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Abstract. For the first time, the optical, mechanical and conductive properties of the Pb, sCd, ,sL.u, 55sF; 55
crystalline matrix were studied in comparison with the crystals of the initial single-component fluorides.
The short-wavelength transparency boundary of the three-component mixed crystal is determined by
the presence of PbF, in its composition, the IR boundary is naturally shifted up to 15 um due to the
presence of LuF; in the composition. The refractive index of the studied solid solution » = 1.6889 on
the A = 0.6328 um wavelength is lower than that of the PbF, crystal due to the introduction of less
polarizable components CdF, and LuF;. For the three-component crystal, significant strengthening
is observed, the microhardness H, = 2.5 GPa, which exceeds the hardness values of PbF, and CdF,
by almost 40 %. The electrical conductivity of Pb,Cd, ,sLu,,sF,,s 04 at 500 K is 5.5 x 1075 S/cm,
which corresponds to the conductivity level of solid solutions M,_ LuF,, (M = Ca, Sr, Ba). The
studied multicomponent fluoride material can be a promising crystalline medium for various photonic

applications.
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INTRODUCTION

Materials based on metal difluorides MF, (M = Ca,
Sr, Ba, Pb, Cd) with a fluorite structure are actively
used in various fields of science and technology as
polyfunctional crystalline elements [1, 2], which is
ensured by the ease of obtaining bulk MF, crystals
and their high isomorphic capacity with respect to
rare earth element (REE) ions, transparency in a wide
spectral range, unique spectroscopic characteristics,
chemical stability, etc. The practical use of simple MF,
often encounters limitations in the design of optical
and laser systems associated with the lack of variability
in the functional characteristics of these materials [3],
therefore, significant modification of the chemical
composition and the transition to multicomponent
concentrated (binary and ternary) solid solutions
based on MF, are an effective way to ensure a variety
of physicochemical properties of fluorite crystalline
matrices and expand the range of available materials
with the required performance parameters.

However, on the one hand, the use of solid
solutions allows for significant modification of the
basic characteristics inherent in fluorides, on the other
hand, most solid solutions melt/solidify incongruently,
which creates limitations in obtaining a chemically
homogeneous crystalline material. Incongruently
solidifying crystals are best grown from their own
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melt using directional crystallization methods with
feeding, which creates technological difficulties.
Therefore, of particular interest from the point of
view of the homogeneity of the chemical composition
and, accordingly, the constancy of properties are
multicomponent compositions that have a congruent
melting character, which correspond to the extreme
points of the phase diagrams — temperature minima,
maxima and saddles on the lines or surfaces of the
liquidus and solidus [4].

Recently, there has been a surge in research
activity in relation to crystalline optical matrices
CdF, [5-7] and PbF, [8—10], as well as optical
ceramics and glasses with their participation. Despite
the generally recognized environmental hazard of
lead and cadmium fluorides, materials based on them
provide high values of density, refractive indices and
radiation resistance while maintaining the broadband
transparency window and isomorphic capacitance
characteristic of MF, fluorides. In addition, PbF,
and Pb,,Cd,;F, crystals have high fluorine-ion
conductivity [11—13].

The search for congruently melting compositions
in the PbF,—CdF,—RF; (R=Tb, Ho, Er, Tm, Yb,
Lu) systems was carried out earlier; in [14], a series
of crystals (Pb, Cd,), R F,, was obtained by the
directional crystallization method and it was shown
that for the Pb,;Cd,,sLu,,sF,,s sample, the axial
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distribution coefficients of the components, estimated
by the X-ray spectrometry method, are practically
equal to unity. This fact makes this solid solution
very attractive for the crystallization of homogeneous
material by melt methods.

The possibilities of using the material as a functional
crystalline matrix largely depend not only on its optical
but also on its mechanical characteristics. Note that
the mechanical properties of multicomponent fluorides
have been little studied. Therefore, the purpose of this
work is to study a number of physical properties of the
Pb,Cd, ,sLu,,sF,,s crystal to assess the range of its
functionality and potential for practical application.

The features of growing a solid solution of
Pb,Cd,,sLu, sF,,; by the method of spontaneous
vertical  directional  crystallization  (Bridgman—
Stockbarger) in a fluorinating atmosphere are described
in [14].

