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Abstract: Bulk c-oriented CeFj3 single crystals (sp. gr. P3c1) were grown successfully by the vertical
Bridgman technique in a fluorinating atmosphere. A description of the crystal growth procedure
and the solution of the difficulties during the growth process are presented in detail. The anisotropy
of the mechanical, thermal and electrophysical properties were studied for the first time. The
maximum values of the thermal conductivity coefficient (x = 2.51 + 0.12 W-m~1.K~1) and the ionic
conductivity (o4 = 2.7 x 107 S/cm) at room temperature are observed in the [0001] direction for
the CeF; crystals. The Vickers (Hy) and Berkovich (Hg) microhardnesses for the (0001), (1010) and
(1120) crystallographic planes were investigated. The Hg values were higher than the Hy ones and
decreased from 3.8 to 2.9 GPa with an increase in the load in the range of 0.5-0.98 N for the hardest
(0001) plane. The {1120}, {1010} and {0001} cleavage planes were observed during the indentation
process of the CeF5 crystals. The variability of Young’s, the shear modules and Poisson’s ratio were
analyzed. A significant correlation between the shapes of the Vickers indentation patterns with
Young’s modulus anisotropy was found. The relationship between the anisotropy of the studied
properties and the features of the CeF; trigonal crystal structure is discussed.

Keywords: bulk crystals; growth from the melt; Bridgman technique; inorganic fluoride; CeFs3;
rare-earth ions; crystal structure; anisotropy; thermal conductivity; ionic conductivity; microhardness

1. Introduction

Among bulk single crystals of the rare-earth trifluorides [1], cerium fluoride attracts
special attention due to a wide range of promising applications. The undoped and rare-
earth doped CeF; single crystals (and solid solutions based on it) are a multifunctional
material for various fields of science and technology.

These crystals can be used as optical materials in a wide (from VUV- to mid-IR) spectral
range [2-5]: rare-earth (Dy3+, Er?*, Nd3* ions, etc.)-doped laser host materials, efficiently
emitting in the visible and IR ranges [6—11], and solid electrolyte basic components for
fluoride ion batteries [12-16]. The possibility of using a CeF3 crystal as a density fast
scintillator has caused a boom in research on its luminescence characteristics [17-20]. It
showed promising scintillation characteristics, such as nanosecond scale decay time and
high radiation hardness. However, performance improvement studies of these crystals are
ongoing for high-energy physics applications [21,22].

In recent years, a huge potential for the utilization of CeF3 crystals as one of the
promising magneto-optical materials for the development of high-power Faraday optical
isolators for a broad variety of laser wavelengths was demonstrated [23-27].
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The preparation of the bulk fluoride crystals is complicated by the high reactivity of
rare-earth fluorides and their general tendency toward pyrohydrolysis, especially in the
case of cerium fluoride [28]. This problem is successfully solved by using an appropriate
fluorinating atmosphere [29,30].

Currently, large-size optical-quality CeF; crystals (and solid solutions based on it) are
grown from the melt by directional crystallization methods (by the Bridgman-Stockbarger
technique [6-11,24,26,27] or Czochralski method [19,23]) and available on a commercial
basis. The CeF; crystal fibers can be successfully produced by the micro-pulling-down
technique [20]. The Bridgman technique is a basic method of fluoride crystal growth [28,30].
This method is technologically simple and, thus, more economic and used for commercial
industrial applications.

CeF; single crystals belong to the group of rare-earth trifluorides with a tysonite-type
structure and do not have any polymorphic destructive transformations up to melting. The
crystal structure of CeF; and other isostructural rare-earth fluorides have been studied
many times [31-35]. The tysonite structure type is dimorphic and has a low-temperature
trigonal (sp. gr. P3c1) with a hexamolecular unit cell and high-temperature hexagonal (sp.
gr. P63/mmc, Z = 2) modifications. However, their structures differ insignificantly, and
they are not always determined in studies and may even coexist in one single crystal [31].
The transition between such structure modifications, which occur gradually and can be at-
tributed to the diffuse transformation type, affects only the anion fluorine crystal sublattice.

Despite the nearly 60-year history of studying cerium fluoride crystals, many of its
properties have remained unexplored. This problem is compounded by the fact that
the relatively low (trigonal) symmetry of CeF; single crystals leads to the anisotropy of
their fundamental physical properties in contrast to the well-studied and widely used
isotropic crystals based on cubic alkaline earth fluorides. Data on physical properties
are necessary for the purposeful manufacture of passive and active optical crystalline
elements and their further successful practical application in photonics, solid-state ionics,
magneto-optics, radiation and thermal physics. In addition, the thermal characteristics
of crystals are fundamental for analyzing their performance potential. The study of the
temperature dependences of the crystal properties is extremely necessary, because most
practical applications assume a thermomechanical impact, and a priori estimates of these
changes are not always reliable.

Until now, the anisotropy of the properties of CeF3 single crystals, with the exception
of the optical [36], elastic [37,38] and magnetic [39] characteristics, has not been given
sufficient attention. Therefore, to fill this existing gap in our scientific knowledge, a
comprehensive study of the anisotropy of the mechanical, electro- and thermophysical
characteristics of CeF; single crystals grown by the Bridgman technique is the goal of this
work.

