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ABSTRACT A series of Ca1−xYxF2+x solid solution x = 0.0005, 0.003, 0.007, 0.013, 0.02, 0.03, 0.04 single crystals
were grown using the Bridgman method. The thermal conductivity of single crystals was measured using the
absolute method of longitudinal heat flow in the range of 50 – 300 K. With an increase in the concentration of
yttrium fluoride in the solid solution, a transition is observed from the temperature dependence characteristic
of single crystals to a monotonically increasing one with increasing temperature, which is characteristic of
disordered media. This behavior is associated with the scattering of phonons on nanosized clusters of defects
present in the solid solution. Within the framework of a two-component model, including a superposition of
thermal resistance coefficients from ordered and disordered media, a system of equations was obtained that
provides a quantitative description of the experiment.
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1. Introduction

Solid solutions of yttrium fluoride in calcium fluoride are a classical object of solid state physics and chemistry. The
mineral yttrofluorite was discovered more than 100 years ago [1,2], its research made it possible to formulate the concept
of heterovalent isomorphism [3–5]. Further studies of the structure of the Ca1−xYxF2+x solid solution [6–22] revealed a
complex pattern of association of structural defects, leading to the formation of nanosized clusters coherently embedded in
the fluorite lattice [23–25]. This allows us to consider the corresponding solid solution as a unique example of nanosized
composites [26, 27].

The phase diagram of the CaF2–YF3 system is presented in Fig. 1 [28]. The Ca1−xYxF2+x solid solution is charac-
terized by closeness of the liquidus and solidus curves, which makes it possible to grow high-quality single crystals from
the melt [29]. The low-temperature decomposition of this solid solution is inhibited.

The Ca1−xYxF2+x solid solution is a photonics material, transparent in a wide optical range, from vacuum ultraviolet
to mid-IR, differing from pure fluorite in its increased hardness and lack of cleavage [25]. It is a matrix for solid-
state lasers, both in the form of single crystals and ceramics [30–51]. In addition, it is characterized by increased ionic
conductivity, which determines its use in electrochemical studies [52–54].

Thermal conductivity is the main characteristic that determines the behavior of a material under operating conditions.
Preliminary measurements of the thermal conductivity of some single crystals of the Ca1−xYxF2+x solid solution were
carried out in [55, 56]. Currently, a model has emerged [57], based on the approach formulated in [58, 59], which makes
it possible to quantitatively describe the temperature and concentration dependences of the thermal conductivity of such
solid solutions.

The purpose of this work was to determine the thermal conductivity of original nanocomposite system, namely,
single crystals of the Ca1−xYxF2+x solid solution for the missing concentration region and to quantitatively describe the
experimental results based on the existing model.

The technique for growing crystals is identical to that used in [56]. The starting materials used were yttrium fluoride
of the chemically pure grade, melted under a fluorinating atmosphere of Teflon pyrolysis products, and calcium fluoride –
broken optical crystals produced by the State Optical Institute named after S. I. Vavilov. Single crystals with a diameter
of 10 mm were grown by the Bridgman method in a seven-channel graphite crucible in a static CF4 atmosphere (pressure
80 Torr). Drawing speed is 10 mm/h, temperature gradient is 50 ± 10 K/cm. No corrections were made for changes in
composition during crystal growth.
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FIG. 1. Phase diagram of the CaF2–YF3 system [28]. Phase F denotes the Ca1−xYxF2+x solid solution

The objects of the experimental study of thermal conductivity in this work were single-crystal samples of Ca1−xYxF2+x

with yttrium trifluoride content x = 0.0005, 0.003, 0.007, 0.013, 0.02, 0.03, 0.04 cubic structure.
The determination of thermal conductivity in the temperature range 50 – 300 K was carried out using the absolute

stationary method of longitudinal heat flow [60]. The error in determining the absolute value of thermal conductivity did
not exceed 5 %.

The measurement results in the form of graphs of the temperature dependence of thermal conductivity k(T ) are
presented in Fig. 2. To complete the picture, the results of previous studies of the thermal conductivity of Ca1−xYxF2+x

samples with the content of the second component x = 0.005 and x = 0.05 – 0.20 have been added here (the technique
for synthesizing single crystals and measuring thermal conductivity is identical to those used in this work) [56]. The
numerical data k(T ) for the new samples studied are given in Table 1.

TABLE 1. Smoothed values of thermal conductivity of Ca1−xYxF2+x single crystals

YF3 Content, mol. %
Temperature, K

50 100 150 200 250 300

0.05 59.5 29.5 19.2 14.2 11.2 9.3

0.3 26.7 21.9 16.1 12.5 10.2 8.7

0.7 12.5 14.8 12.7 10.7 9.2 7.9

1.3 6.90 9.14 9.02 8.20 7.43 6.8

2 4.70 6.85 7.30 6.97 6.53 6.0

3 3.27 5.20 5.82 5.78 5.51 5.1

4 2.36 3.93 4.65 4.80 4.64 4.45
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FIG. 2. Temperature-dependent thermal conductivity coefficient for Ca1−xYxF2+x solid solution sin-
gle crystals: markers represent experimental values, and lines are fitted curves calculated by model (1)

As can be seen in Fig. 2, there is a monotonic concentration transition of the nature of the temperature dependence
from typical for dielectric single crystals to glass-like. The low-temperature maximum k(T ) inherent in ordered media
appears (x = 0.005, i.e. 0.5 mol %) in the temperature range studied, becomes lower and wider with increasing con-
centration, shifts towards higher temperatures and completely disappears at x > 0.05. This kind of transition has been
detected many times for various heterovalent solid solutions of the M1−xRxF2+x type, where M = Ca, Sr, Ba, Cd, Pb,
R=Y, La–Lu (see, for example, [61–63]). It is associated with the formation of nanosize defect clusters in such crystals
and corresponding high-intensity phonon scattering.

