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Abstract

Equimolar crystals of a high-entropy Cag 255rg 25Bag 25Nd 25F2 25 (CaSrBaNdFy) fluoride
solid solution were grown from a melt by the Bridgman technique, and their optical, elec-
trical, and thermal properties were studied for the first time. This solid solution crystallizes
in a fluorite-type structure (space group Fm-3m with lattice parameter a = 5.807 A), is trans-
parent over a wide spectral range, and has a refractive index of np = 1.5035(5). In terms of
ionic conductivity (o, increases monotonically from 3.7 x 1072 t03.9 x 1074 S/cm in the
studied temperature range of 643-810 K), it significantly exceeds the parameters of binary
and ternary NdFs-based single crystals, such as M;_xNdyFs.x (M = Ca, Sr, Ba; x = 0.24-0.25)
and Cag 5851021 Ndg21F221. The grown multicomponent material is a hard (Hy~3.6 GPa)
isomorphic-capacious crystalline matrix for various applications in solid-state ionics, optics
and photonics, and opens up prospects for the development of new functional isotropic
optical crystalline materials in quaternary CaF,—SrF,-BaF,-RF; and higher-order complex
fluoride systems nMF,-mRF3;, where n + m > 4, M and R are ions of alkaline earth and
rare earth elements, respectively.

Keywords: inorganic fluoride; rare earth; growth from melt; Bridgman technique; single
crystal; solid solution; thermal conductivity; ionic conductivity; high-entropy materials

1. Introduction

Modern fluoride materials science urgently requires intensified research efforts to
transfer from single-component crystals (or polycrystals) to multicomponent solid solu-
tions (SSs), including medium- and high-entropy ones, to extend the present selection
of crystalline materials with unique and superior performance characteristics for specific
applications [1-10].

Among the variety of fluorides, the family of widely used crystals MF, (M = Ca,
Sr, Ba, Cd), with a fluorite-type structure, stands out [11-14]. These simple one- and
two-component fluorides Mj_,RyFy., (R is rare earth ions) possess several key favorable
features (optical transparency, radiation resistance, thermal stability, and spectroscopic prop-
erties), and are indispensable in the development of various advanced precision photonic
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systems for both research and industrial applications. Methods for melt growth or ceramic
synthesis of such materials have already been sufficiently developed at present [15-20]. It
can be noted that active research is carried out on the synthesis of materials in the form of
transparent optical multicomponent ceramics [3,4,21,22], while single crystal engineering is
hampered by significant technological melt growth difficulties (high temperatures, aggres-
siveness of fluoride melts, pyrohydrolysis processes, and composition heterogeneity due to
morphological instability of the solid-liquid interface) [15,16,23-29]. Achieving chemical
homogeneity of a ceramic material is a simpler process.

In any case, individual compounds of MF, can be modified by designing complex
(ternary, quaternary) iso- and aliovalent multicomponent SSs (in single-crystal or ceramic
form) based on them, which can be considered a novel class of promising functional
materials. These highly concentrated materials can offer unique optical and other physical
properties that are very different or unattainable for simple fluoride MF,.

The difficulty of growing chemically and, as a consequence, optically uniform multi-
component SSs by melt directional crystallization is usually associated with incongruent
solidification. In rare exceptions, there are compositions that correspond to specific (station-
ary) points (minima, maxima, and saddles) in the SS melting surfaces that melt/solidify
congruently [1]. Thus, the development of methods for growing multicomponent (ternary
and more complex) crystals is very limited, and the search for compositions of congruent
points is extremely relevant in multicomponent systems.

Of particular interest from the perspective of ternary materials is the fluorite-structured
isovalent SS in the CaF,-SrF,-BaF; system. There is probably no ternary stationary point
on the melting surfaces in this system, but the sloping liquidus and small temperature dif-
ference between the liquidus and solidus of the SS allow growing single crystals with a high
degree of optical homogeneity. The equimolar SS Ca 333)Sry 333)Bag 333)F2 (CaSrBaF) has
an incongruent melting character with a small difference (~50 °K) between melting and
solidification temperatures [30], and this type of single crystal was successfully grown from
the melt (by the Bridgman technique) and tested by doping with active rare earth ions as
a laser media [31,32].