Fig. 1a shows a fragment of the liquidus surface of
the ternary system PbF,—CdF,—LuF; with a region of
the fluorite solid solution Pb, , ,Cd,Lu F,, and melting
temperatures of the compositions corresponding
to special points. The crystallization progress lines
obtained from thermodynamic-topological analysis [ 14]
are schematically plotted on it.

Further studies were carried out on a sample cut
along the growth axis and polished to optical quality
(Fig. 1b).

CHARACTERIZATION OF CRYSTAL
BY X-RAY METHODS

X-ray phase analysis (XRD) was performed on a
Rigaku MiniFlex 600 powder diffractometer (Cuk, -
radiation) in the range 26 = 10°—120°, he lattice
parameter of the solid solution was refined by full-profile

analysis using the Le Bail method [15] in the sp. gr. using
the Jana2006 program [16].

According to the XRD results, the studied sample
of the Pb,;Cd,,sLu,,sF,,s composition is single-phase
and has a fluorite structure. The diffraction pattern of
the crystal is shown in Fig. 2. The lattice parameter
a=15.6928(2) A is constant along the length of the crystal
within the measurement error. The lattice parameter of
the crystal occupies an intermediate position between
the parameters of the PbF, and CdF, components, the
high density is maintained due to the introduction of the
heavy component LuF; into the composition.

Cubic crystals of the MF, type (M — alkaline earth
metals) are easily crystallized from the melt by the
seedless method. Numerous experiments on growing
CaF, by the Bridgman method in crucibles with a flat
bottom (method of the Vavilov State Optical Institute)
have shown that there is a tendency for the crystals to
be predominantly oriented in directions close to <110>
[17].

The orientation of the studied crystal plate and
determination of the degree of its structural perfection were
performed on a TRS-K three-crystal diffractometer
equipped with a molybdenum X-ray tube with a
wavelength of A = 0.70932 A (MoK, radiation). A highly
perfect Si 220 crystal served as a monochromator. After
the monochromator, a slit aperture with a variable cross-
section was installed, limiting the projection area of the
X-ray beam on the sample. The dimensions of the slit
aperture were 6.0 X 0.2 and 2.5 X 0.2 mm?. A Radicon
SCSD-4 point scintillation detector was used to record
the diffracted X-ray radiation.

Orientation analysis showed that the
Pb,Cd, ,sLu, »sF, ,5 crystal grew in the direction at an
angle of ~12 relative to the <111> axis. The studied plate
had a surface orientation close to the crystallographic
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Fig. 1. Region of solid solution with congruent melting character (saddle point) on concentration triangle PbF,—CdF,—LuF; (a). Arrows
schematically show the course of crystallization lines on the liquidus surface. External view of crystalline boule Pb, ;Cd, ,sLu, ,sF, ,s and

plate polished for research (b).
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Fig. 2. Diffraction pattern of Pb, ;Cd,,sLu,,sF, ,; powder.

plane {211} (Fig. 3a) with a deviation of 2.5 relative to
the normal.

The structural perfection of the sample was assessed
using the 422 reflection with a Bragg angle of 16.89 (for
MoK, radiation). The diffraction reflection curve has
many satellites corresponding to a fine-block crystal
structure with an angular misorientation in the range of
30—40 arc min (Fig. 3b).

For the studies, uniformly quenched, unstressed
sections of the crystal were selected (Fig. 4).
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MECHANICAL PROPERTIES

Vickers microhardness H, was measured by the
standard microindentation method on a KV-10 hardness
tester (Germany) depending on the applied load P.
Indentation was carried out in groups of five prints with
a fixed load P. The distance between the prints was 150—
250 um depending on the load. Both diagonals of the
print (d,, d,) were measured, and the microhardness HV
was calculated using the formula [18]:

H, |[kgf/mm?| = 1.854 P/d,?, (1)
whered,, = (d, + d,)/2. Further, all units of measurement
are expressed in the SI system.