2. Materials and Methods
2.1. Crystal Growth Prosess and Samples Preparation

The CeFj; single crystals were grown by the Bridgman technique in a resistive double-
zone growth chamber with a graphite heating unit in a multi-cell crucible (manufacturing
at the FSRC “Crystallography and Photonics” RAS, Moscow, Russia). The anhydrous CeF3
(99.99%; Lanhit Ltd., Moscow, Russia) powder was used as the initial reagent. CeF; among
rare-earth trifluorides is one of the most prone to pyrohydrolysis [21,28,40]. Therefore, the
powder was preliminarily annealed in vacuum (~10~2 Pa) for 3-5 h at 450 K and melted in
a fluorinating atmosphere for deep purification from oxygen-containing impurities. The
CeF3 melting point is T;; = 1716 4+ 10 K [32]. The level of preliminary evacuation was
5 x 1073 Pa. A high-purity He + CF,; mixture was used to create a fluorinating growth
atmosphere. The commonly used scavengers, such as PbF,, were not added to the charge
because of the strengthening effect of their residual amounts on the crystal mechanical
characteristics [41] and their potential poorly controlled influence on the other physical
properties, depending on the impurity composition.
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The temperature gradient in the growth zone was 95-100 K/cm, and the crucible
pulling rate was ~3 mm/h. After growth, the crystals were cooled down to room tempera-
ture (RT) at a rate of 100 K/h. The c-axes oriented ([0001] direction) seeds were utilized for
CeF; crystal growth. In the case of the spontaneous seeding of these crystals, it was noted
that the optical c-axis was located at an acute angle to the growth axis of the crystalline
cylindrical boules. The (0001) plane had a characteristic metallic luster. The losses of
the substance due to evaporation during the crystallization process were 2 wt. %. The
c-oriented CeF; single crystals of optical quality with a diameter of 30 mm and a length of
up to 60 mm were successfully grown under the above process parameters. An analysis of
the grown crystals for their oxygen contents was carried out with vacuum induction fusion
in graphite capsules (The ONH836 Analyzer, LECO Corp., St. Joseph, MI, USA).

The single-crystal orientation was determined by the back-reflection Laue method.
Crystal samples with a thickness of about 2 mm were cut and polished along the main
crystallographic (0001), (10 10) and (1120) planes (orientation accuracy up to 1°). The
CeF3 crystal structure was described within the hexagonal coordinate system in this article
(Figure 1).

[1120] [1010]

» ¥ [1210]

[1100] [0110]

<

X v
[2110] [1010]

Figure 1. Crystallographic directions and planes for the CeFs in a hexagonal setting. The black bold
line represents the (0001) unit cell projection (@ = x, b =y and c = z).

2.2. X-ray Diffraction (XRD) Analysis

XRD patterns of the CeF3 crystal samples were carried out on an X-ray powder
diffractometer MiniFlex 600 (Rigaku, Japan) with CuK« radiation. The diffraction peaks
were recorded within the angle range 20 from 10° to 140°. Phases were identified using
the ICDD PDEF-2 (2014). The unit cell parameters were calculated by the Le Bail full-profile
fitting (Jana2006 software).

2.3. Microhardness of Crystal

The microhardness was measured with a PMT-3 hardness tester (Russia) at RT under
applied loads P in the range of 50-100 gf (1 gf = 9.807 x 10~3 N) using both square-based
Vickers and triangular Berkovich pyramid diamond indenters.

The Vickers microhardness value Hy was calculated by the formula:

Hy [MPa] = 0.189 x P/d?,

where P [H] is the applied indenter load, and d [um] is the diagonal length of the indentation
imprint.
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The Berkovich microhardness value Hg was calculated using the following equation:
Hg [MPa] = 0.2133 x P/L?,

where L (um) is the indentation side length.

The time for the initial load application is 10-15 s, and the test force is maintained for
5 s. The measurement errors for the microhardness did not exceed 10% and 5% for the Hy
and Hp values, respectively. The indentation patterns for the different planes were studied
by optical microscopy methods.

2.4. The Thermal Conductivity

The thermal conductivity k(T) of undoped CeF; crystals was measured by an absolute
stationary technique of longitudinal thermal flux in the temperature range 50-300 K. A
description of the equipment and measurement techniques are given in reference [42]. The
samples were parallelepipeds with dimensions of 8 X 6 x 23 mm?> and 6 x 6 x 22 mm?
for samples with c- and a-orientations (relative to the long axis), respectively. Thermal
conductivity coefficient values were calculated by the Fourier equation within a & 5% error
interval.

2.5. The Electric Conductivity

The CeF; single crystals conductivity was measured by means of impedance spec-
troscopy (in dry Ar atmosphere) in the temperature range of 300-600 K and the frequency
range of 1-1.4 x 107 Hz (a Novoterm-1200 installation was employed with an impedance
analyser Alpha-AN, Novocontrol, Germany). The impedance Z*(w) frequency dependen-
cies were measured with step heating under conditions of temperature stabilization. Pt
paint were used as current-conducting electrodes. Static total bulk conductivity o4, was
calculated from the impedance hodographs using the equivalent electrical circuit method
by ZView software (Scribner Associates, Inc.). The relative error in o4, did not exceed 0.5%.