In a number of ternary systems, such as CaF,-SrF,—RF3 (R = La-Lu), StF,—BaF,—RF3
(R = La-Yb), and PbF,-CdF,-RF; (R = Tb, Ho, Er, Tm, Yb, Lu), there are special points
that correspond to congruent melting compositions [1,30,33—41]. The assumption about
the existence of a quaternary fluorite-type SS with a congruent crystallization behavior in
the CaF,-SrF,-BaF,-LaF; system was made in [1]. Note that a similar liquidus topology is
also possible with some other RF;. However, this has not been experimentally confirmed
to date.

For the first time, cubic laser-quality crystals in the quinary system CaF,-SrF,-BaF,—
YF3-LaF3 were grown by the Bridgman technique and studied in Russia in the 1960s [42,43].
Any additional information on the synthesis from the melt of concentrated four- and five-
component fluoride crystals is currently unavailable.

Scientific interest in multicomponent high-entropy materials (HEMs) has grown
rapidly in recent years [3,6,44], while fluoride HEMs remain poorly studied. The cri-
teria for the formation of high-entropy phases and the prediction of their properties are
currently controversial [44,45]. Previously studied multicomponent crystal compositions
(except for Cag 33(3)Sr0 33(3)Bag 33(3)F2 [30,37] and Srg 35Bag 35Lag 30F2.30 [41]) have far from
equimolar component ratios, which can provide the maximum entropy of mixing and
determine the highest disorder degree.

A fluorite-structured SS from MF; and RF;, with four different types of cations M in
equimolar or near-equimolar ratios and an equivalent excess of F~ anions embedded by
the aliovalent component RF3 (R—rare earth element), can be classified as a HEM. Due to
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the strong disordering of such crystal structures, the slowing of diffusion, and the “cocktail”
effect [46-48], changes (enhancements) can be expected in some properties of high-entropy
SSs with an increase in the number of components. Therefore, it is of interest to extend
this approach and implement the complication of fluorite-type SS compositions to assess
their chemical homogeneity and track changes in certain physical characteristics to identify
synergy (dyssynergy) or additivity of properties.

This study aims to clarify assumptions [1] regarding the existence of a quaternary
fluorite-type solution in the CaF,-SrF,-BaF,—RF; system and to grow bulk equimolar
crystals from the melt using a composition with R = Nd to comprehensively evaluate
a number of characteristics of the fabricated multicomponent material.

2. Materials and Methods
2.1. Crystal Growth and Sample Preparation

High-purity CaF;, NdF3 (99.99%, Lanhit, Ltd., Moscow, Russia), BaF; (99.998%, Lanhit,
Ltd., Moscow, Russia), and SrF; (99.995%, Sigma-Aldrich, Saint Louis, MO, USA) powders
were utilized as initial reagents. These materials were remelted in a fluorinating atmosphere
to remove oxygen-containing impurities and produce dense, transparent ingots. The com-
ponents were weighed according to stoichiometry, mixed, and homogenized in a melt at
1750 K for 3 h. The equimolar SS single crystals Cag 55t 25Bag25Ndg 25F2 25 (rational compo-
sition CaSrBaNdFy) were grown by the Bridgman technique in a two-zone resistance furnace
with a graphite heating unit in a static atmosphere (He + CF4 mixture). The pre-evacuation
level was 1072 Pa. Multi-cell graphite crucibles were applied. The experimental method-
ology is described in detail in [33,40,41]. The temperature gradient in the crystallization
zone was maintained at 70 K/cm, the crucible pulling rates and post-growth cooling rates
were 2.5 mm/h and ~100 K/h, respectively. Evaporation losses did not exceed 1.0 wt.%. Thus,
multicomponent single crystals with a diameter of 15 mm and a length of up to 35 mm were

successfully grown (Figure 1a).

Figure 1. Appearance of as-grown CaSrBaNdFy crystal (a) and polarized-light imaging of polished
samples selected from the central (b) and top (c) sections.

Samples with a thickness of 1 = 2-20 mm were cut from the compositional uniformity
part of the crystals and mirror polished (see Figure 2).
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Figure 2. Distribution of cations along the growth axis of the CaSrBaNdFy crystal according to XRF
analysis data. The section of the crystal (average composition Cag »3(1)Srg.29(1)Bag 24(1)Ndg 24(1)F2.24)
selected for characterization is highlighted. The dotted line corresponds to the charge composition.

