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Non-stoichiometric cubic phases of the fluorite type are an object of
intense interest because of a peculiar mechanism of heterovalent isomor-
phism in them, as well as because of their optical and electric properties
that can be varied over a wide range by changing the composition of the
phases.

One of the main specific features of the considered isomorphism is a
large extension of homogeneity regions in binary systems formed by com-
pounds having different cationic and anionic coordination numbers and
differeing in the type of both anionic and cationic packings. The radii of
cations substituting one another vary also over a wide range, from 0.98 to
1.47 A. Such a wide range of isomorphous cations in inorganic crystals
that are simple in composition and structure is, apparently, unique.

There are three possibilities for the compensation for excessive posit-
ive valences when R** are implanted in the MF, structure:

1. Formation of cationic vacancies;

2. Replacement of some F'~ by O>;

3. Appearance of new anionic sites in the structure.

The first one of these schemes looked a priori probable because it is
common in oxide compounds relating to the pyrochlorine structural type
derived from the fluorite type. However, measurements of specific weight
of rare earth fluorites carried out by Zintl and Udgard,' and later by Short
and Roy? showed that this type of compensation does not play a major
role in fluorites (Fig. 1). Another contradiction was an increase of lattice
parameters even upon the implantation of R** ion that is sufficiently
smaller than the M?* cation, eg Lu’* in CaF, (Fig. 2).

Studies of phase diagrams under the conditions excluding the implan-
tation of noticeable amounts of O? into the fluorite have shown that
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Fig. 1. Density dependences for different types of isomorphic substitutions in the Ca, 'Y
F,,, solid solutions. Cercles-calculated values, dark triangles — experimental data /1/.
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purely fluoride phases can contain up to 50 * 2% LnF; under normal
pressures. Thus, the second compensation scheme is not mamfested either,
although it is highly probable that such a scheme can be encountered in
natural rare earth fluoites.

The third variant was first considered by V.M. Goldschmidt* in the
course of the first X- ray structural study of natural yttro-fluorite. He sup-
posed that simultaneously with a replacement of Ca’* by Y’* additional
fluorine ions are implanted into the fluorite, occupying 4b sites in the
centres of “void” anionic cubes of the structure. N. V. Belov was an
opponent of this hypothesis.” He pointed out that the fluorine ion would
have had its ionic radius 30% reduced, in this case the closest coordination
sphere of the anion would contain eight such.anions, and only the second
coordination sphere would contain cations, that would have resulted in a
far less stability of the structure.
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Fig. 2. Lattice parameter dependence on composition of phases Ca, , Ln F,, .

We checked experimentally the Goldschmidt’s hypothesis® using a
single crystals of Cay, Cepy F, . Our Xoray diffraction studies showed
that there are vacancies at 8c sites of the structure, while additional
fluorine ions are statistically implanted into 32f sites. The number of these
ions remarkably exceeds the number of vacancies. A similar situation was
reported by Willis” who carried out a neutron diffraction study of
uranium oxides with the fluorite structure. He found two sites of
implanted oxygen ions — 32f and 48i. A partial occupancy of one of these
sites was later found in Ca,_, Y, F,,, phases.® Thus, in R*" — containing
fluorite phases the compensation for excessive positive valences is made at
the expense of replacement of some anions of the main fluorite motif (at
8c-sites) by a larger number of anions implanted into void anionic cubes
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in the structure. However, they are positioned not in the centres of these
cubes, as had been proposed by Goldschmidt (4b site) but they are
considerably displaced from these centres along two-fold- (48i site) or
three-fold (32f site) symmetry axes. Apparently, such a displacement
should be directed towards vacant cube vertices (8¢ complex). Ton
implantation would be impossible without vacancies formation because
the F-F distances are too short (less than 1.9 A).

The next stage of the studies was aimed at finding the laws of additio-
nal ion distribution and laws of a change in the ratio of occupancy coeffi-
cients of anionic sites, as well as determination of interatomic distance for
phases of different compositions and with different concentration of a tri-
valent cation.