3. Results and Discussion
3.1. Crystal Growth and Characterization

The as-grown c-oriented CeFj3 crystals were colorless and transparent, and no light-
scattering inclusions were observed in the bulk of the crystals (Figure 2a). A milky foreign
substance was detected at the top of the crystals. The reason for its appearance was
associated with the low isomorphic capacity of the structure of these crystals in relation to
the residual amount of oxygen-containing impurities, which were pushed into the melt
during the growth process and accumulated in the upper parts of the boules. Note that a
similar effect may be due to the presence of monovalent cation (such as Li* and Na*) traces.
The oxygen contents in the bottom and center parts of the grown CeFj; crystals measured
by the vacuum melting technique were at the level of 30-35 ppm. The concentration of
oxygen-containing impurities increased strongly up to 200 ppm in the top milky crystal
parts. Thus, the effective segregation of oxygen impurities was observed in the process of
direction crystallization of the CeF3; melt.

The assignment of crystals to the tysonite-type structure (P3c1 space group) was con-
tirmed by XRD analysis (Figure 2b). The CeF3 crystals were single-phase with lattice param-
eters coinciding with the crystallochemical data [43]. The crystal density p = 6.080(6) g/cm?
(measured by hydrostatic weighing in distilled water) was insignificantly lower than the
theoretical density value. The ordinary refractive index n, = 1.6179(2), measured by the re-
fractometric method for the wavelength A = 0.589 um at RT, was close to the data published
in reference [4].
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Figure 2. Appearance (a) and XRD patterns (b) of an as-grown c-oriented CeF; single crystal. The positions of the Bragg
reflection peaks for the specified fit parameters are indicated.

Absorption spectra, especially in the short wavelength range, reflect the optical quality
of crystals in general. The absorption spectrum of the as-grown CeF; single crystals is
shown in Figure 3. Excellent optical characteristics, close to the theoretical value [19],
indicate the “oxygen-free” nature of the grown CeFj3 crystals. The optical transparency
limit, determined by the onset of interconfigurational 4f-5d transitions in the Ce3* ion, was
about 0.285 pum for samples with a thickness of about 10 mm. No additional absorption
bands associated with oxygen-containing or other impurities were detected. These crystals
exhibited a characteristic transparency window from the UV spectral edge to 3.0 pum. The
long-wavelength edge of this region was assigned to the electric dipole intraconfigurational
4f (°Fs /2—2F7 /2) transition in the Ce®* ion [5,20]. The IR cut-off edge, determined by the
phonon lattice vibrations, was located at about 12 um [2,4,5].
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Figure 3. The RT absorption spectrum of a c-axis-oriented CeF3 single crystal.

3.2. Elastic Properties of the CeF3 Crystals

Below, the elastic characteristics of the CeFs crystal will be analyzed, which will
allow to relate the degree of anisotropy of the elastic characteristics to the shape of the
indentation. The engineering elastic coefficients (Young’s modulus E, Poisson’s ratio v and
shear modulus G) depend on the orientation of the deformed crystal. In the case of the
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hexagonal crystal family, the expressions for Young’s modulus E, Poisson’s ratio v and the
shear modulus G have the forms [44]:

1 .2 2
T 1+ (Hl [Ty sin 9) cos” 0,

511
-y 1+ (1_[2 sin? v + Iy cos? 0 cos? 11)) sin? 0,
513E
1
— =1+ <H3 sin? P + 4113 cos? 0 cos? 11)) sin? 0,
S44G
) ) )
[y =—, Hp=-—, Ip=—,
511 513 544

— $33—511 — S12—%13 — 2511—251p—Su4 .
I = =54, =228 = 1t ;

= 811 + 833 — 2513 — Su4.

where s;; are matrix compliance coefficients. Dimensionless parameters Iy, I, I13, T1p;,
Iy, ITps and dimensional coefficient § are the characteristics of the degree of crystal
anisotropy.

The elastic properties of the selected rare-earth trifluorides crystals with tysonite-type
structures (namely, LaF;, CeF3, PrF3 and NdF3) described in hexagonal symmetry were
investigated in references [37,38]. It is noted that the elastic constants of these crystals
increase with an increase in the atomic number of the rare-earth element. The CeF; crystals
are described by five independent compliance coefficients: s11 = 7.64, s33 = 5.14, 544 = 29.20,
s12 = —3.30 and s13 = —1.22 TPa~! [38] and an additional condition, sgs = 2(s11 — S12)-

Young’s modulus of the CeFj3 crystals depends only on one Euler angle 8, which is
measured from the main crystallographic third-order axis ([0001] direction) in the (1010)
plane. These crystals can have three stationary values of the Young’s modulus:

1 1
E1 = Ejgon] = 533 and Ep = E[oﬁo] = E[TzTo] = s

which correspond to the stretching in the directions [0001] and [0110], respectively, and [45].

B 4Ty, 1
E3 — 2 57
4ITp; — (ITy — Ipy )* S11

The third value can be achieved under an additional condition:

Iy — 1Ty <1

0 < cos?0; =
< cos” 03 M~

A numerical analysis of Young’s modulus variability shows that E; = Ejgp9) = 195
and E, = E 0110] = 131 GPa. The third stationary value takes E3 = 100 GPa at 03 = 50.2°.
For CeF; crystal, Young’s modules E; = Eygy and Ej are the global maximum and
minimum, respectively, and E = E ;7 is the local maximum.

