80+£0.02 4.04+0.01 91.3+0.1 2 7.55 - 618 (c) 145,146
PbSnF4 tetragonal, 4.20+0.02 11.36 0.1 2 - 6.65 - 160
P4/nmm 4.2196 311.415 2 6.60 - - 163
the same 4.215(3) 11.744(32) 2 - — - 172
" 4.2262(3) 11.4407 2 — - - 173
B-PbSnF4 tetragonal, 4.193 22.83 4 - — - 165
P4/n, P4/nmm
B-PbSnF4 tetragonal, 5.969 51.50 18 — — - 165
P4y/n, P4>/nnm
PbSnF4 tetragonal, 16.834 23.063 64 — — — 163
o-PbSnF4 monoclinic, P2/n 4.204 4.205 11.414 91.34 2 — — - 165
monoclinic, 4.1860(8)  4.1849(8) 11.3806(10) 90.724(6) 2 — — - 173
P2/n (at 20 K)
o-PbSnF4 monoclinic, P2,/n 4.193 22.83 91.54 4 — — - 165
PbSnF4 orthorhombic, 4ba2 22.845(2)  5.850(2) 6.021(2) 8 — 6.63 - 170
Pby.7Sng.3F4 tetragonal, [41/acd ~ 5.923(4) 105.87(2) 72 — — - 169
Pbo.¢Sng 4F4 the same 5.962(4) 80.54(2) 56 — — - 169
PbPdF,4 tetragonal, 5.837 10.833 — 6.80 6.92 - 176
14, K[BrF4] type
PbALFg — — — — - — 482+5 614 +20 (i) 181
PbAIFs tetragonal, /4 14.25 7.230 — 5914+£5 5965  618+20 (i) 181, 182
— — — — - — — — 312+ 10 (p) 192
PboAlF24 — — - — — — 7.30+5 560+ 12 (i) 181
- — - - - — — - 555+10(d) 184
PbsALF» tetragonal, 14/m 14.23 7.20 6 6.47 649 (i) 180
— - - - — — — 665+ 10 184
Pbs;ALF» monoclinic, P2,/n 9.435(6) 9.610(5) 10.100(9)  90.59(5) 4 6.55 187
PbsAlzF 9 tetragonal, /4 20.174(15) 7.220(5) — 6.720 12 (p) 185
monoclinic 14.23 14.51 7.22 92 4 6.62 — 660 (p) 186
tetragonal, P4/n 20.17 7.22 — 6.60 6.681 - 188
tetragonal, /4/m 14.28 7.227 - 6.60 6.656  — 189
tetragonal, [4cm 14.07 7.300 — 6.60 6.793 - 190
PbGaFs tetragonal, /4 14.42 7.30 16 — 6.45 630 (i), S10 (p) 198
— — - — - — — — 312+ 10 (p) 192
tetragonal, /4 14.485 7.324 16 — — — 182
PbyGasFo4 orthorhombic 4.172 4.205 5.905 — — — 571 (i) 198
Pbs(GaFg)» tetragonal 14.26 7.39(5) 6 6.67 626 £ 5, 395 (p) 198
the same 14.349 7.443 6 — — - 192, 200
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Table 2 (continued).

Compound Crystal system, Unit cell parameters Z  Density Transforma- Ref.
structure type, /g cm—3 tion tempera-
space group a /A b /A ¢ /A o, f,7 ture /°C
/deg exper- calcula-
iment tion
PbsGasF 9 tetragonal 14.361(10) 7.441(5) - = 6.952 372 (p) 185
PbyInF; monoclinic, P2/c 5.616(3) 12.452(6) 8.416(4) 90.25(5) 4 745 7.47 465 (d) 201, 202
Pb7InsFa monoclinic, C2/¢ 24.580(5)  37.917(6) 8.026(3) 90.74(5) 12 6.82 6.86 535 (1) 201-203
PbsSm;F7 trigonal, R3 10.9551(3) 20.283(1) 42 - 7.58 - 209
the same 10.9463(8) 20.326(2) - = - — 212
" - - - - - - - 680+ 10 (d) 105, 211
PbsEusF,7 " 10.9237(4) 20.227(1) 42 - 7.66 — 209
PbsGd;F 7 " 10.904(1) 20.173(4) 42 - 7.79 - 209
" 10.9012(8) 20.187(3) - = — — 212
" — - - = - 785+£10(d) 105, 211
PbsTbsF ;7 " 10.856(2) 20.071(4) 42 - 7.92 — 209
" - - - - - 819+ 10 (d) 105,211
PbsDysF 7 " 10.826(2) 20.094(6) 42 - 8.01 — 209
" — - - = - 835+£10(d) 105, 211
PbsY;F7 " 10.814 19.931 42 — — 845+10(d) 105, 207,
" 10.816(2) 19.942(5) - = 6.99 — 209
PbsHosF 7 " 10.825(1) 19.967(3) 42 8.10 — 209
" — - - = - 860 £ 10 (d) 105, 211
PbsEr;F 7 " 10.766(1) 19.891(4) 42 — 8.25 — 209
" 10.8108(3) 19.963(1) - = - — 212
" - - - - - 865+ 10 (d) 105, 211
PbsTmsF ;5 " 10.724(2) 19.905(7) 42 - 8.34 — 209
" 10.7928(6) 19.913(1) - - - - 212
" — - - = - 860 £ 10 (d) 105, 211
PbsCbsF 7 " 10.7459(8) 19.854(3) 2 - 8.38 — 209
" 10.7691(5) 19.856(1) - = - — 212
" — — — — — 850+ 10 (i) 105, 211
PbsLusF,7 " 10.7037(8) 19.848(2) 42 - 8.48 — 209
" 10.7524(6) 19.8794(2) - - - - 212
" — - - = - 825+ 10 (i) 105, 211
Pb,YF, tetragonal, 4, I4/m 4.0799(7) 17.392(4) 2 - - - 209
Pbs(TiFe)2 tetragonal, 14, 14, I4/m  14.576 7.424 6 598 5.969 575+15(¢) 182,217
the same — — 6 — — 557+15,422 (p) 200
PbsTisF o — 14.560(10) 7.405(5) 4 - 6.442 422 (p) 185
PbVFs tetragonal, 14, I4, I4/m  14.510 7.444 16  5.99 5.988 566+7(c) 218
PbsVFy, — — — — - = — 552 (1), 400 (p) 219
Pb3(VFs)2 tetragonal 14.26 7.414 6 6.12 - 620 (c), 370 (p) 219
the same 14.510 7.444 - = — 602+ 1,361 (p) 182,200
PbsV;F " 14.485(10) 7.420(5) 4 - - 357 (p) 185
Pb4CrF, — — - — — - = — 592 (i) 220, 221
Pbs(CrFe), tetragonal, /4, I4, I4/m  14.38 7.41 6 - - 672 (c) 220, 221
— — — 6 — — 683+2,277 (p) 200
the same 14.424 7.417 6 - — 182
PbsCr3F 9 tetragonal, I4cm 14.384(5) 7.408(2) 4 — 6.729 272 (p) 185,193
- — - = - — 222
Pbs(FeFe)» tetragonal, 4, 14, I4/m  14.449 7.441 6 6.18 6.167 569 182,223
— — - - - - = - 583, 467 (p) 200
PbsFesFpo tetragonal, Tcm 14.420(10) 7.440(5) 4 - 6.717 467 (p) 185
PbsFesF i, triclinic, P1 7.403(2) 7.621(2) 9.890(3) 110.45(2), 2 — 6.607 224
107.98(1),
95.92(2)
PboRhF; monoclinic, C2/c 5.51(9) 11.66(8) 8.63(5) 90.94 4 - - - 234
monoclinic, P2,/c 5.569 11.85 8.832 91.00 4 6.26 6.409 — 233
PbCeFg tysonite type 7.214(1) 7.287(1) 3 - 7.01 — 243
PbUF¢ the same 7.242 7.370 3 - 8.33 836 (c) 238
" 7.245(5) 7.355(5) - = 8.33 - 243
PbThFe tysonite type 7.280(5) 7.404(5) 3 - 8.10 — 243
PbNpF the same 7.212(5) 7.360(5) 3 - 8.38 - 243
PbsZrFo orthorhombic, 10.713(3)  12.817(4) 5.909(2) 4 - — 604 £ 10 (i) 248