Fig. 5 shows a typical indentation made at P = 0.5 N
and a diagram of the measured values. It can be seen that
the indentation process is accompanied by the formation
of cracks around the indentation. The orientation of the
indenter relative to the sample surface for characterizing
its crack resistance was selected so that the cracks of
length ¢ formed during indentation originated from
the corners of the indentation. Averaging for the
H(P) and c(P) dependencies was performed over five
indentations and 20 cracks, respectively. The effective
Young’s modulus E, as well as the microhardness HB,
were measured by the instrumental indentation method
[19] on a Nanoscan 4D nanohardness tester with a
Berkovich pyramid and were also averaged over five
measurements for each of the loads. Fracture toughness
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Fig. 3. Scheme of crystallographic directions relative to the studied crystal plate (a). Diffraction reflection curves obtained on reflection

422 (b).
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(a) (b)

Fig. 4. Conometric images of the sample in polarized light. The angle between the polaroids varies from 0° (a) to 90° (b).
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Fig. 5. Photograph of the indenter imprint at P = 0.5 N and schematic representation of the measured lengths of the diagonals d,, d,
and cracks c.

K. was calculated using the formula for radial (half-disk The mechanophysical characteristics were measured
or half-penny) cracks along the indenter edges [20]: for comparison on the lower (A) and upper (B) parts of

" the sample (Fig. 1b) (with a conditional division of the
K. .= (0.0 16+ 0.004) JVE/H (P/c ) (2) plate areain half) at P = 0.5 N for 20 prints in each zone.
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The mechanical properties of MF, fluorides and solid
solutions based on them have not been systematically
studied to date, with the exception of CaF, and BaF,
crystals, which is due to their widespread use in the
optical industry.

The hardness and fracture toughness of CaF,
crystals, studied by nano- and microindentation
methods, and determination of Young’s modulus by
resonance acoustic spectroscopy are presented in [21]. It
is noted that the Knoop hardness and Young’s modulus
largely depend on the orientation of the CaF, crystal,
while the Vickers hardness and fracture toughness
are orientation-independent. At a load of P =200 gf
(1.96 N), the Vickers hardness for the CaF, crystal is
1.98 GPa, and the fracture toughness is 0.7 MPa-m'/2.

In [22], it is shown that the maximum value of
the Vickers hardness of CaF, is 1.67 GPa. The value
of Young’s modulus, measured by the method of
instrumental indentation along the [111] direction, is
89.6 GPa, the fracture toughnessis 0.7 MPa-m'/2. In [23],
the microhardness and fracture toughness of a single
crystal of the Ca, 4, Yb, ,;F, (5 solid solution were studied.
Its microhardness increases with the introduction of
the Yb*" impurity and is 2.95 = 0.07 GPa; the fracture
toughness is 0.45 £ 0.1 MPa m'2.

Microhardness and fracture toughness for
concentration series of fluorite solid solutions based
on CaF, with R = Tm, Ho [24] based on SrF, with
R = La, Nd, Sm, Gd, Ho, Er—Lu, Y) [25] were
investigated without reference to crystallographic
directions. In [24], the microhardness for CaF, is
given as 1.63 £ 0.03 GPa. The introduction of REE
ions increases the microhardness values of CaF, to 2.5
and 2.8 GPa for R = Tm and Ho, respectively, and the
fracture toughness value remains virtually unchanged.
In [25], the microhardness for SrF, is 1.5 GPa, the
introduction of REE impurity nonlinearly increases this
value, the highest hardness (4.3 GPa) was obtained for
the limiting solid solutions with R = La, Nd, and Gd. In
[26], the results of a study of the microhardness of the
three-component solid solution Ca, ,,St,,, YD, ocF; s are
presented: 494 and 438 kgf/mm? (4.84 and 4.29 GPa)
for P =40 and 50 gf (0.39 and 0.49 N), respectively.

In [27], the microhardness of crystals of solid
solutions  Cay 7,81y ;Lay 6F 16 and  Cay Sty Cep1oF, 10
was investigated and a significant strengthening of three-
component crystals was shown in comparison with one-
and two-component ones.

The presented data indicate that the transition
to multicomponent solid solutions (alloying) is
accompanied by an increase in the hardness of crystals
and a decrease in their crack resistance.

The available data on microhardness for crystals
of CdF,, PbF, and solid solutions based on them are
ambiguous. Accordingto [28], the Vickers microhardness
measured on the (111) face for crystals of CdF, and
PbF, is 1.53 and 1.33 GPa, respectively, and according
to [29], for the isovalent solid solution Pb,Cd,;;F,
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~1.47 GPa. This value is intermediate, but it is possibly
underestimated, since the measurements were carried
out on a sample of arbitrary orientation, whereas there is
an orientation dependence of microhardness (the (111)
plane in the fluorite structure is close-packed and the
hardest).