2.2. Crystal Characterization

X-ray diffraction (XRD) analysis was performed on a Rigaku MiniFlex 600 powder
diffractometer (Rigaku, Tokyo, Japan) in the angular range 26 = 20-100° (CuK« radiation).
Unit-cell parameters were fitted by full-profile Le Bail analysis within the Fm-3m symmetry
space group (the JANA2006 8.16 software [49]).

The relative distribution of components along the length of the crystalline boule was
determined by X-ray fluorescence (XRF) analysis on an Orbis PC Micro-XRF microanalyzer
(EDAX, Pleasanton, CA, USA).

Crystal density p was determined by hydrostatic weighing at room temperature (RT)
using distilled water as the working fluid.

The refractive index np (A = 0.589 um) was measured at RT using an IRF-454 refrac-
tometer (Kazan, Russia). Highly refractive 1-Bromonaphthalene (97%, Thermo Fisher,
Waltham, MA, USA) was utilized as an immersion fluid.

Transmission spectra were recorded at RT using a Cary 5000 spectrophotometer
(Agilent Technologies, Santa Clara, CA, USA) and a Nicolet Nexus 5700 FTIR spectrometer
(Thermo Fisher, Waltham, MA, USA) in the wavelength range A = 0.2-16.0 pm.

The Vickers microhardness Hy of the crystals was studied at RT using the microin-
dentation method on a Duroline-MH-6 hardness tester (Metkon Instruments Inc., Bursa,
Turkey). The Hy values [kgf/mm?] were calculated using the formula:

Hy =1.8544 P/d?,

where P [gf] is the indenter load and d [mm] is the diagonal length of the indenter impres-
sion. Measurements were performed at P = 50 gf and an indenter holding time of 10 s.
The error in microhardness measurement did not exceed 6%. Conversion of physical units
(into the International System of Units) was carried out according to the well-known ratio:
1 gf =9.80665 x 1073 H.

Thermal conductivity in the temperature range of 50-300 K was measured using the
absolute stationary longitudinal-heat-flow method. The equipment and measurement
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methodology are described in [37]. The samples were cylindrical, 12 mm in diameter
and 20 mm in length. The error in determining the thermal conductivity coefficient was
within £5%.

Ionic conductivity was measured using impedance spectroscopy in a vacuum of
~1 Pa over a temperature range of 643-810 K in cooling mode. Silver paste (Leitsilber, Kemo
Electronic GmbH, Geestland, Germany) was applied as inert electrodes on the sample
surfaces. Measurements of the complex impedance Z*(w) = Z' + iZ" (i is the imaginary
unit) of the electrochemical system Ag | crystal | Ag were performed in the frequency ranges
of 5-5x 10° Hz with resistances of 1-107 Q) (BM-507 impedance meter, Tesla, Prague, Czech
Republic). The relative measurement error of Z*(w) did not exceed 5%. The impedance
measurement technique is described in detail in [50].

The Nyquist Z*(w) plots, the Bode Z'(w) and Z"(w) plots and the equivalent circuit
for such an electrochemical system, Ag | single crystal | Ag, are well studied, and examples
are given in [50,51]. The equivalent electrical circuit consists of a bulk resistance Rcs of
the crystal and two frequency-dependent elements P,;(w) and Pp(w) of a capacitive nature.
At low frequency, the plot Z*(w) represents a straight line inclined to the abscissa, which
corresponds to the element P, (w) with a constant phase angle and models the electrical
processes at the crystal/electrode interface. As the frequency increases, we observe the
semicircle with the center below the abscissa, which corresponds to the resistance Rcyys and
the element Pj(w) connected in parallel and models the electrical processes in the crystal
bulk. The fact that impedance spectra at low frequencies reflect the presence of the blocking
effect exerted by the inert (silver) electrodes points to the ionic nature of conduction in
this crystal.

The bulk resistance Rcys of the crystal was determined from the frequency depen-
dences of the complex impedance of the Ag|CaSrBaNdFy | Ag electrochemical cells by
the intersection of the impedance hodograph with the active resistance axis. The specific
electrical conductivity o, was calculated using the following formula:

Odc = h/(RcrysS);

where h = 3.5 mm is the thickness of the sample and S = 60 mm? is the area of the electrodes.
The temperature dependence of conductivity was processed in accordance with the
Arrhenius—Frenkel equation:

04.T = Aexp(—AHs /kT),

where A is the pre-exponential factor of electrical conductivity and AH is the activation
enthalpy of ion transfer.