Cmem, Cmc2,
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Table 2 (continued).
Compound Crystal system, Unit cell parameters Z  Density Trans- Ref.
structure type, /g cm—3 forma-
space group a /A b /A ¢ /A o, f,7 tion tempera-
/deg exper- calcula-  ture /°C
iment tion
PbsZrF 4 monoclinic 5.851(1) 17.685(3) 17.743(3)  90.86 - — - — 248
PbZrFe orthorhombic, 7.549(4) 11.123(6) 5.310(3) 4 590 6.14 620 (c) 245
Cmma, Abm?2
orthorhombic, 7.54(6) 11.11(8) 5.30(8) — — - — 246
Cmma
- - - - - — - - 570 £10 (c) 248
PbSnF¢ — — - - - - — - — 237
PbGeFg R3m 7.179(3) 6.941(3) 1 — - — 237
Pb"Pb!VF¢ tetragonal, 5.201 4.523 — — — — 257
KNbFg type, Pdc2
PbPtF¢ trigonal, R3m 7.220 7.07 - = — — 258
o-PbaNbsFao cubic 13.40 — — - 304 (i) 259, 260
B-PbaNbsFag tetragonal 16.12 8.10 — — — 190 (p) 259, 260
o-PbNbyF 2 cubic 13.29 — — - 392 (i), 190 (p) 259, 260
PbNbF; - — - — — — — — 452 (), 416 (p) 259, 260
PbNbsF», — — - - - — — - 212 (i), 130 (p) 259, 260
Pb3;NbF - — - — — — — — 454 (i) 259, 260
a-PbeTaF 7 orthorhombic 4.284 4.110 41.15 2 - — 460 + 10 (p) 261
Na3zPby(BeF4)sF hexagonal, 9.531 7.028 2 — - — 264
P63/m, apatite type
K,>Pb(BeF4)» trigonal, R3m 5.455 20.50 — — — — 265
TLLPb(BeF4)» the same 5.571 21.89 — — 6.639 — 265
Rb,Pb(BeF4), " 5.558 21.35 — — — — 265
KPbLaFg hexagonal, 6.549 3.804 1 — - — 266
gagarinite type
KPbCeFq the same 6.530 3.772 I - - — 266
KPbPrF¢ " 6.516 3.751 1 — - — 266
KPbNdF, hexagonal 6.506 3.731 1 — - — 266
KPbSmF, the same 6.487 3.697 — — - — 266
KPbEuF¢ " 6.483 3.692 — — - — 266
LiPbVF¢ hexagonal, P31c, 5.23(9) 10.48(1) 2 = - - 82
LiCaAlFs type
LiPbCrF¢ the same 5.20(8) 10.44(2) 2 = - — 82
LiPbFeF¢ " 5.23(6) 10.45(2) 2 - — — 82
LiPbGaF¢ " 5.19(8) 10.42(3) 2 - - — 82
NaPbFe>Fq monoclinic, C2/¢ 7.308 12.55 7.640 93.06 — 4.865 — — 267
KPbCr,Fy orthorhombic, Pnma 9.81(5) 5.412(3) 13.93(1) 4 4.680 4.679 — 268
PbgFe;Fa4 triclinic, C1 20.11 5.597 9.44 89.750, —  7.407 - — 269
105.790,
89.38
Pbg(MnFesF14)F10 P2i/a 20.18 5.625 9.438 105.00 - 7317 — — 270
Alsz9$n9F42 P4/l’l 9255 11.30 — — — — 271

Note. The following notations are used: ¢ is congruent melting, i is incongruent melting, p is a phase transition, d is decomposition in the solid state.