The orientational dependences of Young’s modulus in the planes (0001) and (1010)
for the CeF;3 crystal are shown in Figure 4. In the plane (0001), Young’s modulus takes a
constant value of E; = 131 GPa, since this plane is an isotropic one (Figure 4a).

A significant anisotropy of Young’s modulus Emax/ Emin = E1/ E3 with an anisotropy
coefficient close to 2 was observed for the CeFj3 crystals (Figure 4b).
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Figure 4. Orientation dependences of Young’s modulus for the (0001) (a) and (1010) (b) planes of the CeFj single crystal.

Poisson’s ratio v(6,{) depends on the two Euler angles. In this case, a sequence of
two rotations of the crystallographic coordinate system was used, which can be written as
a matrix product:

1 0 0 cosp sinyp O
0 cosO sin@ —siny cosyp O
0 —sin® cosH 0 0 1

The Euler angle 6 is calculated from the main crystallographic third-order axis ([0001]
direction) in the plane (1010). The same sequence of rotations will be used to analyze the
variability of the shear modulus.

In reference [45], it was demonstrated that hexagonal crystals can generally have eight
stationary values of Poisson’s ratio. The surface of Poisson’s ratio as a function of the two
Euler angles (0, 1) is shown in Figure 5a. Only six stationary values were detected for the
CeF;3 crystal. A numerical analysis of the variability of Poisson’s ratio showed that it varied
from 0.16 to 0.48.

Poisson’s ratio

Figure 5. The surfaces of Poisson’s ratio (a) and the shear modulus (b) for the CeF; crystal depending on the two Euler
angles.
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The three stationary values have a simple analytical form:

513
v1(0 = 0,%) = v(o001),j0001] = T 0.24

%13 _ .16

T
V2 (6 = E/‘b = 0) = Yiooo1),[0T10] = "o

7T 7T S12
V3 (9 =50 = 5) = Ypnoj g =~ = 043

In these formulas for the stationary values of Poisson’s ratio, the last four digits in
square brackets indicate the direction of tension (compression), and the first four digits
indicate the direction of transverse deformation. As can be seen from Figure 5a, the value
vy is the global minimum.

The other three stationary values take the following values: v4 = 0.48 at 6 = 40.1,
P =0,vs =021at® =287, =90and v¢ = 0.33 at 6 = 67.3, P = 58.3. The global
maximum value of Poisson’s ratio is vy.

For the shear modulus, the number of stationary values in the case of the hexagonal
crystals can be four [44]. Four stationary values can be identified for the CeFs. crystal. A
numerical analysis of the variability of the shear modulus shows that it varies in the range
from 34.2 to 65.7 GPa. The surface of the shear modulus as a function of the two Euler
angles (0, V) is shown in Figure 5b.

Two stationary values of the shear modulus have the form:

1
Gl(e = 0,11)) = G(OOOl),[OOOl] = @ = 34.2 GPa,

T T 1
G2(0= 7,9 = 7 ) = Gug) om0 = o =457GPa

In this case, the four digits in the second square bracket indicate the direction of the
normal to the sliding plane, and the first four digits indicate the sliding direction. The other
two stationary values take the following values:

G3(0 = 71/4, = 0) = (s + 533 — 2513) ' = 65.7 GPa

and
-1
G4(0 = 68.8, = 67.2) = [544< 14105 — 0.25H§/H03)] — 438 GPa

Comparing these values shows that G3 is the global maximum and G; is the global
minimum. The ratio of the extremes Gmax/ Gmin is close to 2, which shows a high anisotropy
for the CeFj5 single crystals.

3.3. Microhardness Testing of the CeF3 Crystals

Hardness is a mechanical parameter that is strongly related to the crystal structure and
composition of the solids and is defined as the resistance to deformations or damage under
an applied load. Hardness testing provides significant information on the strength and
deformation characteristics of the material. Microhardness investigation is one of the best
methods for understanding the mechanical properties of materials, such as the plasticity,
hardness anisotropy, fracture behavior, etc.

There has been a lack of data on the mechanical properties of CeF3 (with the exception
of some preliminary data [46]) and other isostructural tysonite rare-earth fluoride crystals.
The averaged microhardness values of La;_,SryF3_y (0 < x < 0.15) crystals (without taking
into account the orientation of the crystal samples) were reported in reference [41]. For
undoped LaF; crystal, the value of Hy = 2.43(1) GPa was obtained under the load of
P =35gf. A natural analog of the investigated crystal is the fluocerite-(Ce) (tysonite)
mineral, which is a solid solution of rare-earth trifluorides with a predominance of CeFjs.
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This mineral is brittle; it is characterized by a Mohs hardness of 4.5-5 and has an average
cleavage along the {0001} and {1120} planes [47]. As we noted, under an impact, the
CeF; crystals exhibit a pronounced cleavage along the {1120} at RT. According to the
data of reference [48], LayR;_,F3 (R = Ce, Pr, Nd) solid-solution crystals are also easily
cleaved upon cooling in liquid nitrogen along the {0001} and {1120} planes. The positions
of these planes in the unit cell of the CeF3 crystal are shown in Figure 6. It is obvious
that the characteristic cracking of tysonite crystals under thermal or mechanical stress is
observed along the planes consisting only of fluorine ions and having a minimum number
of different chemical bonds in the perpendicular directions.