3. Results and Discussion

As a result of experiments on vertical directional crystallization of the melt at the
crucible pulling rate of 2.5 mm/h, single crystals of the nominal (according to the charge)
composition CaSrBaNdFy (free from light-scattering inclusions and cracks) were success-
fully grown (Figure 1a).

The bottom (conical) and center crystal parts are visually uniform (Figure 1b), while
the characteristic cellular structure gradually increases in the top part (radial composition
heterogeneity) due to the incongruent solidification nature (Figure 1c). The characteristic
appearance of the cellular structure is shown in the axial and radial directions, respectively.

The ratio of Ca, Ba, and Nd cations remains practically constant along the length of
the crystal boule, with their content decreasing uniformly toward the crystal top, while Sr,
in contrast, is displaced upward during growth (Figure 2); its distribution coefficient in this
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multicomponent system is significantly less than unity. A distinct cellular substructure is
visible in the top crystal part (Figure 1c), which may be associated with the displacement of
strontium and concentration supercooling at the crystallization front as a result.

A homogeneous piece with the composition Cag 3(1)Srg.29(1)Bag 24(1)Ndg 24¢1)F2.24 (ac-
cording to XRF analysis data) and that was close to the middle crystal part was selected for
further study of the physical properties (Figure 2).

XRD analysis confirmed that the crystal is single-phase and has a high degree of
crystallinity; good resolution of the Cu Kay /oy doublet is observed (Figure 3). Thus,
a homogeneous SS with a fluorite structure (sp. gr. Fm — 3m) with unit-cell parameters of
5.8070(1) A and 5.8073(2) A for the bottom and top parts of the crystalline boule, respectively,
was grown. The refined unit-cell parameters are very close to pure-SrF; ones (a = 5.8003(6)
A [52]) and does not vary significantly along the crystal length.

1, arb.un.
111
1, arb.un.
; CaSrBaNdF,
1 - bottom
P 2 -top
202
113
T T T T T T 1
87 20, degree 88
002 313 224 445
222
204 333
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___de__,)t LL ] LL j Jl o
] I — # N —— e e

20 40 60 80 20, degres 100

Figure 3. XRD patterns of the bottom part of CaSrBaNdFg and SrF; crystals. The Bragg reflections
positions are indicated for the sp. gr. Fm — 3m with unit-cell parameter a = 5.8070(1) A. The inset
shows an enlarged image of the reflection 115 (orange area) for the different crystal sections.

The synthesized CaSrBaNdFy SS can be classified according to the generally accepted
criterion 0.69R < AS,,r < 1.61R [53] as a high-entropy phase. For a random solid solution,
the configurational entropy (ASyf) can be estimated in the ideal-solution approximation
using the Boltzmann equation [54,55]. For n components, Aswnf entropy reaches its
highest value when the atomic fraction of all components is the same (equimolar). This
phenomenon is known as the Gibbs paradox.

The configurational entropy per mole can be expressed as follows:

Asconf = _RZ?:l xilnxi,

where R = 8314 Jmol 'K~ is the universal gas constant and x; is the mole (atomic) fraction
of the specific i-th component.

In the studied CaSrBaNdFg SS, equivalent cationic sites can be occupied by
four different cations (25 mol% each). Additionally, the aliovalent component NdF3
contributes 25 mol% excess F~ anions, which are located in the interstitial space of
the cubic structure.
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Taking this into account, the final formula for the AS,,, calculation is

ASconp = —R (Z?:l xilnx; + 271:1 y]-lnyj) = —R (Z?:l xilnx; +vy lny) = 1.73R,

where x; (yj) is the mole (atomic) fraction of the specific i(j)-th cation (anion) in the re-
spective sublattice, and n(m) is the number of cation (anion) sites in the complex mixed
system [55].

A characteristic feature of HEMs is that entropy (due to the high entropy of mixing)
predominates over enthalpy, reducing the total free energy of the system. This phenomenon
allows for the stabilization of such SSs (usually with a face- or body-centered cubic crystal
lattices), preventing their decomposition or ordering. The chaotic distribution of cations of
several types in the lattice sites causes local stress and deformation. The displacement of
atoms, including fluorine F~ ions, is hindered within such a lattice. Therefore, high-entropy
phases are typically characterized by increased strength properties.