NaF - PbF,— UF4 and KF — PbF,—UF4. The liquidus surfaces
for these systems are shown in Figs 21 and 22, respectively. In
both cases, solid-phase equilibria were not reported.

PbF,—CdF,—RF3. The systems were partially examined in

the studies. 33 274.275 The PbF,—CdF,-based
(Pb; —,Cd,)1 - xCexF2+ « solid solution with the fluorite structure
and the CeF3-based (Pb;_,Cd,); - CeF5_ solid solution with
the tysonite structure were found to exist in the
PbF,—-CdF,—CeF; system in the temperature range of
600-760 °C (Fig. 23).

Regions of the Pby7Cdg 33F2— RF3 polythermal sections of
the PbF,—CdF,—RFj3 ternary systems (R = Ce, Gd, Er, Lu, Sc,
Y) were investigated. 3275 These sections are similar to quasibi-
nary sections (Fig. 24). The (Pb.¢7Cdo 33)1 —xRxF2+ x solid solu-

tions (phases F') are observed in these sections. In the sections with
R = Ce and Gd, the phases F melt according to peritectic
reactions. In the section with Er, the phases F melt according to
a eutectic reaction, the melting curves of the solid solution in this
section having a maximum. This maximum is also observed in the
section with Lu, where the fluorite-like phase R containing
40 mol.% of LuF3 is involved in phase equilibria with the melt.
This character of the sections is indicative of the existence of
saddle points on liquidus surfaces of solid solutions in systems
with rare-earth elements of the yttrium group.

The PbF,—Sn,F¢ section belonging to the PbF,—SnF,—SnF4
ternary system was partially studied 23° and the boundary of the
Pb; ,,\,(Sn(l)lj Sn})YS))sz +xsolid solution (x < 0.15) with the fluorite
structure was determined.
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NaF 20 40 60 80
mol.%

BiF3

Figure 19. Isothermal section of the NaF-PbF,-BiF3; system at
400 °C.273
Samples: (/) single-phase, (2) two-phase.

RbF (792)

PbF,(820) 20 40 60 80
mol.%

BiF; (713)

Figure 20. Liquidus surface of the RbF — PbF,— BiF; system.?’
Here and in Figs 21 and 22, the numbers in the diagrams indicate the
temperature in °C.

IX. Other compounds involving fluorine and
divalent lead

Lead compounds with mixed anions, including Pb,SO4F,,
PbsSO4F 19, PboCO3F> and Pbs(PO,);F, were studied.'®? Lead
fluoride halides PbXF (X = CI, Br, I; the rare mineral matlockite
PbCIF occurs in nature) and other compounds with a more
complex stoichiometry were synthesised.276 283

Lead oxofluoride Pb,OF> is known.”®- 284 Oxofluoride phases
involving lead fluoride hold promise as solid electrolytes and
fluxes. Numerous compounds occur in the PbF,— MO, systems
[for example, with M =V (see Ref. 36) or Te (see Ref. 285)].
Many studies were devoted to phases formed in the Pb,Bi//O,F
system (see Refs 286—291) and in more complex systems.??2

UF, (1035)

900

850
NaF-2UF4 4 800
5

7

00
k 850
700 "750__ 80! 90Q
500. \

60 550 600 650 PbF, (815)

7NaF'6UF4 700

7
3NaF-3UF44
2NaF - UF4¢ 650,

3NaF:UF,4

700 A\\

YR

NaF (990) 20 750 40

mol.%

Figure 21. Liquidus surface of the NaF — PbF,— UF, system.?33

UF, (1035)

KF-2UF,4

3PbF,-2UF,
(840)

6PbF,- UF,
(910)

KF (856) 20 40 60 80
mol.%

PbF; (815)

Figure 22. Liquidus surface of the KF —PbF,— UF, system.?3>

X. Characteristic features of phase diagrams
involving PbF;

1. Formation of compounds
As a rule, both solid solutions based on the cubic modification of
PbF, and numerous compounds are formed in systems involving
lead difluoride. Generally, the formation of chemical compounds
(phases characterised by narrow homogeneity regions) leads to
limitation of homogeneity regions of solid solutions according to
the Hume-Rothery rule.??3

To gain insight into the nature of compounds formed, let
us consider the diagram presented in Fig. 25, where the
representative points of cations are shown in the generalised
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T/°C a

$ Pb; _,Cd,Ceo.1F2.1
\
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1

Cdo_gceo_le_l 0.2 0.4 0.6 Pbo_gCCo,le_l

CdF, 20 40 60 80
mol.%

Figure 23. Sections of the PbF,—CdF,—CeFj5 system;

(a) the polythermal section Cdo9Ceo 1F2.1—PbgoCeo1F2.1 (see Ref. 55),
(b) the isothermal section at 680 °C;5%-274 (1) DTA data, (2) two-phase
samples, (3) single-phase samples (according to the results of the solid-
phase synthesis and powder X-ray diffraction data).

moment T —electronegativity coordinates. This combination of
variables, which was first proposed in the study,>®* is convenient
for classification of binary salt systems according to the formation
of compounds in systems containing one constant compo-
nent.?*2% Figure 25 was constructed with the use of the ionic
radii of fluorine according to Schannon (the coordination number
is 6) 2°7 and the electronegativities according to Batsanov.??8 Some
required parameters (for example, characteristics of divalent tin)
were estimated by us.

Two regions of existence of compounds are observed in the
M —x diagram (in Fig. 25, these regions are separated by a dark
field), which is indicative of the amphoteric character of the basic
compound PbF,. Lead difluoride serves as Lewis acid and Lewis
base in the lower left and upper right regions, respectively. Lead

T The ratio of the oxidation state to the ionic radius.

difluoride exhibits very weak acidic properties. This compound
can be considered as a complex-forming agent only in combina-
tion with fluorides MF, where M is heavy alkali metal (K, Rb or
Cs) or monovalent thallium. Compounds with francium and
monovalent gold are predicted to exist. In the MPbF3; compounds
with the perovskite structure belonging to this group, lead has an
octahedral coordination. Since the phase diagram of the
PbF,—AgF system 34 is incorrect, it is necessary to study this
system in more detail.