In this paper, the microhardness and Young’s
modulusstudieswere performed fora Pb, ;Cd, ,sLu, ,5F, 55
plate with a surface orientation close to the (211) plane
(Fig. 4a). When indenting with a Vickers pyramid, it was
found that crystallographically oriented cracks formed
near the imprint. Therefore, the working surface of the
sample was turned relative to the indenter so that the
cracks emerged strictly from the vertices of the imprint.
In this case, the angle between the diagonal of the
indenter imprint and the long edge of the sample was
~45° (Fig. 5).

In Fig. 6a, the triangular symbols show the
dependence of the Vickers microhardness H, on the
load P=0.5 N. The average standard deviation of
+3.5 %, typical for most measurements, is set as the
relative error. The range of standard deviations for
each of the samples was =5 %. The round symbols in
Fig. 6a designate the dependence of the microhardness
measured by the instrumental indentation method with
the Berkovich triangular pyramid. A special feature
of this method is that the microhardness H, and the
effective Young’s modulus F are determined from the
curves of the indenter penetration depth as a function
of the load during the indentation process (the Oliver-
Pharr method) [19]. During statistical processing,
the results where the prints were formed with cracks
were excluded. Apparently, this is why the Hj values
exceed the H, microhardness values over the entire
range of loads. The range of indentation loads for H,
measurements is smaller than for H,, since it becomes
impossible to perform indentation without cracking.
In addition, a stronger drop in H, hardness values with
increasing load may also be associated with more active
crack formation.

When indented with a Vickers pyramid, developed
half-penny cracks are formed, emerging on the sample
surface from the corners of the indentation. Measuring
their length ¢(P), microhardness H(P) and E(P) using
formula (2), we calculated the fracture toughness
coefficient (K,), which characterizes the crack resistance
of the crystal (Fig. 6b). It is evident that starting from
P =0.3 N, the K. value ceases to depend on the load,
reaching an average value of 0.257 = 0.017 MPa-m'? in
the range of 0.3 < P< 3 N. At lower loads, the condition
c¢/a< 2.5 (a = d/2)is met, which gives overestimated K
values.

Quite a large scatter of microhardness values is
possibly due not only to brittle fracture of the crystal
during indentation, but also to structural imperfection
of the sample. Moreover, standard deviations of Hj
and H, values are on average the same and practically
do not depend on the load, although they are measured
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Fig. 6. Dependences of microhardness (a) and fracture toughness coefficient (b) on the indenter load. Triangular symbols indicate
microhardness according to Vickers, round symbols indicate measurement by the instrumental indentation method using the Berkovich

pyramid.

in different ways — excluding crack formation in the
first case and with the formation of developed cracks
in the second. Table 1 shows the results of comparative
measurements of mechanical characteristics in areas A
and B on different parts of the sample, at P = 0.5 N for
20 indentations in each zone A and B. These areas of
the sample differ in their perfection. As can be seen in
polarized light (Fig. 4), area B contains more stressed
areas. Obviously, despite the differences in the crystal
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areas, the Vickers microhardness value H, = 2.5 GPa
was obtained with good repeatability for different parts
of the plate. Effective Young’s modulus £ = 91.7 GPa.
The difference in the average values of all mechanical
characteristics in areas A and B does not exceed the
standard deviation, which indicates high homogeneity
of the sample.

As shown above, the introduction of a rare earth
impurity into CaF, is accompanied by an increase
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Table 1. Vickers microhardness Hy, crack length ¢, Young’s modulus £ and fracture toughness K. measured at P = 0.5 N

for sample sections A and B (Fig. 1b)

H,, GPa ¢, um FE, GPa K., MPa m'/?
Average A 2.511 30.95 90.65 0.277
Average B 2.490 29.49 92.83 0.296
(B—A)/A, % —3.95 —4.72 2.40 6.86
Standard deviation o, 0.087 3.77 2.37
Relative deviation o,, % 3.46 12.18 2.61

in microhardness, on the one hand, and a decrease
in crack resistance, on the other. There is reason to
believe that this trend is also observed in the case
of the Pb,;Cd,,;Lu,,sF,,s crystal. The formation
of a heterovalent solid solution based on fluorite is
accompanied by clustering with an increase in the
packing density of the structure [30]. Obviously, this
is why the crystal is strengthened with a simultaneous
increase in its brittleness (decrease in crack resistance).