An increase in the number of SS components consistently increases its microhardness.
The change in Vickers microhardness Hy for some concentrated fluorite-type crystals is
shown in Figure 4. Data from [56-60] were used for the comparative analysis.

The number of cations in the crystal

1 2 3
40 T T I ‘4|7
3.5 CaSrBaF, %
o 1 //,/’ CaSrBaNdF4
S 30+ >
sl Cay sSrysF5 % ’
v 2.5+ K4
:
'g Il Ba]—xRxF2+x
£ 20+ CaF, < 01<x<03
5 ® (R="Pr, Gd, Tb, Tm)
Z 15- SrF,™ .
104 BaF,
°

T T T
000 025 050 075 100 125 150 1.75
ASCOnf/R

Figure 4. Dependence of Vickers microhardness on the configurational entropy ASy,s (number of
cations in the composition) of some compounds and concentrated fluoride SS single crystals. The
dotted line is guide for the eye. The curly bracket limits the range of microhardness values for
Ba-based crystal [58].

A distinct trend toward strengthening is observed with increasing complexity of the
crystal chemical composition. The studied CaSrBaNdFg crystals belong to the group of hard
materials and exhibit greater resistance to deformation than RF3 (R = La-Nd) crystals [61].
Further research is required to understand the role of lattice atomic disordering and its
relationship to hardness, brittleness, and fracture toughness.

Table 1 summarizes some of the physical parameters of the Cag 3(1)Sr0.29(1)Bag 24(1)
Ndg24(1yF2.24 SS single crystal.
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Table 1. Some studied physical properties of grown crystal.

Parameter Value

Lattice constant a, A 5.8071(2)
Density p, g/cm?
measured 4.903(5)
theoretical 4.920
Refractive index np (A = 0.589 um)

Measured 1.5035(5)

calculated according to [62] 1.509(1)
Hardness Hy, GPa (at P = 0.49 H) 3.6(3)
Thermal conductivity k, W/(m-K) at 300 K 1.22(1)

The actual density at the crystal top decreases to p = 4.861(3) g/cm?, due to the increase
in the amount of the lighter SrF, component in the composition.

Calculation of the refractive index using the molecular refraction additivity method
according to [62] gives a value very close to the measured np. The possibility of creating
a material with a continuously changing refractive index along the crystal length while
maintaining optical homogeneity in the cross section may be promising for applications in
gradient-index optics [63,64].

The electrophysical properties of fluorite-structured SSs in quaternary systems MFp—
M'Fy—M""Fy—RF3 (M, M’, M" —alkaline-earth; R—rare earth elements) have not been studied
previously. Solutions based on fluorite-type MF; (M = Ca, St, Ba) have high fluorine-ion
conductivity [65-67]. The temperature dependence of the ionic conductivity oy (T) for
the CaSrBaNdFy is shown in Figure 5, in comparison with the electrophysical data for
a number of NdFs-based isostructural crystals [40,50,51].

Igo,. T, SK/cm

1.0 1
0.5 +
0.0
-0.54
-1.04

-1.54

1.2 1.3 1.4 15 1.6
10%/T, K™

Figure 5. Temperature dependence of ionic conductivity of fluorite SSs: 1-CaSrBaNdFg,
2-Cag7sNdoosFaos  [50],  3-Sro7sNdoosFars  [51],  4-BagzeNdo2sFaos  [50],  and  5-
Cag585r0.21Ndg21F2 21 [40]-

The 04.(T) dependence for CaSrBaNdFy does not have any peculiarities; the oy,
value increases monotonically from 3.7 x 107> to 3.9 x 10~* S/cm (by an order
of magnitude) in the temperature range of 643-810 K (o4 = 1.0(1) x 107° S/cm at
500 K). The experimental data satisfy the Arrhenius—Frenkel equation with the fitting
parameters A = 1.035 x 10* SK/cm and AH = 0.725(5) eV, respectively.

https://doi.org/10.3390/ cryst16020140


https://doi.org/10.3390/cryst16020140

Crystals 2026, 16, 140

9of 15

Excess fluorine anions formed by embedding an aliovalent dopant, NdFs, into the
crystal lattice, are localized in the interstitial positions of the mixed-fluorite matrix (Ca, Sr,
Ba)F; in accordance with the quasichemical reaction:

NdF3 (Can, SrF,, Ban) — Ndca, Sr, Ba. + F/ + ZFFX,

The designation of point defects is given in Kroger—Vink symbols [68].

