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ABSTRACT A series of single crystals of a Ca;_, Y, F21, solid solution with a fluorite structure containing 1—
19 mol.% YF3 (xz =0.01-0.19) has been grown. Thermal analyzer STA 449 F3 Jupiter in DSC mode recorded
the temperature dependences of the heat capacity C,(T) in the temperature range from the room temperature
to 1300 °C. A diffuse phase transition in the solid state for concentrations 2 =0.01-0.03 is fixed as an anomaly
on the C,(T) curves with a maximum at 1150 + 50 °C. With an increase in the content of YF; (x =0.05-0.19), a
very wide structured peak is recorded in the range of 650—1100 °C. The heat capacity anomaly is associated
with the reversible rearrangement of defect nanoclusters, which affects the change in the anion sublattice.

KEYwoRDs CaF,—YF3; phase diagram, inorganic fluorides, fluorite, diffuse phase transition, solid solution,
heterovalent isomorphism, defect clusters.
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1. Introduction

Compounds with the fluorite-type crystal structure (F'm3m space symmetry group) include MF; difluorides (M =
Ca, Sr, Ba, Cd, higher temperature polymorph of PbF3) as well as SrCly, UO7 and CeOz. At T~(0.7-0.8)*T,citing,
all these substances exhibit the very specific anomaly in their physical properties that has been named as diffuse phase
transition [1-14]. The term “Faraday transition” has been also suggested for such a phenomenon because it has been
described for PbFs by Michael Faraday in 1834 [9]. Experimental data for the heat capacity, thermal expansion, ionic
conductivity, elastic constants and other physical properties, including neutron scattering and Brillouin scattering patterns
of the aforementioned substances, confirm the said anomaly. The mechanism of the diffuse phase transition is well-known,
and it is described in terms of the interaction between point anti-Frenkel anionic defects [5, 10] and soft phonon modes
[12]. The concentration of the latter defects increases with the temperature increase, resulting in cooperative interaction
between the individual defects and disordering of the anionic sublattice (“sublattice melting”). The high-temperature form
of fluorite MX5 compounds is characterized by formation of complex short-living defect clusters containing an excess of
interstitial anions, anionic vacancies and relaxed lattice anions [7, 11]. The diffuse phase transition is accompanied by an
increase in the anionic conductivity and transition of MF to the superionic state [6].

Thoroughly conducted thermochemical experiments [1, 4] and simulations [5, 12—14] indicate that, for all diffuse
phase transitions, one have only observed an anomaly in the heat capacities as relatively wide (half-width about 200 K)
maxima in the curves describing the temperature dependences of the C,(T) values, while there were no thermal analysis
data confirming the existence of the first- or second order phase transitions, or effects indicating non-zero enthalpies of
the said first order phase transitions [10]. Thorough measurements of the thermal expansion coefficients for the specimens
in the fluorite-type compounds [8] also have revealed the similar anomalies for the temperature dependences of the said
coefficients.

The above said CaF; heat capacity maximum [1] indicates only that the thermodynamic stability of the corresponding
system goes through its minimum. This situation can be characterized as the “flag of catastrophe” from the catastrophe
theory [15] point of view, and the said diffuse phase transition is not a real first or second order phase transition from the
thermodynamic point of view: the same phase of the same space symmetry group just maintains its existence.

© Alexandrov A.A., Rezaeva A.D., Konyushkin V.A., Nakladov A.N., Kuznetsov S.V., Fedorov P.P., 2023
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In binary systems involving components undergoing a diffuse phase transition, there are anomalies on the curve of
the maximum concentration of solid solution (solvus). In many systems, solvus curves have an abnormal S-type shape.
Such curve shape is caused by the factor that the higher temperature disordered form of fluorites is more prone to the
heterovalent isomorphism than the lower temperature forms [16]. For example, a clearly expressed S-type solvus curve
exists in the CaFs-LaF3 [17] and SrF»-LaF3 [18] systems. A very complex profile of the solidus curve for the CaF5-based
solid solution has been observed in the NaF-CaF; system [19].

The division of the fluorite-type region of solid solutions in binary systems into high-temperature and low-temperature
regions suggests that the temperature band of the diffuse phase transition should go to the low-temperature region when
the matrix is doped with an isomorphic component. This assumption, put forward in [16], was confirmed both in thermo-
dynamic modeling and in separate measurements of some physical properties, including ionic conductivity [10,20-22].
However, this hypothesis has not been systematically tested before.