In order to study the structures of the considered phases it is better
to use neutron diffraction techniques that enable accurate location of ions
statistically occupying some (10% and less) sites with a relatively high
multiplicity (48 and 32 per cell). Unfortunately the neutron diffractometer
that we used did not provide for measurements using short-wave radiation
and the number of observed reflections was small (36-40 reflections). To
increase the amount of independent experimental data and increase their
accuracy we applied a single-crystal technique, measuring 1/2 Ewald sphe-
re and a subsequent averaging of equivalent intensities. The samples were
machined into sphere 0.4-0.8 cm in diameter. It was found that satisfacto-
ry results can be obtained using data arrays where the scatter of separate
values of equivalent intensities from the mean value did not exceed 4-5%,
arrays with a greater scatter (mainly due to imperfection of sample ma-
crostructure) were rejected. We found that correct quantitative data can be
obtained by neutron diffraction data if the final R-factors do not exceed
1.5-2%. At higher R (up to 3.5%) one can only quantitatively judge about
site occupancy. It is also true for the case when powder diffraction data
with the same sin ®/A region are used.

The merits of X-ray diffraction technique consist in a possibility of
studying small crystals and a large intensity array of observed reflection
intensities. The main drawback is a high contrast in the scattering amplitude
of atoms that makes it very difficult to reveal anions statistically implanted
into sites with a high multiplicity. Besides, the high contrast lowers the ac-
curacy of the determination of occupancy coefficients. Therefore, in all
the cases when we have large and perfect single crystals neutron diffrac-
tion technique should be given preference.

The main technique of the analysis of the defect structure is the cons-
truction of (110) section of three-dimensional Fourier syntheses, alternat-
ing with least-squares refinement. First of all, a zero Fourier synthesis was
constructed for each phase, the atoms of the main fluorite matrix were set
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without accound of defects. This synthesis is preceeded by refinement of
thermal isotropic parameters. The obtained (110) section indicates the
presence of anionic vacancies at the 8c site and additional atoms at the re-
maining sites. Occupancies of all anionic sites are estimated roughly. At
the next stage, after the refinement of the obtained model (coefficients of
site occupancies, thermal isotropic parameters of all atoms) a difference
synthesis with substraction of cations and anions was constructed. Basing
on the analysis of the obtained synthesis the question about the occupancy
of 32f, 48i and 8c, 48isites was solved. The appropriate peaks are positioned
close to one another (about 0.65 A) and thus there is a strong correlation
between occupancy coefficients and thermal parameters for these peaks.” An
example of making a choice of models with one or two sites of 1mplanted
anions is given in a report by L.P. Otroshchenko at this seminar and in'*
The final refinement was carried aut in anharmonic approximation up to
the fourth rank with account of only those anharmonism parameters that
exceeded 26 and lead to a significant cleaning of the zero Fourier synthesis
near the occupied sites. As it was shown, if anharmonism of cationic and
especially anionic oscillations at 8c site is not taken into account the ques-
tion about 32f and 48i site occupancies will be solved incorrectly”°.

The results of determination of anionic site occupancies are demons-
trated on Fig. 4. We see that the occupation of site 48i takes place at lower
x values. For Ba-phases the range of existence of such phases is rather
wide. Only one phase with x = 0.5 was found among them, in this phase
both 48i and 32f sites are occupied simultaneously by approximately equal
number of anions. In the case M = Sr we clearly see that the site of an im-
planted anion is changed from 48i to 32f as x increases. Ion implantation
into the 32f site is characteristic of Ca-phases, at present there is only one
phase known with R = Y and x = 0.1, that contains anions at the 48i site.
Apparently, there can be other similar phases for lower x phases. Thus, we
can assume that the position of an implanted anion is mainly affected by
the cationic radii'’, by the concentration x of a trivalent cation, as well as,
apparently, by the unit cell volume. Perhaps, the ratio of occupancy coef-
ficients of implanted ions in the transition region can depend on the
growth conditions, too.

The data obtained using diffraction methods do not provide direct in-
formation on any laws of the local association of vacances and R** cations.
That is why any attempts of such interpretation of these data require the
use of a priori crystal chemical considerations.