In addition, PbF; acts as a base in numerous compounds. The
structures of this type of compounds are determined by the
structure of a complex-forming agent. Lead plays a passive role.
The structures contain constructions of tetrahedra (compounds
involving BeF>), octahedra (compounds involving aluminium,
iron, chromium, efc. trifluorides), eight- and nine-vertex polyhe-
dra (compounds involving rare-earth or zirconium fluorides).
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Figure 24. Polythermal sections X —RF3 (X = Pby 7Cdy 33F2) of the PbF,— CdF>— RFj3 systems, where R = Ce (a), Gd (b), Er (¢), Lu (d) and Sc (e).
(1) DTA data, (2) two-phase samples, (3) single-phase samples (according to the results of the solid-phase synthesis and powder X-ray diffraction

data).55‘275




390

11 Buchinskaya, P P Fedorov

M
As5ta
e MoS+
g ol W6+ e
a2
o3
ST g ys+
7 r Res+e e U+
o« MoS+ aSb5+
Ta5+A A N‘b5+
6 - a Gett
Créte
V4+0 .U5+ 54
Ti*"e eRh** °B
Rutte  ,pp4+
Motrg R N 4T
5r o W4+ s It
+
}.1%4. s Nb** ASn4t
Zrtta
4+ A3t
Tbit e A3+ Fe3t o o Co3+ o Pht+
pe+ MP
4t Cet* SV3+ LT, Ga3+
M03+0 Nb? ATh4+ oIr3*
3+
Sc o *Ta 34
Bea Alntt Sb3*a
3+ . aLlu o T3+ e Aud+
Na 654 Fe?*a ,
N .
oLa Mn2*a N2+ 4 Co ABi3*
aMg Zn2*ta  oCr?t  aCu?t
Pd2*
2+ Snz+A
oCa Ccd  eHg?*
o Sr Pb2+o
Bao
oLi o Cult
Lr Na
Agl+.
RbﬁCs aK T+ ® Aul*
0 1 1 1 1
0.5 1.0 1.5 2.0 x

Figure 25. Generalised moment of a cation (M) —electronegativity (x) diagram for the PbF>—MF, systems.
(1) The corresponding fluoride does not form compounds with PbF> , (2) the corresponding fluoride forms compounds with PbF», (3) the system was not
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An analysis of the diagram presented in Fig. 25 provides
evidence for the existence of compounds which are as yet
unknown. These are primarily compounds in systems with TiFy4,
SiF4 and molybdenum fluorides, PbHfF4, PbsHfF ¢ and other
phases analogous to lead fluorozirconates.>*® By analogy with the
known PbF,—NbFs system,>%-2%0 a series of compounds are
predicted to exist in a system with tantalum pentafluoride in
addition to those isolated in the study.?®! It is worthwhile
searching for compounds in the PbF,—ScF; system. Such com-
pounds can be formed in the solid state at low temperatures. It
should be taken into account that there are restrictions on the
formation of compounds with fluorides of metals in high oxida-
tion states due to the possibility of redox reactions (accompanied
by transformations of lead into higher oxidation states), but there
are no such restrictions on the formation of compounds contain-
ing metals in low oxidation states, even exotic (for example,
divalent chromium and vanadium).

2. Phases of variable composition

According to the third law of thermodynamics, both iso- and
heterovalent solid solutions undergo ordering and/or decomposi-
tion with decreasing temperature.

The PbSnF4 and PboMFs compounds (M = Mg, Mn, Fe, Co,
Ni, Zn, Cu) can (should) be considered as ordered fluorite-like
phases formed in the PbF,—MF; systems. The distribution of
cations in their structures leads to lowering of the symmetry, the
fluorite motif being retained.

Figures 26 and 27 present possible phase diagrams of the
PbF,—MF, systems taking into account decomposition and
ordering of solid solutions according to the mechanism of first-
order phase transitions as well as possible transformations of
phase diagrams caused by an increase in the temperature of the
upper critical points. The critical temperatures of the domes of
decomposition of continuous high-temperature solid solutions in
the PbF,— MF; systems (M = Ba, Sr) are higher than the temper-
ature of the polymorphic transformation between the orthorhom-
bic and cubic modifications of PbF,.!40-144 Hence, Fig. 26¢
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curve, polymorphism (o = B) of one of the components and the formation of a low-temperature compound y with increasing temperature stability of the

latter; (¢ — d) see comments in the text.

corresponds apparently to phase diagrams of these systems. The
phase diagram with a discontinuity of miscibility shown in
Fig. 26 ¢ corresponds to the PbF,—CaF, system. Phase diagrams
with transition points (Fig. 26 b, d) correspond to a change in the
topology (bifurcations). According to the classification proposed
in the studies,!0%-29%-300 these bifurcations belong to types ByIII
and B, VI, respectively.

The diagram presented in Fig. 27 a corresponds apparently to
the PbF,—CdF, system. In this system, the composition corre-
sponding to a minimum in the melting curves is characterised
(within the experimental error) by the ratio PbF,:CdF, =1:2
analogously to the PboMF¢ compounds revealed in systems with
difluorides of other metals with smaller ionic radii. The structure
of single crystals of Pbg¢7;Cdo33F> was studied by different
methods.'57- 158 Analysis of these results suggests that single
crystals contain domains with the corresponding structure.

Phase diagrams shown in Fig. 27 h—d correspond to a bifur-
cation point and incongruent and congruent melting of the y
phase, respectively. Figure 27 ¢, where incongruent melting of a
compound is observed, corresponds to the PbF,—MnF; system
taking into account a change in the crystal structure of MnF, as a
result of a morphotropic transformation in the MF, series.
Correspondingly, a noticeable region of a cubic PbF;-based solid
solution would be expected to exist in this system. Actually, the
experimental data '#5 provided evidence for the existence of this
solid solution. However, these data were ignored in the construc-
tion of the phase diagram.