$—b (@) (b)
A WA

—\ .——_—U]‘
< ¢ e

‘—— -

B¢

on H e

i C

- =7,

Figure 6. Schematic view of the CeFj3 crystal structure parallel (a) and perpendicular (b) to the c-axis. The positions of some

characteristic crystallographic planes are demonstrated.

Different spatial positions of the indenter were used in the study of the Vickers
microhardness of CeF; crystals. The Vickers indenter diagonals were parallel to the [1010]
and [1210] directions on the (0001) base plane, to the [0001] and [1210] directions on the
(1010) plane and to the [0001] and [1100] directions on the (1120) crystallographic planes.
The measured Hy values for the CeFj3 single crystal are presented in Table 1.

Table 1. The Vickers microhardness anisotropy for the undoped CeFj3 single crystal under the load
P =60 gf.

Orientation of Anisotropy Coefficient
Plane Indenter Diagonals Hy, GPa K1 = Hy max! HV min
(0001) [1010], [1210] 29 1.00
B [0001], [1210] 23
(1010) [0001] 2.8 1.33
[1210] 2.1

3.3.1. The Vickers Microhardness of the (1010) and (1120) Planes

The recovered indentations on the (1010) planes have a shape of a thomb extended
along the [1210] direction at the orientation of the indenter diagonals along the [0001] and
[1210] crystallographic directions (Figure 7a).
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Figure 7. The Vickers indentation patterns of the (1010) planes of CeF5 crystal at different indenter
orientations (the indenter diagonals coincide with the [0001] and [1210] directions (a) and rotated
by 45° relative to the [1210] direction (b)) under the load P = 100 gf. Crystallographic planes
corresponding to cracks are indicated.

This fact indicates the presence of first-order microhardness anisotropy on this plane
and makes it possible to determine the Hy values in the [0001] and [1210] directions and
the anisotropy coefficient Ky = 1.33 (see Table 1). The second-order anisotropy coefficient
(namely, different microhardness values for different crystallographic planes of the crystal)
is K = Hy(0001)/Hy (1210) = 1.26. The anisotropy of the indentation recovery on the
(1010) plane is consistent with the Young’s modulus anisotropy (see Figure 4b). The cracks
on the (1010) plane are formed along the (1210) and (0001) planes only. A significant
change in the shape of the recovered indentation on this plane upon rotation of the Vick-
ers indenter was noted. The indentation sides were slightly concave when the indenter
diagonals were oriented along the [0001] and [1210] directions, and the indentation sides
became convex upon rotation of the Vickers indenter by 45° relatively to the [1210] direc-
tion (Figure 7b). Thus, during rotation of the indenter in (1010) plane, a change in the
mechanism of material removal from under the Vickers indenter was observed.

The recovered indentations on the (1120) plane had a similar shape of a rhomb
extended along the [1100] direction at the orientation of the indenter diagonals along the
[0001] and [1100] crystallographic directions. The Hy values on the (1120) plane and the
anisotropy coefficients K; and Kj; = Hy(0001)/ Hy(1120) coincided with the measured
data for the (1010) plane within the measurement error.

3.3.2. The Vickers Microhardness of the (0001) Crystallographic Plane

The indentation patterns of the (0001) basic planes for the CeF; crystals are presented
in Figure 8. The recovered Vickers indentation is undistorted and has a shape of a regular
square at any indenter diagonal orientation, which points out the absence of first-order
hardness anisotropy, i.e., the absence of the dependence of microhardness on the indenter
position relative to the crystallographic directions, and this fact is consistent with the
Young’s modulus isotropy in the (0001) plane (See Figure 4a).

The indentations on the (0001) plane are always precise. Characteristic cracks arise
along the < 1010 > directions in which the corresponding {1210} primary cleavage planes
(Figure 8a) are located [46]. Thus, fracture upon indentation occurs only along the cleavage
planes, and no random cracks are observed for the (0001) base plane of the CeFj; crystals.
Sometimes, along with these cracks, cracks on the {TOlO} planes in the < 1210 > directions
arise, which suggests the existence of a secondary cleavage on these planes in these crystals,
when the fracture along the primary cleavage plane is hindered probably by sample defects
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(Figure 8b). To verify this assumption, a Berkovich indenter was used to indent the (0001)
plane of the CeF; crystals, because its geometry corresponds to the symmetry of this plane.

Figure 8. The Vickers indentation patterns of the (0001) plane of the CeFj single crystal under the load
P =100 gf. The indenter diagonals coincide with the [1010] and [1210] directions. Crystallographic
{1210} (a) and {1010} (b) planes corresponding to cracks are indicated.

3.3.3. The Berkovich Microhardness of the (0001) Plane of the CeF; Crystal

The Berkovich indentation patterns of the (0001) plane for the CeFj3 crystals at different
indentor orientations under the load P = 70 gf are presented in Figure 9. The fracture occurs
clearly along the {1120} cleavage planes (< 1100 > directions) of the CeF; crystal in the
case when the indenter sharp edges coincide with the < 1100 > crystallographic directions.
In the case when the indenter sharp corners coincide with the < 1010 > directions and
the maximum load acts in these directions, some cracks are located in the cleavage (1010)
planes, but cracks along the {1120} planes are also observed, despite the fact the fact that
the indenter geometry in this case facilitates crystal destruction predominantly along the
{1010} planes. Thus, even when the geometry indenter facilitates the formation of cracks
along the secondary cleavage {1010} planes, the {1120} planes, which are the primary
cleavage planes in the CeF; crystal, participate in the fracture process during indenter
penetration.