For anions at the 32f site the experimentally found distances between
the site and the cube vertices of the anionic matrix (8¢ site) are from 1.6 to
1.7 A in different structures, i.e. they are smaller than the sum of ionic ra-
dii by over 35%. That is why one can be definite enough that in case of
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anion implantation at the 32f site the closest site of the anionic motif of the
fluorite matrix should be vacant (Fig. 3). There can be four implanted
fluorine ions near this vacancy the distances between them are 2.61-2.78 A
for the studied structures and the distances between these ions and the
closest matrix anions are 2.32-2.47 A. The latter are less than the sum of
ionic radii only by 6-11% and can be compensated for by slight shifts of
the nearest matrix anions. When all the four 32f sites around one vacancy
are occupied there is a local increase of charge for 3 units.

A characteristics of the mean local concentration of the implanted
ions is the relation of experimentally found values: occupancy coefficient
of 32f site and the number of vacancies at the 8c site. In different structures
this ratio varies from 2 to 4. Since the largest distance between the 32f sites

S )
O

Fig. 3. a) Fluorite structure (note the small anionic cube around the central point of unit cell).
b) Small anionic cube with excess anion in 32f-position. ¢) Small anionic cube with excess
anion in 48i-position. Circles with arrows — vacancies.
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within one cube is 1.55-1.77 A, such a cube can contain only one fluorine
ion at this site. That is why the limiting number of the implanted anions
cannot exceed unity per formula unit. In this case the required number of
vacancies should not be smaller than 1/4, i.e. the limiting concentration x
of R** ions should not be greater than 3/4. Thus, the limiting composition
of the phase where the implanted anions occupy only 32f site, can be
expresses by the formula My ,,Ry 40 F, .

The Pb, ; La,, phase that we have recently studied by X-ray diffrac-
tion technique, where all the implanted anions occupy the 32f site (1.0 per
formula unit), the number of vacancies at 8¢ site is 0.3. The values were
obtained at an dependent refinement of parameters at fixed sum of
occupancies. At an independent refinement of n (32f) and n (8a) whith the
final values of other parameters the number of vacancies is 0.31, while the
number of implanted anions 0.98, that quite well agrees with the formula
of the sample.

The situation is much more complex when the implanted fluorine
atoms occupy the 48i site (Fig. 3). Two vacancies in the main anionic motif
of the fluorite are required for the implantation of one anion at this site,
otherwise, the distances between the two anions would be 1.64-1.85 A A
pair of two adjacent vacancies belongs simultaneously to two “vacant”
cubes of the initial fluorite matrix. However, it is difficult to locate ad-
ditional anions near such a pair in both cubes, because the distance bet-
ween the corresponding points of the 48i site is 1.71-2.03 A. The ratio of
the number of the implanted anions to the number of vacancies increases
with polymerization: in the case of an infinite linear chain of vacancies this
ratio tends to 1. The greatest gain in the number of excessive negative
valences is in the case of three-dimensional association of vacancies that is
realized, in particular, in the (M, R), F;, cluster suggested in'?, where the
number of the implanted atoms exceeds the number of vacancies by a
factor of 1.5. If we admit, following!® that such clusters cannot directly
contact with each other, in such a replacement mechanism x = 0.25. In
fact, as it follows from the communication of Dr. L. P. Otroshchenko, the
phases on the basis of BaF, with x > 0.25, besides the occupation of the
48i complex, show partial occupancy of the 32f complex, too. In sample
with x = 0.5 a simultaneous occupation of both complexes is proved
reliably. As for a possibility of a simulteneous occupation of two 48i sites
by additional anions within the same “void” cube of the fluorite matrix the
situation is not quite clear. The largest distance between points of the 32f
site within one cube is about 2.3 A for some of the studied phases, i.e., it
is smaller than the sum of ionic radii only by 12%. In such cases, ap-
parently, it is possible. However, for two studied phases with the lowest
concentration x (in this phases R = Y; M = Ca and Sr) the appropriate
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distances are much smaller and the implantation of two fluorine ions into
one “void” cube is hardly probable.

The widest ranges of concentrations x, at which anions are implanted
the 48i site, are observed for phases based on BaF,. In this case we have
not found any phase where additional anion would be located at 32f site
only, its occupancy has been reliably determined in one speciment —
Ba, Ce,; F, ;, where additional anions are arranged over the two sites si-
multaneously, approximately in equal shares.