Experimental studies of compounds in low-temperature
regions of phase diagrams present methodological difficulties.
The time of solid-phase annealing required for the establishment
of equilibrium increases exponentially with decreasing temper-
ature. The dependence of the time required for sintering of
samples in the PbF,—RF; systems on the annealing temperature
was experimentally determined 105391 (Fig. 28). According to
these results, ~100 and ~ 1000 h are required for the establish-
ment of the equilibrium at 600 and 500 °C, respectively. At lower
temperatures, the equilibrium cannot be attained with the use of
this procedure. Data on solid-phase equilibria in the PbF,—ZrF4
system in the range of 600 —300 °C were reported.>*® According to
these results, a sample of the PbsZrF 4 compound was synthesised
at 450 °C over 8 days. The above difference is attributable to the
lower melting point of ZrF4 compared to those of rare-earth
fluorides.

To accelerate chemical reactions and gain information on low-
temperature states, it is worthwhile performing the synthesis with
the use of a solvent [although this procedure can give rise to non-
equilibrium compounds (modifications) as well]. One can perform
precipitation from nitrate solutions, hydrothermal synthesis and
synthesis by the flux techniques. It should be noted that water and
nitrates can serve as a source of oxygen contamination. Hence, a
search for appropriate low-temperature solvents is an important
problem. For example, the former method was used for the
preparation of compounds in the PbF,—SrF; (see Ref. 143) and
PbF,—ZrF4 systems (see Refs 253 and 254). The second method
was used for the synthesis of PbSnF,4.12170
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Figure 28. Required sintering time (7) vs. the temperature (7) in fluoride
and oxide systems (a), and the apparent activation energies (E) of
formation of solid solutions with the fluorite structure vs. the melting
point (Ty,) of the basic component (b).105-301

The system: (/) ZrO>—R»0s3, (2) CaF>—RF;, (3) CdF,-RFi, (4)
MF,-ZrF4 (M = Ca, Sr, Ba), (5) PbF,—RFs.

3. Heterovalent solid solutions

The above-considered systems are characterised by the formation
of heterovalent solid solutions based on the cubic modification of
PbF,. Anion-deficient (PbF,—MF systems) and anion-excess
(PbF>,—MF, systems, n =3, 4, 5) solid solutions are distin-
guished.

The characteristic features of heterovalent isomorphism with
a variable number of ions in the unit cell were analysed.?%¢-302 n
the simplest case, the dependence of the limiting concentration of
heterovalent solid solutions on the ionic radius of the replacing
component can be described by the Gaussian. The maximum
solubility corresponds to neither the equality of the ionic radii of
isomorphous cations nor the constancy of the lattice parameter
upon the formation of a solid solution. The dependence of this
type satisfactorily describes the data on the PbF,—MF systems
(Fig. 29). In the case of the Pb; _ R\ F2+ . solid solutions in the
PbF,—RF; system, the situation is much more complicated
(Figs 30 and 31).

In the first approximation, the mechanism of formation of
solid solutions involves the replacement of lead ions with cations
of different valence. The electrostatic compensation occurs
through the formation of an equivalent number of anion vacan-
cies (in the case of anion deficient solid solutions) according to the
equation

Pb?* + F-=—=—=M" + Vg

x (mol.%)
K
10 -
Rb
5 -
Na Pb2+
Li l . Csl ™
1.0 1.5 20 r/A
Figure 29. Dependence of the limiting concentrations of the

Pb,_ M, F>_. solid solutions with the fluorite structure on the ionic
radius of M.91-115.116.119

The curve 1is constructed according to the equation x =
12.6 exp[—23.4(r — 1.605)?]; the ionic radii are given according to Schan-
non,2°7 the coordination number is 8.
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Figure 30. Dependence of the limiting concentrations of the
Pb;_ R.F>+, solid solutions with the fluorite structure on the ionic
radius of R3*.

(1) Results of the studies, 105 180, 184,198,201, 203,208,219,221 (2 data obtained
in the study??’ for 250 °C, (3) data obtained in the study'$? for
500—-550 °C; the solid line corresponds to the equation
x = 44 exp[—36(r—1.22)?]; the dashed line corresponds to the equation
x = 42exp[—90(r—0.9)?].

or through the introduction of additional (interstitial) fluoride
ions (in the case of anion excess solid solutions, n > 2) according
to the equation

Pb2 Tt —=M"" + (n—2)Fy .

Association of point defects and cluster formation are natural
processes at high concentrations of a solid solution. The cluster
formation in heterovalent fluorite solid solutions is studied by
different methods. The data on the fluorite solid solutions
M, _ R F2+, (M are alkaline-earth metals, cadmium or lead)
were surveyed in publications.? 25304310

The first step of association involves the formation of dipoles,
viz., associates of oppositely charged defects of the R** — F, type.
In the fluorite structure (Fig. 32 a), two types of dipoles can exist,
the so-called nn (nearest neighbour) dipoles with tetragonal (Cay)
symmetry and nnn (next nearest neighbour) dipoles with trigonal
(C3,) symmetry. As the concentration of solid solutions increases,
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Figure 32. Defect clusters in the
fluorite structure.

(a) A block of the fluorite struc-
ture, (b) R¢F36, (C) ReF36 cluster
in the fluorite structure.

dipoles are transformed into more complex clusters, which coa-
lesce into superclusters due to percolation. These processes are
accompanied by the development of short-range order in the
cation sublattice and substantial rearrangement of the anion
sublattice of the solid solution. Hence, the corresponding solid
solutions are nanocrystalline composites.20%-396. 311 The formation
of ordered phases proceeds as ordering of the cluster arrangement.
The structure of ordered phases determines the structure of solid
solutions (i.e., the type of clusters present in these solutions).

In dilute solid solutions of rare-earth fluorides based on the
fluorite modification of lead fluoride containing ~0.1 mol.% of
RF3, the type of major dipoles changes from nn to nnn on going
from metals of the cerium group to metals of the yttrium group.
This change is typical also of SrF»-based and, in part, of BaF-
based solid solutions, but is untypical of CaF,-based solid
solutions.’®” However, a very complicated pattern of defect
association was revealed 2'3-214 for dilute solid solutions (even at
0.1 mol.% —0.01 mol.% of RF3 in PbF») by laser spectroscopy
and dielectric relaxation spectroscopy.