The average value of potential barriers, equal to 0.725 eV for interstitial F;/ ions
participating in the ion transport process in CaSrBaNdFg crystal, is comparable to the
activation enthalpies of ion transport in two-component M _,NdFo,, (M = Ca, Sr, Ba) and
more complex (Ca, Sr);_xNdyFa., SSs (Table 2).

Table 2. Average cation radius (rs), conductivity at 500 K (o500 x), and activation enthalpy of ion
transport (AH ) for fluorite-type concentrated (Ca, Sr, Ba);_NdyFy,, (x~0.25) single crystals.

°

Crystal Teat, A ASmnf/R 0500 K, S/em AHg, eV Reference
CaSrBaNdFy 1.367 1.73 1.0 x 10°° 0.725 Present work
Ca0.588r0_21Nd0_21F2.21 1.212 1.30 1.8 x 1076 0.880 [40]
Cag565Sr929Ndg 15F7 15 * 1.299 1.25 50 x 1077 0.930 [69]
Ca0_75Nd0_25F2,25 1.257 0.91 1.1 x 1075 0.800 [50]
Srg.75Ndg.25F7 25 1.362 0.91 7.9 x 1073 0.650 [51]
Bag 76Ndg24F2 04 1.498 0.89 58 x 107° 0.770 [50]

* Polycrystalline form.

A comparative analysis of the ion conductivity characteristics of SSs with varying
numbers of MF, components and neodymium trifluoride shows that the presence of Ca®*
and Ba?* cations in the fluorite matrix increases the activation enthalpy of ion transport and
reduces the SS total ionic conductivity. The binary neodymium-strontium Srg 75Nd 25F2 25
crystal exhibits the highest ionic conductivity among the studied (Ca, Sr, Ba);_xNdyFo,x
SSs. From the analysis of the data presented in Table 2, it is obvious that with an increase
in the number of components of the matrix, the conductivity of ternary and quaternary
SSs decreases by one to two orders of magnitude. Mixing SSs with different lattice de-
fects but the same type of rare earth cations R3* leads to a decrease in conductivity with
an equimolar cation composition, that is, to the occurrence of dyssynergy (negative syn-
ergy) in ionic conductivity. Possible reasons for this phenomenon are the size mismatch
of the alkaline earth metal ions M?* [69] and the sluggish diffusion effect characteristic
of HEMs.

The transmission spectrum of the crystal under study is shown in Figure 6. Absorption
bands characteristic of the Nd3* ions are observed, which are associated with electronic
transitions from the ground state *Iy, to different excited high-lying **L; levels of the 4f
configuration in these ions [70]. A sufficiently high level of transmittance in the UV spectral
range indicates a low content of oxygen impurities in the grown crystals.

The 50%-transmission limit for the CaSrBaNdFy single crystal is located at 9.6 um
(for 5 mm thick samples). The presence of a large fraction of relatively light CaF, in
the SS composition leads to a blue shift of the IR limit, in comparison with the NdF3
and Sr1_Nd,Fp,y (x = 0.1-0.5) [71,72]. From the point of view of optical applications, the
CaSrBaNdFy crystals can be utilized for selective filtering of IR radiation (ranges 2.3-2.7 and
4.5-6.0 um). It is also possible to apply these materials as optical gates for the UV spectral
region, which are controlled by external laser IR radiation [73,74].
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Figure 6. Transmission spectrum of the CaSrBaNdFg crystal. The thickness of the given sample is 5 mm.

The results of thermal conductivity measurements for the CaSrBaNdFy crystal are
presented in Figure 7. Data for the ternary CaSrBaFg and binary Cag 551 5F, compounds
are also added for comparison [37,75].

k, WI(mK)
k, W/(mK) o
20 . 50K
10+ \'\.\
10 . Ta
00K Teo g s
T T _ )‘:‘I
The number of cations in the crystals
5
CaSrF,
CaSrBaFg
_®— _._Q—.——.—Q—.—.—.—.7.—.—.—.—.—.—.—.—.—.—.—.—.—.
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Figure 7. Temperature dependence of the thermal conductivity k(T) of selected multicomponent
crystals. Insert: thermal conductivity changes depending on the number of components in the
solution at different temperatures.