In phases based on BaF, the implanted anions were observed at both
sites (and at the two sites simultaneously), the occupation of 48i complex
being more characteristics of the largest rare earth ions at small (up to 25-
30%) concentrations of R**.

In the cases of phases based on CaF, anion implantation at a single 48i
site was found only in one sample (Cay, Y, ,F, ;). Although in /8/ the mo-
del with two sites of the implanted ions was suggested for this structure
the authors of /10/ have carefully analysed the experimental data from /8/
and they showed that this model is doubtful. Thus, the concentration re-
gions where there exist phases with implanted additional anions at 48i site
are narrowed as the ionic radius M?* decreases, that can be attributed to a
decrease in the radii ratio of M?* and R3* ions, as well as to a total volume
reduction of unit cells of the phases. In the case when additional anions
occupy two sites simultaneously the ranges of the concentration are, appa-
rently, also reduced to a large extent on the transition from phases based
on BaF, to phases based on CaF, (Fig. 4). In the first case the transition
region is limited by compositions with x from 0.25 to 0.5, as for phases
with Sr, its size, apparently, is 0.1. For M = Ca it is still smaller. Proba-
bly, the dimentions of the transition region depend also on growth condi-
tions — coolong rate, annealing time etc.

There are interesting conclusions following from the analysis of inter-
atomic distances between a cation and anions occuping differents sites.
Since all the cations in the structures of the phases studied fully occupy
one regular point system (4a) with the basis atom at the origin, one can
calculate cation-anion distances for any anion from experimentally obtain-
ed u and v, irrespective of the local defect assosiations. Unfortunately, it
is impossible to distinguish between the distances for di- and tri- valent ca-
tions using the diffraction data. One can judge about the given bond
length relative to some cation only by a correlation betwen bond length
and type of cation and cation concentration.

The anionic site 8¢ has no variable parameters, and in this case the
distance depends only on the meand cationic radius in the given phase.
Naturally, in this case it is impossible to obtain any information on the re-
lation of some bond to a particular cation.
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Fig. 4. Positions of implanted anions in M, , R, F,, solid solutions (M = Ca, Sr, Ba, Pb;
R = Ln, Y) with different mean cationic radii r g, and R-concentration (x). Probable
transition area is shown by dotted lines.

For anions occupyng single - parameter 32f and 48i sites changes in
bond lengths at different a, u and v parameters can bear information on
the preferred relation of these bonds to a certain cationic type. In the
phases with additional anions occupyng the 48i site, in the case of R = Y
and x = 0.1 for M = Sr this distance is 2.27 A, but for M =Ca — 2.14 A.
For Lu® * in the SrF, matrix this distance (2.19 A) is larger than that for
a larger Y?* ion in CaF, matrix (2.14 A). Hovewer, these distances do
not exhibit any preferencial dependence on any of three parameters
either. Moreover, upon change of ry gy, (mean) these distances behave
just like in the case of anions at the 8¢ site. The slopes of curves, describing
approximately this change, in Fig. 5 are almost the same. We see in
fig. 5 that for equal ry ), bond length for anions at 32f and 8c sites are
practically identical. They differ by no more than 2% in each phases,
while for anions in the 48i complex they are systematically shorter than
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Fig. 5. Interatomic distances (M, R) - F for different positions of F. Triangles — for 8C, light
circles — for 32F, dark circles — for 48i. Guide for eyes — 1, 2 and 3 respectively.

the previous ones by 12% and more. This is, apparently, due to a smaller
degree of ionicity of bonds of anions at 48i sites as compared to anions at
8c site (in the fluorite matrix).