Thus, the studied crystal can be classified as a group
of solid materials prone to brittle fracture.

OPTICAL RESEARCH

The refractive index n of the Pb,;Cd,,sLu,sF, s
crystal was measured at a wavelength of A = 0.6328 um
at 7= 293 K using a Prism Coupler System Metricon
2010/M (Metricon Corp., USA). The measurement
technique is described in detail in [31].

The refractive index of the studied solid solution
is lower than that of the pure PbF, matrix due to the
introduction of less polarizable components CdF, and
LuF;, due to which it occupies an intermediate position
between PbF, and CdF, (Table 2).

Transmission spectra were recorded using a Cary-
5000 spectrophotometer (Agilent Technologies) and
an FTIR-8100 Fourier transform IR spectrometer
(Shimadzu) at room temperature in the wavelength
range A = 0.2—15 um.

The transmission spectra of the Pb, ;Cd, ,sLu, ,sF, 55
sample and a number of crystals based on PbF, and
CdF, [17] are shown in Fig. 7 for comparison. The
nominally pure PbF, sample (curve 3) is transparent in
the range from 0.24 to 14 um, which corresponds to the
data of [33—36].

Ofthe presented objects, cadmium fluoride (curve 4)
is the most transparent in the short-wave range down to
0.2 um. The observed selective absorption in the 0.22 um
region is due to the presence of Pb>* ions in these crystals
[37]. The introduction of CdF, ions into the Lu** matrix
significantly shifts the transmission boundary to the red
region of the spectrum (curve 5). The low transmission
level of samples 1—3 is due to their optical processing
under conditions of different humidity for hydrolyzing
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Table 2. Lattice parameter a, X-ray density p, and refractive
index n for some fluoride crystals with fluorite structure

Crystal i 0., natA=0.6328
o a, R

composition g/cm um
Pb, sCd, ,sLug,sF, 55| 5.6928(2) | 7.85 1.6889
Pb, ,Cd, ;F, 5.7317(3) | 7.52 1.7049 [31]
PbF, 5.9394) | 7.77 1.7611 [31]
CdF, 5.388(2) | 6.38 1.5726 [32]

100

S
-
O 1 1 1 1 1 1
0.25 0.50 0.75 1.00 81012 14 16
A, um
Fig. 7. Transmission spectra of Pb,s,Cd,,sLu,sFy,s (1),

Pby 6,Cdy 351,070 F, (2), POF, (3), Cdyyluy,F,, (4) and CdF, (5)
crystals. Sample thickness is 2 mm.

fluoride crystals. The additional observed absorption in
the 0.3 um region is due to the uncontrolled content of
Ce’" ions [35].

The transmission limit of the Pb,;Cd,,sLu,,sF, s
(curve 1) in the UV range is determined by the presence
of PbF, in its composition and practically coincides with
the optical data for the Pb, ¢, Cd, ;Sr, 47 F, (curve 2) and
CdyoLuy,F,, (curve 5). The presence of PbF, in the
composition of multicomponent matrices leads to an
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insignificant red shift of the short-wave transmission
limit [36]. The transmission limit of the studied crystal
in the IR region of the spectrum is regularly shifted to
the long-wave side (up to 15 um) due to the presence of
heavy LuF, in the composition.

ELECTRICALLY CONDUCTIVE PROPERTIES

Direct current electrical conductivity was measured
by impedance spectroscopy. The sample of the
Pb, ;Cd, ,sLu,,sF, s solid solution was a rectangular
parallelepiped 2 X 5 X 5 mm, the smallest edge of
which was directed along the crystal growth axis.
Electrophysical measurements of the sample were
carried out in two mutually perpendicular directions:
along and across the crystal growth axis. For this purpose,
inert electrodes (Leitsilber silver paste) were applied
to the working surfaces of the sample. The complex
impedance Z*(w) = Z" +iZ"’ (i s the imaginary unit) of
the Aglcrystal|lAg electrochemical system was measured
in the frequency ranges of 5—5 x 105 Hz and resistances
of 1—-107 Ohm (Tesla BM—507 impedance meter) in a
vacuum of ~1 Pa in the temperature range of 378—818 K
in the cooling mode. The relative measurement error of
Z*(w) did not exceed 5 %. The impedance measurement
technique is described in detail in [38].