In concentrated solid solutions (x > 0.05) with rare-earth
fluorides of the yttrium subgroup (R = Sm—Lu, Y), the presence
of clusters of the R¢F36/RsF37 type is highly probable (Fig. 32 b).
These clusters contain six trivalent cations. The coordination

polyhedron about each cation is a Thompson cube (antiprism)
formed by 8 fluoride ions. The cluster has a cuboctahedral cavity,
which can be occupied by fluoride ions (or oxygen ions in the case
of partial pyrohydrolysis). These clusters were observed in many
ordered fluorite-like structures, including Ba4R3F;7, isostructural
with lead compounds.39¢-312 Clusters containing oxygen ions in
the cuboctahedral cavity were observed in single crystals of
Pb,Y3F30.219 Clusters of this type are readily incorporated into
the fluorite structure.3!3 The results of X-ray diffraction study of
Pb;_ Y. F21 (see Ref. 219) are consistent with the presence of
YsY37 in the solid solution, although the authors proposed
another cluster model.

It should be noted that thermal stability of the PbsR3F;7
compounds in the REM series passes through a maximum in a
series R = Y — Er. This indicates that the cluster structure of solid
solutions varies with the ionic radius of the cations. Since the
coordination number of 8 is untypical of R = La—-Nd, the
PbsR3F7 phases with these rare-earth elements lose stability. In
such solid solutions, the R4F26-type clusters, in which the cations
have a coordination number of 10, can exist.3'* A decrease in the
ionic radius of the rare-earth metal leads to a decrease in the
coordination number. Seven-vertex polyhedra observed in the
ordered fluorite-like phase PbxInF; (see Refs 201, 205, 234)
should prevail for indium. It was hypothesised !°° that in ordered
fluorite-like compounds observed in the PbF,—MF; systems
(M = Ga, Ti, V), the seven-vertex polyhedra are linked to form
infinite linear clusters. In fluorides (including the Pb3;AlLFi»
compound 31%), the coordination number of 6 is typical of A",
which has an even smaller radius. Hence, octahedral clusters
would be expected to occur in the solid solution.!®!

The structure solution of the ordered fluorite-like PbsZrFg
phase revealed yet another type of clusters, whose existence in
heterovalent solid solutions is highly probable.'® These clusters,
like the RgF36 clusters, contain also eight-vertex polyhedra, viz.,
the ZrFg antiprisms. The antiprisms are linked to form infinite
zigzag chains giving rise to a family of one-dimensional clusters.
The existence of clusters of this type is assumed in solid solutions
of lead fluoride with fluorides of both tetravalent and trivalent
elements.

A comparison of the data on the defect structures of the
Pb; _ (R F> 1« solid solutions depending on their limiting solubil-
ity (Fig. 33) provides evidence that there are three dependences
corresponding to different types of rearrangement of the anion
sublattice upon the replacement of cations in their crystallo-
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Figure 33. Dependence of the lattice parameters of the Pbj_ (R Fo+
solid solutions on their composition.!03:316

R = Sc (), Lu, Yb, Tm (2), Er (3), Ho, Y (4), Dy (5), Tb (6), Gd (7),
Sm (8), Nd (9), Pr (10), Ce (11) and La (12).
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graphic positions giving rise to eight- or ten-vertex, seven-vertex
and six-vertex polyhedra RF, linked in clusters. The ionic
conductivity changes with a change in the defect structure (see
Fig. 32).

The formation of heterovalent solid solutions is accompanied
by a change in the lattice parameter depending on the concen-
tration of RF3.195:316 In the first approximation, this change is
linear, i.e., Vegard’s law is fulfilled (see Fig. 33). The results of
accurate measurements (see, for example, Refs 201 and 248) and
the data on the high-pressure synthesis of solid solutions, which
extends the concentration range of their existence,?!>3!7 are
indicative of deviations from linear dependences. We ignore
these deviations in subsequent analysis.

The slopes « depend linearly on the ionic radius of rare-earth
metals (Fig. 34). Hence, in the general form, the data on the
PbF, - RF; systems can be described 105316 by the expression

o= 5.490 + [2.48(r—ro) + &i]x,

where rq is the ionic radius of Pb2*, & = 0.3694 A mol—! is the
contribution of excess fluoride ions with respect to the stoichiom-
etry PbF, upon the formation of the Pb; _ R F>+ . solid solu-
tions, x is the mole fraction of RF3. In the studies, 195:316 1, was
corrected compared to its value in the Schannon table 7 (for the
coordination number of 8, ro = 1.456 instead of 1.43 A).

« /A mol—!

0.5

—05

Figure 34. Slopes of the concentration dependences of the lattice param-
eters of the heterovalent solid solutions Mlll,,\ R.F> .+, vs. the ionic radii of
trivalent cations.!0%316

(1) Samples quenched after solid-phase annealing, (2) slowly cooled
samples, (3) sintered samples; M = Ba (1), Pb (1), St (111), Ca (IV), Cd (V).

Based on the published data,?38-242-248 we derived the follow-
ing equation for solid solutions of tetravalent metal fluorides in
lead fluoride:

deat = 2.48(r—1.456) + 0.804. (1)

Analogous dependences are observed for solid solutions of
tetravalent metal fluorides in other fluorite matrices (Fig. 35).
Taking into account that &; ~ 2 & (this corresponds to insertion of
two additional fluoride ions into the lattice in the case of hetero-
valent isomorphism), an approximate expression can be obtained
for solid solutions of pentavalent element fluorides
(63 ~ 1.56 >~ 3¢).

The experimental and calculated slopes are given in Table 3.
Discrepancies observed in some cases require a careful exper-
imental verification.

o /A mol—!