The purpose of this work is to test the behavior of the diffuse phase transition in calcium fluoride when the CaFa
matrix is doped with yttrium fluoride. The CaFs-YF3 system is a classical system, which is used as an example for
illustration of the mechanism of heterovalent isomorphism, in particular, the formation of the mineral yttrofluorite [23,24].
This is a model system describing the behavior of other rare-earth fluorides of the yttrium subgroup. The phase diagram
of CaFy—YFj3 systems has been carefully studied [25-29], see Fig. 1 [30,31]. A fluorite solid solution Ca;_, Y Fo,,
(phase F'), a series of ordered low-temperature fluorite-like phases, and a high-temperature non-stoichiometric phase with
a tysonite structure (phase 7') are formed in the system. The maximum on the melting curve of the Ca; _, Y, Fo., fluorite
solid solution at z = 0.11 (11 mol.% YF3) is the source of functional optical single-crystal materials [32,33].

T, °C

FiCa Y F, CaYF +BYF, L
300 ’
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3

FIG. 1. Phase diagrams of the CaFs-YFj3 systems [30,31]

The dotted line dividing the Ca;_, Y Fo, solid solution field (phase F’) into two parts (« and /3) in Fig. 1 reflects
the ideas concerning to the behavior of the diffuse phase transition with the change of concentration that took place before
our work began.

2. Experimental

CaF, (optical crystals shards, State Optical Institute, St.-Petersburg) and YF3 (99.99 wt%, LANHIT, Moscow) were
used as the starting reagents.

Caj_, Y, Foy, single crystals, where x = 0, 0.01, 0.03, 0.05, 0.07, 0.10, 0.12, 0.15 (nominal compositions), 10 mm
in diameter, 45 mm long, were grown by the Bridgman-Stockbarger technique (Fig. 2). A portion of the initial mixture
was loaded into a seven-channel graphite crucible and placed in a growth setup. The growth chamber was preliminarily
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TABLE 1. Characteristics of the studied samples of the Ca; _, Y, Fa, single crystals

Number Nominal composition, | Lattice parameter | EDX data,
mol% YF3 a, A mol% YF3

1 1.0 5.4664 12

2 3.0 5.4686 29

3 5.0 5.4732 56

4 7.0 5.4786 76

5 10.0 5.4834 124

6 12.0 5.4893 14.0

7 15.0 5.4976 19.2

evacuated to 10~ 2 Torr. The crucible was heated to the charge melting temperature of 1440 °C. The melt was fluorinated
by CF, and then crucible pulled into the cold zone at a rate of 5 mm/h. After growth, the crystals were removed from the
crucible and purified of graphite by mechanical treatment and ethanol. A plate with a diameter of 10 mm and a thickness
of I mm was cut from the crystal, which was then ground in a jasper mortar. The grown Ca;_, Y, Fa,, crystals did not
have a characteristic optical heterogeneity — a cellular substructure [34].

Cal -xYx_F 2+X

Fi1G. 2. Ca;_, Y, Fay, single crystal (sample number 6, x = 0.14)

X-ray phase analysis was performed on a Bruker D8 Advance diffractometer (Germany) with CuKa radiation in
the angle range from 15 to 80 © 20 with a step of 0.02 ° and a signal accumulation time of 0.4 s per point. Elemental
analysis was performed on a Carl Zeiss NVision 40 microscope with an Oxford Instruments X-MAX 80 mm? attachment
on powder samples with the accumulation of several spectra for statistical significance.

The samples were measured on a STA 449 F3 Jupiter synchronous thermal analysis instrument using a Type S DSC
sensor and platinum-rhodium crucibles. The heating rate was 20 °C/min. The weighed portions of the powders (20—
50 mg) were placed in Pt—Rh crucibles and covered with a lid. The reference crucible remained empty in all dimensions.
The argon flow into the furnace chamber was 70 ml/min. The maximum temperature was 1330 °C. A sapphire standard
5.2 mm in diameter and 0.25 mm thick was used as a reference.

The heat capacity was calculated using formula (1):

C = MStandart DSCSample - DSCBaseline
= .
MSample DSCStandart - DSCBaseline

by software Netzsch Proteus Thermal Analysis with using ASTM E 1257, ISO 11357-4, DIN 51007 standards.

. Cp,Standartv (1)

3. Results and discussion

The lattice parameters and compositions evaluated by EDX for samples are summarized in Table 1. The temperature
dependences of the specific heat capacity are shown in Fig. 3.