The Ca1−xYxF2+x solid solution is structurally a model for similar compositions with fluorides of rare earth elements
of the yttrium subgroup. The most likely type of defect clusters is the so-called hexameric cluster Y6F37, existing in
ordered fluorite-like phases, formed in the system CaF2–YF3 [24,64–66]. This point of view is confirmed by the results of
precision structural studies of Ca1−xYxF2+x solid solution [17,18,20,21] and investigation of its physical properties [22,
67]. The scheme of embedding such a cluster into the fluorite lattice according to the Bevan, Greis and Strahle [23] model
is shown in Fig. 3. The size of such clusters with their defective periphery is about 1.5 nm.

FIG. 3. Fragment of the fluorite lattice (a), the Y6F37 cluster (b), and the Y6F37 cluster incorporated
into the fluorite lattice (c)

In application to the obtained experimental values of k(T ), we test the relatively simple formulaic expression pro-
posed in [57] for describing the specific thermal resistance w = 1/k of heterovalent solid solutions. This expression looks
like:
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Here A is the contribution of the thermal resistance associated with the introduction of trivalent rare earth ions and the
formation of clusters of defects (“amorphous component”); β is a parameter depending on the type of rare earth dopant;
k0 is the thermal conductivity coefficient of the undoped crystal; d is the concentration of the rare earth dopant; D, B and
C are coefficients of the polynomial describing the “amorphous component” of the thermal conductivity coefficient.

In this work, the coefficient k0 for the thermal conductivity of a nominally pure CaF2 crystal [68] is taken in accor-
dance with the following expression

k0 = a1 + a2 exp(a3/T ) T
−1. (2)

As can be seen in Fig. 1, the calculated curves have a slight deviation from the experimental k(T ) points. The
discrepancy in almost all cases does not exceed the experimental error of 5 %. The values of the parameters included in
expressions (1) and (2), which do not depend on the concentration of the solid solution, were: a1 = 3.38 W·m−1K−1,
a2 = 1499 W·m−1, a3 = 104.7, β = 0.24. The values of parameters A, B, C and D, directly related to the concentration
of yttrium fluoride in the solid solution, are given in Table 2.

TABLE 2. Values of parameters A, B, C and D included in expression (1)

YF3 Content, mol. % A
C,

W·m−1K−3
B,

W·m−1K−2
D,

W·m−1K−1

0.0005 0.11 −1.183 · 10−4 2.490 · 10−2 8.758

0.003 0.155 −2.852 · 10−4 1.036 · 10−1 1.137

0.005 0.17 −2.132 · 10−4 9.288 · 10−2 −0.506

0.007 0.21 −2.514 · 10−4 1.087 · 10−1 −1.881

0.01 0.25 −3.868 · 10−4 1.267 · 10−1 −2.983

0.013 0.30 −1.110 · 10−4 5.686 · 10−2 −0.326

0.02 0.40 −1.009 · 10−4 5.154 · 10−2 −0.362

0.03 0.48 −8.767 · 10−5 4.398 · 10−2 −0.347

0.04 0.55 −6.741 · 10−5 3.496 · 10−2 −0.244

0.05 0.60 −4.006 · 10−5 2.355 · 10−2 0.149

0.1 0.68 −1.807 · 10−5 1.378 · 10−2 −0.041

0.12 0.70 −1.728 · 10−5 1.288 · 10−2 −0.038

0.15 0.75 −1.288 · 10−5 1.021 · 10−2 0.071

0.2 0.77 −1.638 · 10−5 1.032 · 10−2 −0.014

An increase in the concentration of the solid solution is accompanied by a natural increase in the values of parameter
A and their approach to the upper threshold value A = 1 (see Fig. 4). To some approximation, the dependence A(d), as in
the case of the Ca1−xYbxF2+x solid solution [57], can be described by a logarithmic function with a constant component
(the parameter d in expression (1) is equal to the value x in the composition formula).

It is not possible to detect clear correlations for parameters B, C and D. To a rough approximation, the decreasing
nature of the absolute values of the parameters C and B with increasing Y content, and the weak dependence of B(d)
are violated in the region of the lowest concentrations, apparently due to the strong local concentration dependence of
the thermal conductivity coefficient. In Fig. 5, this dependence is presented in the form of two isotherms k(x). It can be
seen that the new experimental points k(x) for samples with low concentrations fell almost on the interpolation curves
proposed earlier [56].

2. Conclusion

In the temperature range 50 – 300 K, the thermal conductivity of the original nanocomposite system, namely, sin-
gle crystals of the Ca1−xYxF2+x solid solution with a low concentration of yttrium fluoride (x = 0.0005 – 0.04) was
experimentally studied. The inclusion of nanosized clusters in the fluorite lattice leads to a sharp drop in thermal conduc-
tivity due to pronounced phonon scattering. We proposed the formula expression for the thermal conductivity coefficient.
Testing showed its suitability for describing the dependence of the thermal conductivity coefficient on temperature and
concentration for heterovalent Ca1−xRxF2+x solid solutions, where R is represented by Y and Yb, which differ greatly
in mass. In the future, it is planned to search for ways to improve the proposed model based on its application to solid
solutions of different compositions with a heterovalent type of ion substitution.
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FIG. 4. Parameter A versus YF3 concentration in Ca1−xYxF2+x (1) and Ca1−xYbxF2+x (2) solid solutions

FIG. 5. Dependence of the thermal conductivity of the Ca1−xYxF2+x solid solution on the content of
the second component
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