In the range of loads P from 0.5 to 0.98 N, the Berkovich microhardness Hg value
changes from 3.8 to 2.9 GPa for the (0001) plane of the CeF;3 crystal (see Figure 9). The Hp
value is higher than Hy one (see Table 1). This fact agrees with the data of reference [49] on
the study of the surface relief during the Berkovich and Vickers indentation, where it was
shown that, at the same load during the Berkovich indentation, the degree of deformation
is greater than with the Vickers indentation. This phenomenon is determined by the spiky
shape of the Berkovich indenter. The Hp value decreases with the increasing load P. Such a
variation in Hg(P) dependance is described by the indentation size effect (ISE). The model
of indentation with the cracks formation does not provide load-independent microhardness.
The ISE onset is assumed to be related to the crack formation upon indentation, which
obeys the fundamentals of destruction mechanics and elastic recovery of an indentation
impression after removal of the indenter [50]. The relative value of the elastic recovery
increases in the region of low loads, and the elastic recovery of the indentation, depending
on the direction, agrees with the character of the anisotropy of Young’s modulus [51,52].
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Figure 9. Dependence of the Berkovich microhardness Hpg of the (0001) plane of the CeF; crystal on
the indenter load P and typical indentation patterns for the different indenter orientations (P = 70 gf).
C: linear dimensions of the crack.

The measurement of linear dimensions of the cracks C around the indenter imprint
(see Figure 9) as a function of the indenter load P provides a quantitative characterization of
the fracture toughness—coefficient K¢. The resistance to fracture indicates the toughness of
a material, and the fracture toughness K¢ determines how much fracture stress is applied
under uniform loading. The value of K¢ is determined not only by the values of C but, also,
by the indenter geometry and the material properties. In accordance with reference [53],
the fracture toughness K¢ is given by a relation:

Kc = 0.026 ctg(d)/2(E/Hp)' /2 P/C3/2,

where E is the Young’s modulus (E = 131 GPa for the (0001) plane of the CeF; crystal),
¢ =76°54’ is the half-angle at the vertex of the Berkovich indenter and C is the crack length
under the load (C = 36 pm under P =70 gf)—thus, for the plane (0001) of the CeF3 crystal
K¢ = 0.25 MPa m'/2 for cracks in the < 1100 > direction (i.e., along the primary cleavage
{1120} planes).

Direct measurements of the crack dimensions around the point of action of a con-
centrated load make it possible to estimate the value of the surface energy of fracture
v [54]:

7 =K (1-+2) /2E,

where v = 0.16 is Poisson’s ratio for (0001) plane, and thus, the surface energy of the fracture
v=0.23]/m?.
A theoretical estimate of the value of the surface fracture energy:

v = (E/yo) N/ m)?

was proposed in reference [55] based on the values of the relaxation distance of the repulsive
forces between the ions A (A is taken as the radius of the larger ion), the interplanar distance
between the spreading planes iy and Young’s modulus E. For the CeFj crystal: A = 1.246 A
(estimated fluorine ionic radius [56]), yo = ¢ = 7.283 AandE=E 0170] = 131 GPa. Accord-
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ingly, v = 0.28 J/m?. This value y agrees with the direct calculations of the surface energy
of the fracture for the cracks in the < 1100 > direction (i.e., along the primary cleavage
{1120} planes) and indicates the reality of the value of the surface fracture energy obtained
by the method of measuring the linear dimensions of the cracks during indentation.

Due to the pointed shape of the Berkovich indenter, the degree of deformation in
the Berkovich indentation was greater than in the Vickers one. The coincidence of the
geometric symmetry of the Berkovich indenter with the crystallographic symmetry of the
investigated (0001) plane of the CeF5 crystal makes it possible to increase the measurement
accuracy and more fully determine the nature of the fracture and mechanical anisotropy
of this crystal. As a result, it was possible to confirm the data on the presence of the
primary {1120} and secondary {1010} cleavage planes in the CeF; crystals and quantify
the fracture toughness coefficient K¢ and the surface fracture energy.

3.4. Ionic Conductivity Measurements

The effect of anisotropy of anionic conductivity in rare-earth fluorides with a tysonite-
type structure (type LaF3, space group P3c1) and, in particular, in grown undoped CeF;
single crystals is of great interest for the study of the mechanism of ionic transfer in fluoride
superionic conductors and makes it possible to reveal the structural paths of ionic transport
and determine the relationship of ionic conductivity and features of the crystal structure.