The volume resistance R, of the crystal was
found from the frequency dependences of the
complex impedance of the electrochemical cells
Ag|Pb, ;Cd, ,sLu, ,sF,,|Ag by the intersection of the
impedance hodograph with the axis of active resistances.
The specific electrical conductivity o, was calculated
using the formula:

04 = /(R.,,S), 3)

where /4 is the sample thickness, S is the electrode area.

As mentioned above, fluorite solid solutions based
on PbF, have fluorine-ion conductivity. The ionic
conductivity values measured along and across the
crystal growth axis coincide with each other, so the
conductometric data were further processed jointly.
The generalized temperature dependence of the
ionic conductivity o,(7) or the fluorite solid solution
Pb, sCd,,sLu,»sF,,s is shown in Fig. 8. The o,(7)
ependence does not have any features; in the studied
temperature range of 378—818 K, the o, alue increases
linearly from 2.0 x 1077 to 4.9 x 102 S/cm (by
2.5 x X 103 times).

The temperature dependence of conductivity was
processed in accordance with the Arrhenius—Frenkel
equation:

OdcT = Aexp(_AHo/kT)J (4)
where A is the pre-exponential factor of electrical
conductivity and AH, is the activation enthalpy
of ion transfer. The experimental data satisfy the
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Fig. 8. Temperature dependence of ionic conductivity of the
Pb, sCd, »sLu, »sF, ,5 solid solution crystal: circles — experiment,
straight line — approximation of experimental data by a linear
equation (x =10%/T, y =1g (0, T), R — correlation coefficient).

Arrhenius—Frenkel equation with fitting parameters
A=12.55 x 10°® SK/cm and AH,=0.791 £ 0.005
eV, respectively. The value od o, at 500 K is
5.5 %1073 S/cm.

When introducing LuF; impurity, excess fluorine
anions are localized in the interstitial positions of the
fluorite matrices PbF, and CdF, in accordance with the
quasi-chemical reaction:

LuF; (PbF,, CdF,) = Lup, oy + F,” + 2F*. (5)

The designation of defects is given in Kroeger-Vink
symbols [39].

The average value of potential barriers, equal to
0.79 eV, in Pb,Cd, 5Ly, sF,,s for interstitial ions F,’
participating in the ion transfer process is higher than
the similar characteristic for fluorite solid solutions
pb,_LuF,,, Cd,_LukF,,, but is comparable or
lower for solid solutions M, LuF,, (M= Ca, Sr, Ba)
(Table 3).

CONCLUSION

For the first time, a comprehensive characterization
of the multicomponent congruently melting solid
solution Pb,;Cd,,;Lu,,sF,,s was carried out. The
crystal is a strong, high-density and highly refractive
optical material with a wide transparency window.
The search, synthesis and study of multicomponent
fluoride materials of variable composition determine the
direction for further expansion and modification of the
range of physical properties for specific applied tasks.
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Table 3. Sample type, production method and ionic conductivity of fluorite solid solutions based on MF, (M = Ca, Sr,

Ba, Cd, Pb) and LuF;

Composition/Type of sample Method of obtaining ;d‘:” ?(/)(c)n;( AH,, eV References
Pby sCdy 55Lug 25 F; 55 5.5%10° 0.79 This work
monocrystal ’ ’
2.5%x10* 0.66 [40]
B-PbF, Directional crystallization of melt 3.5x10% 0.72 [41, 42]
monocrystal 3.5x10* 1.05 [43]
8.6x 107 1.04 [44]
Pby,Lug, F, Melting 3.3x10° 0.42 [41]
polycrystal
Cdyg;Luy 1 Fy 1 8.0x 107 0.64 [45]
monocrystal ’ ’
Cay7sLugosF) o 9.5%x10% 0.91 [9, 46]
monocrystal ' ' ’
Sr, 5Ly, »sF
mgﬁ o cr();;tffizs Directional crystallization of melt 34x10° 1.08 [47]
Ba gsLuy isF, s 22x10° 0.75 [48]
monocrystal ’ )
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