The studied non-stoichiometric phases have significantly higer
thermal oscillation parameters, the highest values of B., and some
anharmonicity coefficients are characteristic of fluorine atoms in the main
fluorite motif in most phases (complex 8c). For instance, in most non-
stoichiometric fluorite phases studied by us the values of B, for anions of
this complex were about 2-3 A2, while for stoichiometric fluorite this
value is 0.74 A%/15/. We assume that a substantial contribution to these
values is made by not only thermal atomic oscillations proper but also by
statistic displacements of atom from their mean sites due to local defects
in the structure. We assume that the termal oscillation proper account for
approximately one half of the experimentally founded values of B, and that
the number of displaced atoms of 8c complex be greater than the number
of anions at 48i and 32f sites (for which the number of closest anion-cation
contacts is 2 and 3, respectively). In this case the mean value of displa-
cements of 8¢ cations will be within the range 0.15 to 0.25 A for different
structures, i.e. it is 12-20%. As is known, the anionic pacing in fluorite is
not the closest one, and anionic shifts to such extents, not towards the
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shortest bonds, will not result in the formation of bonds less that a
doubled radius of F' ion.

In particular, this refers to “loose” phases containing large Ba’* and
Sr?* ions, these phases have larger lattice parameters (about 6 A). Thus,
the presented preliminary estimations of possible values of displacements
indicate that there can be local compensation of distances in the anionic
motif due to anionic shifts in the 8¢ complex in non-stoichiometric phases.
Besides, these shifts are remarcably anharmonic, they are directed
preferably along the threee-fold axes passing through the atoms of this
complex, i.e. along cube space diagonal formed by adjacent anions of the
same complex. Apparently, the absence of a closest anionic packing in the
fluorite structure and related significant potentialities of a local adjustment
of the anionic motif to implantation defects and the vacancies result in the
broadening of homogeneity regions in the considered non-stoichiometric
phases. This assumption is in a good agreement with the broadening of
homogeneity regions due to an increase in lattice parameters of the phases.

The anions occupying different crystallografic sites in non-stiochio-
metric fluorite phases differ in their coordination number relativ to
cations. A four-membered coordination (regular tetrahedron) is cha-
racteristic of the 8c site. Anions of 32f complex have a three-membered
coordination (they are positioned slightly shifted from the centre of an
equal-sided triangle built of cations). And finally, anions in the 48i
complex have a two-membered coordination, the angles between bonds
being about 125-130°. Lowering of the coordination numbers is accounted
for by a formation of stronger cation-anion bonds. In the case of anions
at the 32f site there occurs a change in the coordination so that non-
stoichiometric phases become closer to the extreme component in the
MF,-RF; system (where R = La-Sm)-tysonite (LaF; type) solid solu-
tions, where one third of all the anions have three-membered (triangle)
coordination, and two thirds have a four-membered (tetrahedral) ‘one.
Besides, the tendency of the structure of non-stoichiometric phases to
become were like the tysonite structure is manifested as follows. The
anions at 32f site almost precisely center the triangles of the anionic
packing in the fluorite, transorming it locally to the closest one, that is
characteristic of LaF;. However, such a process can continue until the ap-
titude to the implantation of additional ions at 32f without distorting the
cationic motif is no longer preserved. A complete deformational
transformation of the latter towards LaF; motif is impossible due to
general differences in cationic packings in these two phases A cations in
fluorite are arranged according to the law of cubic packing (ABCABC),
while the basis of the tysonite structure is the hexagonal packing (ABAB).
That is why a hypotetic transition from one structural type to the other
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one is of a strongly reconstructive character, that leads to a noticeable
biphasic regions in the systems.

In both cases of additional ion implantation, naturally, the mean ca-
tionic coordination number increases. We suppose that first of all the
coordination numbers of lager cations will increase. For instance, it is dif-
ficult to assume that the coordination number of Ba>* will be smaller than
that of Lu’*. Therefore, more logical is the assumption that polyhedron of
Ba’* should include the implanted anions, increasing its coordination
number and thus weakening the valence forces applied to anions of its
coordination polyhedron. In their turn, these anions transmit most of the
valence forces to relatively low-coordinated R-cation. Significant reduc-
tion of cation-anion bonds for the anions implanted at the 48i site well
agrees with this assumption. The 48i site is more typical for combinations
of large M?* ions. If ions having different valences in the structure are
similar in their radii and ions are implanted into 32f site, then the coordi-
nation numbers apparently, increases preferable of R’* cation and no sig-
nificant redistribution of bond forces occurs.