From the point of view of trigonal symmetry of the CeF3 crystals, the temperature
dependences of the conductivity, studied only along the a- and c-axes, are shown in Figure
10. The preferable conduction path is determined, and the highest electrical conductivity is
observed along the c-axis. The temperature dependences of conductivity o4, are divided
into three sections: 300-355 (low temperatures LT), 355-545 (middle temperatures) and
545-600 K (high temperatures HT). The LT and HT regions of the o(T) dependences are
described by the Arrhenius equation:

04.T = Aexp(-E/kpT),

where A is the preexponential factor, E is the activation energy of the ion conductivity
process (further, we will denote E; and E, as the activation energy along the a- and c-axes,
respectively), kg is the Boltzmann constant and T is the temperature. The parameters
calculated by this equation in the LT and HT regions are given in Table 2.
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Figure 10. Temperature dependences of the ionic conductivity o4. along the crystallographic a- and c-axes (a) and tysonite
unit cell (space group P3c1) of the CeF; single crystal (b). Polyhedra for the Ce?* cations (CeFyq) and the different F~ sites
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Table 2. Parameters of the calculated static bulk conductivity of CeF; single crystals in different
crystallographic directions for low- (300-355 K) and high (545-600 K)-temperature ranges.

a-Axis [2110] c-Axis [0001]
Parameters X X . .
LT Region HT Region LT Region HT Region
A,SK/cm 9.8 x 103 56 1.5 x 10* 59
Hs, eV 0.45 0.26 0.44 0.22
o1, S/cm 8.0 x 1077 5.7 x 1074 2.7 x 1076 1.2 x 1073
der (300 K) (600 K) (300 K) (600 K)

The obtained values of the activation energies of conductivity E; and E; for the
CeF; are in good agreement with the corresponding data for the closest crystal chemical
isostructural analog LaF; (E; = 0.46 and 0.27 eV, E. = 0.44 and 0.27 eV and the LT and HT
regions, respectively) [57].

In general, ionic conductivity in the tysonite-type rare-earth trifluorides (LaF3, CeF3,
PrF; and NdF3) is due to the translational hopping of F~ ions in the crystal lattice by the
vacancy mechanism [58]. The high value of fluorine—ionic conductivity of the tysonite-type
crystals in comparison with the other fluorides is associated with the high coordination of
the cations with F~ ions (Figure 10b), which leads to a weakening of the chemical bonds
“metal-fluorine” and increases the anions’” mobility.

The crystal structure of CeFj3 is characterized by three crystallographic positions of the
fluorine atoms: F1:F2:F3 = 12:4:2 (Figure 10b) [34,35]. In the trigonal motive of CeF5 along
the c-axis, purely anionic layers formed by F1 atoms and cation—anionic layers containing
F2 and F3 atoms with similar dynamic properties (F2 ~ F3) alternate. With the temperature
increasing, anionic transfer occurs first in the fluorine sublattice F1; then, there is an
exchange of fluorine vacancies between subsystems F1 and (F2 + F3) [59]. In individual
rare-earth tysonite fluorides, thermally stimulated defects are formed according to the
Schottky mechanism (cationic and fluorine vacancies). The LT region corresponds to the
region of the impurity association, and the HT region corresponds to the region of impurity
conductivity [60,61]. In the middle-temperature region, a change in the mechanism of
conductivity occurs, accompanied by a monotonic decrease in the activation energy of ion
transport with the increasing temperature.

The anisotropy of oy, is determined by the nonequivalence of the fluorine positions
and the hopping frequencies of the F- ions in these positions. The transfer of the F-
ions along the c-axis occurs more rapidly, since it is carried out by fluorine vacancies
with the participation of F1 positions, for which the hopping frequency is higher and
shorter structural segments are involved in the conduction paths. The insignificant (max
value along the c-axis) anisotropy of o4, in the CeF3 crystal indicates that there are no
distinguished conduction channels in its structure, and it has quasi-three-dimensional (3D)
electrical conductivity (crystallographic analysis fluorine motion in the tysonite structure
was given in reference [62]). The ratios of the conductivity values measured along the c-
and a-axes are 0./ 0, =3.4, 2.4 and 2.1 at 300, 500 and 600 K, respectively—that is, it
decreases with the increasing temperature. Experimental data on the anisotropy of the
conductivity of a number of tysonite crystals are given in Table 3. The anisotropic effect
of ion transfer in undoped tysonite-type rare-earth trifluorides is weak and practically
disappears upon heavy doping with alkaline earth impurities.
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Table 3. The anisotropy of ionic conductivity in selected fluoride crystals with a tysonite-type

structure.
Anisotropy
Composition T, K Coefficient 0o Slem Reference
(o] |C/0-Lc
300 2.0 1.0 x 107© [57]
LaFs 500 1.6 1.5 x 1073 [63]
300 34 2.7 x 1076
CeF3 500 o4 5.6 % 10~ Present work
Lag g96Bap.104F2.896 500 1.0 1.0 x 1072 [64]
Ce.92Srg 08F2.92 320 1.0 6.0 x 1074 [58]

3.5. Anisotropy of the Thermal Conductivity of the CeF3 Crystals

The results of the measurements of the temperature dependence of the thermal con-
ductivity coefficient are shown in Figure 11a and, for some selected temperatures, are given
in numerical terms in Table 4.

k, W/(m-K)
20 20
. (a) (b)
» 3
\Q
18
10
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e CeF, a-axis
- LaF; c-axis 16
1.4
2+ 12
1 1 1 1 1 1 J 1 1 " 1 1 1 L J
40 50 100 150 200 250 300 350 50 100 150 200 250 300
T.K T, K

Figure 11. Temperature dependences of the thermal conductivity of the undoped CeF3 and LaF; [65] crystals in different
crystallographic directions (a) and the anisotropy coefficient K of the thermal conductivity of the CeF3 single crystals (b).