—0.5

Figure 35. Slopes of the concentration dependences of the lattice param-
eters of the solid solutions M{L,VM£VF2+ 2+ Vs. the ionic radii of tetravalent
cations (according to the results of the studies 318320),

M= Pb (1), Sr (2), Ca (3). Circles correspond to data obtained in
different studies.

Table 3. Coefficients of the concentration dependence of the unit cell

parameters  of  heterovalent solid  solutions Pb;_ R Faqiy,
Pb; M, F242y, Pbj_ M Fa3,.
RM, M /A (see?7) Slope Ucal
/A mol—!

Olexp /A mol—! Ref.
RF3, ocal = 2.48(r—1.456) + 0.369
La 1.300 +0.003 105 —0.025
Ce 1.283 —0.043 105 —0.067
Pr 1.266 —0.095 105 —0.110
Nd 1.249 —0.141 105 —0.152
Sm 1.219 —0.218 105

—0.202 212 —0.226
Eu 1.206 —0.258
Gd 1.193 —0.303 105

—0.265 212 —0.291
Tb 1.180 —0.335 105 —0.323
Dy 1.167 —0.340 105 —0.355
Ho 1.155 —0.391 105 —0.385
Er 1.144 —0.424 105

—0.395 212 —0.412
Tm 1.134 —0.449 105

—0.437 212 —0.437
Yb 1.125 —0.446 105

—0.470 212 —0.459
Lu 1.117 —0.454 105

—0.491 212 —0.479
Y 1.159 —0.387 105 —0.375
In 1.06 —0.513 182 —0.62
Sc 1.01 —0.74
Al 0.66 —0.16 182 —1.61
Ga 0.76 —0.46 198 —1.36
MFy, tea = 2.48(r— 1.456) + 0.804
Th 1.19 +0.119 242 +0.144
U 1.14 +0.056 238 +0.020
Zr 0.982 —0.39 248 —0.376
Pb 1.08 —0.128
M'Fs, teal = 2.48(r—1.456) + 1.2
Nb 0.88 +0.227 259 —0.228

2 The value was refined by us.
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4. Non-stoichiometry of lead difluoride

Taking into account a possible change in the valence state of lead
in fluorides (from two to four) and the ease of formation of
heterovalent solid solutions of the cubic modification of PbF;
with tetravalent metal fluorides, a region of the PbiL PblYF, 5,
(PbF2+ 5) solid solutions would be expected to occur. In the region
of existence of lead difluoride, the PbF,—PbF, system (Pb—F)
(Fig. 36) should have features in common with the EuCl,— EuCls
system (Eu—Cl). Europium dichloride EuCl, undergoes a poly-
morphic transformation, both modifications being isostructural
with lead difluoride (the low-temperature orthorhombic cotunn-
ite-type phase and the high-temperature cubic fluorite-type
phase). A close examination of the experimental data 32! revealed
the region of the EuCl,+, solid solution, which decomposes
according to a eutectoid scheme.3?2

T/ °C

700

200

Pb « PbF; —» PbF, Pb < PbF, > PbF; Pb <« PbF; - PbF,

Figure 36. Schemes of possible phase equilibria in the Pb—F system.

The assumed non-stoichiometry is one of the possible reasons
for the observed difference in the lattice parameter of cubic PbF;
determined in different studies. The substitution of the ionic
radius of Pb** [r = 1.08 A (see Ref. 297)] into Eqn (1) gives
tca = —0.14 A mol—!. Therefore, if these estimates (including
those for the ionic radius of Pb**) are correct, an additive of
tetravalent lead should cause an insignificant decrease in the
lattice parameter of PbF5.

In addition, a consideration of the fluorite phase PbF,. s as
non-stoichiometric provides an explanation for the data obtained
by A I Boltalin (Moscow State University) on the polymorphism
of PbF,: a liquid phase, which appears upon heating of the low-
temperature orthorhombic modification, is apparently a melt
enriched in metallic lead (according to the medium phase diagram
shown in Fig. 36). In the general case, the maximum in the melting
curve for a non-stoichiometric phase does not correspond to
stoichiometry (PbF»). This phenomenon was observed for the
fluorite solid solution EuF,+ .31 It is also worthwhile searching
for low-temperature ordered intermediate phases of lead fluoride,
for example, PbYPb!VF o (Pb,Fs).

5. Partition coefficients of additives

For crystallisation of a PbF, melt, the partition coefficients of
additives k can be estimated using phase diagrams of binary
systems. For infinitely diluted solutions, the coefficients can be
estimated using the modified cryoscopy method 323-324 based on
the Van’t Hoff equation

. (dT.\ RT?

where T is the temperature, AH is the enthalpy of melting of the
matrix. This method differs from conventional cryoscopy in that
the limiting slope of the liquidus line d7t/dx with x -0 is
determined by differentiation of a polynomial approximating the

experimental curve in a wide concentration range. The error of the
calculation of k is, on average, 10% —15%.

Calculations were carried out using AH = 3000 cal mol—1.32°
The results of calculations are presented in Table 4. The depend-
ences of the partition coefficients on the ionic radius of the
replacing cation are described by Gaussian-type distribution
functions (Fig. 37).

Table 4. Partition coefficients k of additives for crystallisation of PbF,.

Additive k Additive k
LaF; 5.10 AlF; 0.27
CCF3 5.17 GaF3 0.71
PrF; 4.45 InF; 0.89
NdF; 3.98 VF; 0.13
SmF; 3.79 CrF; 0.34
GdF; 3.08 MgF, 0.11
TbF; 2.62 CaF, 1.0
DyF; 2.67 BaF, 1.35
HoF; 2.69 SrF, 1.77
ErF; 2.26 CdF, 0.65
TuF; 2.25 KF 1.65
YbF; 2.19 RbF 0.73
LuF; 2.03 LiF 0.04
YF; 2.14 NaF 0.04
ScF; 1.10
k
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Figure 37. Partition coefficients of MF,, (k) for crystallisation of a PbF,
melt as a function of the normalised difference in the ionic radii Ar/R.2%¢
Ar = rppb—im, R= a\/§/4 is the cation—anion distance in the lattice of
PbF», a is the lattice parameter, n = 2 (1), 3 (2), 1 (3); curves I—III were
constructed according to the equations k = 1.44exp[—102(Ar/R)?],
k= 6.25exp[—82.2(Ar/R)?] and k= 0.89exp[— 174(Ar/R+0.09)],
respectively.