When evaluating the measurement results (Fig. 3), it should be noted that the absolute values of the heat capacity
cannot be trusted, except for the low-temperature (up to 800 °C) range for pure CaFy (Fig. 3a). In all other cases, the
measurements obtained during the second and third heatings differ sharply in magnitude. The reasons for this are not
entirely clear. They can be associated both with a change in the degree of compactness of the powder (sintering) and with
the partial preservation of the high-temperature defective structure of the sample after heat treatment. However, some
characteristic features of the observed anomaly on the C,(T) curves remain, which will be the subject of analysis.
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F1G. 3. Temperature dependences of the specific heat capacity. Nominal composition: a — CaFsy, b —
sample number 1, ¢ — sample number 2, d — sample number 3, e — sample number 4, f — sample
number 5, g — sample number 6, h — sample number 7

For pure calcium fluoride (Fig. 3a), the maximum temperature of the C,(T) curve corresponds to the results of
Naylor [1]. At a low impurity content (~1 mol % YFs3), the character of the dependence changes slightly, although
the specific heat capacity peak is somewhat broadened (Fig. 3b). In this case, the beginning of the effects cannot be
distinguished.

With an increase in the content of yttrium fluoride, the nature of the temperature dependencies of the specific heat
capacity changes significantly. A low temperature component appears, a pronounced onset of the effects is formed, the
specific heat capacity anomaly is structured, and starting from 10 mol.% YFs3, three extrema can be clearly distinguished
on it (Fig. 3(f-h)). With a change in the concentration of yttrium fluoride, the temperatures of these effects change slightly,
staying within 600-1150 °C (Fig. 4). This behavior differs sharply from the initial expectation of a monotonic decrease
in the maximum at the specific heat capacity anomaly with increasing temperature.
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FI1G. 4. Temperatures of heat capacity anomalies in Ca;_, Y, Fo, single crystals. 1 — peak position,
2 — onset. Lines are guides to the eyes

Apparently, the observed effects can be associated with the rearrangement of defect clusters. Since these effects are
at least partially reversible upon heating-cooling, it can be concluded that the rearrangement is mainly associated with
changes in the anionic sublattice.

Usually, when discussing the cluster structure of defects in heterovalent solid solutions, rearrangements with increas-
ing concentration are considered, leaving aside the effect of temperature [35]. One of few exceptions is the work of
Osiko [36].

Structural investigations of Ca;_, Y Foy, solid solution and analogues systems were objects of numerous works.
The complexity of the cluster structures has been revealed by X-ray diffraction, spin resonance, spectroscopic, extended
X-ray-absorption fine structure (EXAFS), MNR '°F and computer simulation techniques [37-44]. Dipoles Y3+—Fi_m,
formed at a low content of YF; in the solid solution, rapidly undergo further association with increasing concentration.
Dimers (Y3+—F;m)2 [36] transform into so-called 2:2:2 clusters due to the relaxation of the anionic sublattice [39]. To
describe the structure formed at a high concentration of yttrium fluoride, very exotic models were initially proposed [38],
which were replaced by the YgF37 cubooctahedral cluster [41,45-47]. The size of such clusters with their defective
periphery is about 1.5 nm. It is these clusters that form the basis of ordered fluorite-like phases in the CaF3-YF3 system.

The presence of a dominant type of clusters does not exclude the existence of a wide range of clusters in crystals. The
set of coordination polyhedra of rare-earth elements in solid solutions leads to a broadening of the luminescence spectra
with transition to the disordered structure, see, for example, [48].

Clustering causes an increase in electrical conductivity with concentration [49, 50]. The composition containing
~3 mol.% YF3 approximately corresponds to the so-called percolation threshold, i.e. association of clusters (their defec-
tive periphery) into a single network in the bulk of the crystal [49].

As for high-temperature studies, the study of Catlow e.a [42] of a similar system Cag gEry.1F21 by the EXAFS
method in the range of 298-1070 K did not record noticeable changes. In the context of this work, the investigation
by Hoffmann et al. [43] devoted to the study of the crystal structure of Cag.94Y(.06F2.06 at different temperatures up to
1400 K is of particular importance. Hoffmann et.al., using the neutron diffraction technique, recorded the destruction of
cubooctahedral YgF37 cluster starting from ~630 °C and their complete disappearance at ~900 °C.

4. Conclusions

In this paper, new and unexpected data were obtained concerning the manifestations of a diffuse phase transition
in a heterovalent Ca;_, Y Fs., solid solution with a fluorite structure. The obtained data indicate the rearrangement
of defect nanoclusters not only with concentration, but also with temperature. The relevant instructions open up a new
way to control the functional properties of materials based on the corresponding solid solutions. Of paramount interest
are both studies of this phenomenon by a complex of structural and physicochemical methods, and a detailed study of
similar systems. An interesting and promising problem is the possible implementation of diffuse phase transitions in
high-temperature cubic polymorphs of ZrOy and HfO, and solid solutions based on them.
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