Table 4. The thermal conductivity values (W-m~1-K~1) of an undoped CeFj single crystal at different

temperatures.
Direction 50 K 100 K 300 K
. 251 +0.12
c-axis [0001] 13.60 £+ 0.70 482 +0.24 1.74 [10]
a-axis [ZﬁO] 7.35 +0.37 3.13 £ 0.16 1.92 4+ 0.09

Note that the values of the CeF; thermal conductivity obtained in reference [10] are
dramatically lower. The reason for this phenomenon can be assumed to be qualitative
differences in the impurity composition of the grown crystal samples—for example, in the
oxygen content.
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The CeF; crystals have a rather low thermal conductivity. It can be seen that, in
comparison with many other optical materials, these crystals are a weak thermal conduc-
tor. This circumstance corresponds to the high values of the fluoride-ion conductivity
in the CeFj3 crystal given in this work (see Section 3.3. above). Inverse correlations be-
tween the thermal conductivity and ionic conductivity were established for many fluoride
crystals [66,67] and are associated with partial disordering of the anion sublattice and the
inelastic interaction of phonons with F~ ions migrating over the crystal. This phonon—defect
scattering is added to the phonon—phonon one associated with the thermal vibrations of
ions in the crystal. As a result, the value of thermal conductivity k decreases, and its
temperature dependence k(T) becomes weaker. Indeed, the revealed dependence k(T) for
the CeFjs crystal is weak, and the thermal conductivity value changes by only half an order
of magnitude in the studied temperature range.

The anisotropy of the thermal conductivity of the CeF; crystals is significant. The
temperature dependence of the anisotropy coefficient K, defined as the ratio of the thermal
conductivity coefficients K =k, |./ k . along two main orthogonal directions, is shown in
Figure 11b. This coefficient K changes insignificantly with the temperature, except for the
region of the lowest temperatures, where the thermal conductivity is especially sensitive to
various kinds of structure defects. Taking into account the strong temperature dependence
of the average phonons mean free path, it can be assumed that the main reason for the
revealed thermal conductivity anisotropy is the difference in the velocity of the elastic
wave propagation in these two main directions of the CeF3 crystal.

In terms of the absolute values of the thermal conductivity coefficient and its tempera-
ture behavior, CeFj is close to its isostructural analog, the LaFs crystals [65] (see Figure 11a).
This compound is also characterized by high fluorine ionic conductivity [68]. Compared
with the LaFj3 crystal, the thermal conductivity of CeFj is slightly lower up to T = 250 K.
However, a monotonic decrease in thermal conductivity was observed for both crystals in
the studied temperature range.

The thermal activation model of two-level systems was used earlier to describe the
monotonic increase k(1) for superionic conductors, including the LaF3 and (presumably)
CeFj3 crystals [69]. According to our data, the antibate behavior of the k(T) dependences was
observed in comparison with reference [69], and no special signs of the manifestation of the
thermal activation two-level systems are detected. Counterarguments on the applicability
of such models to the heat conduction phenomenon were given in reference [68]. The
temperature dependence of the phonons mean free path /(T) along the c-axis of the CeF3
crystals is shown in Figure 12a. The data for the LaF; crystals [65] are shown for comparison.
The calculation was carried out from the well-known Debye expression:

k= Cyvl/3,

where Cy is the heat capacity per unit volume of a crystal, and v is the average propagation
speed of the phonons (sound). The value v = 2.66 km/s, obtained by taking into account
the results of measurements of the longitudinal and transverse ultrasonic waves in various
crystallographic directions, was utilized as the average speed of phonons propagation [69].
Calorimetric data for the calculation were taken from reference [70]. As in the case of
tysonite LaFs crystals [65], the revealed temperature dependence [(T) was significantly
weaker than the I(T) dependences observed for other fluorides with a fluorite-type struc-
ture [71]. Extrapolation of the dependence I(T) to the melting temperature region of CeF3
crystals (Tm = 1716 K) gave a value that did not exceed its unit cell parameters and was
comparable to the interstitial distances in this crystal.
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Figure 12. Temperature dependences of the mean free path of phonons I(T) along the c-axis (a), and the heat capacity C,(T)

of the CeF3 and LaFj3 single crystals (b).

The reason for the different behaviors of the dependences k(T) and /(T) for isostructural
CeF; and LaFj; single crystals in the temperature range T > 200 K was probably related to
the different temperature behaviors of their specific heats Cy,(T) (see Figure 12b) [72-75].
Despite the fact that literature data are somewhat different, it was seen that the increase
in C,(T) was significant, and this indicated an additional contribution to the lattice heat
capacity. The heat capacity of CeF; crystal above room temperature increased much more
steeply than that of LaFj, and this fact can determine different degrees of the temperature
dependence of thermal conductivity for studied crystals in a low-temperature region.

4. Conclusions

Bulk CeF; single crystals (sp. gr. P3c1) were grown by the vertical Bridgman technique.
The study of the mechanical, thermal and electrophysical properties demonstrated their
pronounced anisotropy due to the crystal structural features. This must be taken into
account when developing the design of the active or passive optical construction elements
based on CeF; single crystal. The utilization of the c-oriented crystal samples to achieve
the maximum values of hardness, ionic conductivity and thermal conductivity is preferred.
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