6. Saddle points
The PbF,—CdF,—RFj; systems (R = Er, Lu, Y) are character-
ised 27> by the presence of specific stationary (corresponding to
congruent melting) points, the so-called saddle points, on the
liquidus surface (Fig. 38). The compositions of congruently melt-
ing solid solutions are favourable for growing homogeneous
crystals. Hence, a search for such solutions is of importance.
Saddle points on equilibrium surfaces of two-phase multi-
component systems were theoretically predicted by Gibbs.32¢ The
corresponding phase diagrams were constructed,??” but they were
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CdF; PbF; CdF. PbF;
Er Lu
CdF» PbF, CdF; PbF,
Sc
Figure 38. Crystallisation path of
)—// samples of solid solutions with the
fluorite structure in the vicinity of
CdF» PbF, saddle points.

not studied experimentally until 1996, when the first publication
on this problem appeared.?’> According to the thermodynamic
topological analysis,®?® saddle points can appear in ternary
systems that have two maxima (minima) and one minimum
(maximum) in the melting curves of binary systems, which form
the ternary system. Therefore, about 40 congruently melting
composites would be expected to occur in the MF,—M'F,—RF3
systems. This prediction 32° was confirmed when we performed an
experimental study of the PbF,-CdF,—RF; systems
(R = Tb—Lu). Analysis of the polythermal sections revealed the
positions of compositions corresponding to saddle points. For
example, the coordinates of the saddle points in such systems with
Er, Luand Y are as follows:

Er: 30 2 mol.% of ErF3, 23 +2 mol.% of CdF,, 890+ 5 °C;
Lu: 25+2 mol.% of LuF3, 25+ 2 mol.% of CdF,, 835+ 5 °C;
Y:17.5+2 mol.% of YF3, 27 -2 mol.% of CdF,, 885+ 5 °C;

It appeared that these points lie virtually exactly in the section
which links the minimum in the CdF, — PbF; system to the point
corresponding to RF3.

7. Tetragonal phases in the PbF,— MF; systems (M = Al, Ti,
V, Cr, Fe, Ga)

As mentioned above, there is no consensus among experts as to
stoichiometry and regions of stability for phases with a tetragonal
structure formed in the PbF,—MFj3 systems (M = Al, Ti, V, Cr,
Fe, Ga) in the region of 50 mol.% —62.5 mol.% of PbF,. It was
hypothesised that the PbMFs, PbsMyFi> and PbsM3F9 com-
pounds exist in these systems. In some cases, different composi-
tions were assigned to the same samples. According to the results
of different studies,!88-190.192-196 phM;3F;9 (M = Al, Cr),
SrAlFs/BaFeFs and SrsFe,F» are characterised by rather similar
structural motifs, which can be described as infinite chains of
vertex-sharing octahedra oriented along the ¢ axis of the tetrago-
nal unit cell. A change in the composition from 1:1 to 2:3 is
attained due to the presence of additional fluoride ions. In the
PbF,— AlF; system, like in other analogous systems consisting of
di- and trivalent metal fluorides, several phases of similar compo-
sition and structure can exist in the region between 40 mol.% and
50 mol.% of AlF;. Ravez et al.'® believed that a solid solution
exists in this region.

Apparently, this structural motif serves as a structural basis of
fluoride aluminate glasses.®?%* A tetragonal phase systematically
appears upon crystallisation of glasses of the Ba,In,Pb,Al//F
system.%*197 In the study,'®’ the composition PbsALF, was
assigned to the tetragonal phase in the PbF,— AlF5 system.

An analogous situation is observed in systems with
M'F,—-MF; (M’ = Sr, Ba); Sc and In can be involved along with
trivalent ions (see, for example, Refs 330 and 331).

Presumably, the compositions of compounds and the types of
phase equilibria in the systems under consideration can be
correctly determined on the assumption that these phases are
characterised by high-temperature non-stoichiometry accompa-
nied by the formation of ordered compounds with particular
stoichiometry on cooling. Real samples prepared by high-temper-
ature syntheses and cooled to room temperature could contain
domains corresponding to various low-temperature compounds.
Studies of samples by high-resolution electron microscopy and
electron microdiffraction are desirable.

XI. Conclusion

The present review demonstrates that lead difluoride and its
composites with other inorganic compounds hold promise as a
basis for the construction of new functional materials, which will
find use in such fields as photonics and solid-state ionics.

Analysis of the data on phase equilibria in PbF,-containing
systems revealed a number of problems, which call for further
experimental studies. To solve these problems, it is necessary to:

— study a lead—fluorine system and construct the corre-
sponding phase diagram; carry out experimental studies and
determine the width of the homogeneity region of the PbF». s
phase, the concentration dependence of the lattice parameter, the
position of the maximum in the melting curve and the presence of
low-temperature ordered fluorite-like intermediate phases, viz.,
lead fluorides;

— elucidate the reasons for doubling of the lattice parameter
for the cubic modification of PbF,, find the relationship between
this phenomenon and ordering of the anion sublattice, reveal the
influence of the lattice parameter on the properties of PbF»;

— synthesise a series of lead fluorides (PbHfFs, PbsHfF o,
etc.), whose existence was predicted based on analysis of phase
diagrams for systems involving PbF;

— reveal the effect of the lone electron pair of the Pb?>* ion on
the properties of lead compounds;

— investigate polymorphism and non-stoichiometry in tet-
ragonal phases of the PO MFs, PbsM3F 9 and PbsM,F ), types;

— reveal factors responsible for high fluoride ion mobility in
materials based on lead difluoride and the relationship between
the mobility and the characteristic features of the cluster structure
of solid solutions with the fluorite structure.
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