The formation of new bonds in the structure as non-stoichiometry
becomes stronger results in changes of some physical properties of non-
stoichiometric phases. A perfect fluorite fracture whose rupture planes
pass through the centres of void anionic cubes in the structure, vanishes
with ion implantation in these cubes. Changes in coordination numbers of
cation and anions are the greatest in case of the latter being implanted at
48i sites. Besides, shortering of some cation-anion bonds in this case can
account for melting maxima in the middle part of homogeneity field of
this phases. This is typical only for non-stoichiometric phases. Indeed, in
all the considerid cases, the melting temperature of the phases increases en
the region of changing of x, where there is an increased anionic occupancy
of the 48i site. In this case the maxima positions, within the accuracy of
our experimental data, correspond to the fact that the occupation number
of 48i site is no longer increase. In contrast to this, anion implantation at
32f site, lovers the melting temperature of the phases.

In this,paper we have considered only non-ordered non-stoichiome-
tric phases retaining the cubic fluorite symmetry. We have not presented
here any data on the structure of ordered low-temperature phases with
similar compositions. We have used only the objective data provided by
X-ray and neutron diffraction studies of non-ordered phases. The use of
the data on the structure of ordered phases can assist in interpreting the
data obtained in our studies.

Some information on this point is presented in a report by P. Fedorov
at this seminar. The ordering process goes on gradually (Fig. 6)/16/ and its
mechanism consists, apparently, in the formation of certain types of defect
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Fig. 6. Laue photographs (unfiltred Mo-radiation) of: a) disordered solid solution Ca,,
Ce,  F, 5, b) partially ordered and c¢) fully ordered solid solutions Ca, , Tm_F,,, with
x = 0.39 and 0.40 correspondently.

associations and a regular distribution of such associations within the
structure.

CONCLUSIONS

1. A new type of hctcrovalcnt isomorphism is manifested in non-stoi-
chiometric M, , R, F,, phases, when vacancies in the inicial anionic
matrix are formed simultaneously with anion implantation at certain
crystallografic sites that were not occuped in the structure of a pure
component.

2. The defects in the structure of non-stoichiometric fluorite-type
phases are spatially related to certain regular point systems, therefore they
can be called “crystallochemically localized” defects.

3. In non-stiochiometric phases the implanted ion site (32f or 48i) is
defined by M?* and R** cationic radii, the concentration of R** and unit
cell volume. In each MF,-RF, system the occupation of 32F site instead of
48i site takes place as a concentration x increases, and there is a transition
concentration region, where both sites are occuped simultaneously.

4. The crystal chemical limit of the existance of phases when the 48i
site is occupated, is the composition with x = 0.25, and with x = 0.75 for
the case when the 32f complex is occuped. The upper limit of x at an
atmospheric pressure is not achieved, the transtion region becomes
narrower and is shifted towards lower concentration wnh a decrease in
unit cell volum.

5. Two types of implanted anions differ in their corrdination relative
to cations (2 for 48i complex and 3 for 32f), as well as in the length of
cation-anion bond. Bond lengths for anions of 48i site are smaller, then
those for anions at 32f and 89c complexes. Apparently, the degree of bond
ionicity is smaller in the first case.
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6. The appearance of new bonds, changes in the coordination numbers
of both anions and cations leads to a greater stability of the structures that
is manifested in the vanishing of their mechanical properties, and in case
of anion implantation into the 48i complex due to a reduction of some
cation-anion bonds, an increase in the melting temperature of non-
stoichiometric phases as compared to the intial MF, fluorite.

ABSTRACT

By means of alternating least square and Fourier difference sintesis a number of
disordered fluorite-type solid solutions were refined, using sigle crystal neutron and
X-ray data. It was shown, that all anionic defects are loclized in certain simmetry
points of Fm3m space group: vacancies in 8¢, implanted anions in 32f and 48i posi-
tions (statistically occupated up to 1/8 and 1/12 respectively). Anions in 32F has the-
same bond lengths as main fluorite anion position (8c), but for 48i they are shertened
for 12%. The three anionic positions have different coordination numbrs relative to
cations (4, 3 and 2 respectively). Defect formation is of significant influence on some
physical properties of the crystals.
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