It is clearly evident that the transfer from a ternary composition with an isovalent type
of ion substitution to a quaternary one with a combination of di- and trivalent cations is
accompanied not only by a significant decrease in thermal conductivity (at RT, it is lower
than that of quartz glass), but also by a dramatic change in the nature of its temperature
dependence. Glass-like behavior of thermal conductivity has been observed in many
concentrated aliovalent fluoride SSs and is explained by intense phonon scattering by large
defect structure clusters, causing an increase in the thermal resistance of multicomponent
crystals [76,77].

Thermal conductivity increases monotonically with increasing temperature, which is
characteristic of the disorder of materials. The glass-like behavior of k(T) dependence of the
CaSrBaNdFy crystal (as well as numerous Mj_xRxF». crystals) is associated with struc-
tural changes due to aliovalent isomorphism, leading to defect clustering processes [78].

https://doi.org/10.3390/ cryst16020140


https://doi.org/10.3390/cryst16020140

Crystals 2026, 16, 140

11 0f 15

Structural clusters, when incorporated into the spatial lattice, do not change the motif
of the closest cubic packing of cations, while the anionic (fluorine) sublattice undergoes
local structural changes. Strong fluctuations of short-range order in the crystal lattice
are observed.

The experimental k(T) values (within the measurement error) can be fitted by a poly-
nomial of the form

k(T) =1.203 x 107873 — 8.656 x 107°T%+ 2.200 x 1073T + 1.011 [W/(m-K)].

An inverse linear correlation between fluoride-ion conductivity at 500 K and thermal
conductivity at 100 K was established for a family of M;_,RyFy,, fluorite-structured SSs
(M = Ca, Ba, and R-rare earth elements) [79]. This relationship can be described by
an equation of the form

logGSOOK = _1-179k100K —4.132.

The measured values for the CaSrBaNdFy crystal (log(ospox, S/cm) = —6 and
kipox = 1.2 W/ (m K)) are consistent with this “ion transport-thermal conductivity” correla-
tion for Caj_RyF»,, solutions (R = La, Ce, Pr).

The studied multicomponent crystal can be classified as a thermal insulator, which
may be of interest for the creation of low-temperature thermal-barrier optical coatings.

4. Conclusions

The search for multicomponent, congruently melting crystals (solid solutions) is
important for the development of materials science in general, as it enables the design
of new crystalline materials, often with unexpected properties. However, it is difficult
to theoretically predict specific changes in the properties of complex SSs that include
aliovalent components, which cause structural and dynamic disorder of crystals. Progress
is determined mainly by empirical or intuitive researcher considerations.

In this study, a four-component aliovalent Cag 55r( 25Bag 25Ndg 25F2 25 (CaSrBaNdFy)
SS crystal was successfully grown from the melt and characterized for the first time. The
grown material was shown to be highly entropic (ASg,s > 1.61R). An increase in the
number of S5 components leads to a change in some of its physical properties, both for the
better and for the worse.

It was possible to trace the dynamics of the increase in the SS’s hardness with
an increase in the configurational entropy of a multicomponent fluoride system. However,
from the point of view of the thermal- and ionic-conducting properties of CaSrBaNdFy
crystal, with an increase in the number of components in systems, a significant dyssyner-
getic character is observed. The conducting properties deteriorate, which is associated with
the disorder of the crystalline structure. Further characterization of CaSrBaNdFg crystals
by differential scanning calorimetry methods is currently underway to confirm the melting
behavior and refine the melting point and thermal stability. Identification of the crystal
homogeneity’s dependence on the applied growth parameters (pulling rate vs a given
temperature gradient value at the crystallization front) is in progress.

The high isomorphic capacity of fluorite MF,s (M = Ca, Sr, Ba, Cd) and the iso- and
aliovalent SSs created on their basis makes it possible to change a wide range of crystal
compositions (this ability brings them closer to optical glasses) and modify their physical
characteristics to solve specific practical problems.

The results of the investigation of the CaSrBaNdFy crystal are quite recent and should
be regarded as preliminary. Nevertheless, it is evident that this study demonstrates the
feasibility of growing homogeneous crystals in other CaF,-SrF,—BaF,—-RF; quaternary
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systems (where R =Y, La-Lu) and discovers a neoteric class of promising complex fluoride
materials with high innovative and technical potential.
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