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Compositionally complex Zrg g15(Y1,5Gd1,5H01,5Er1/5Yb1,5)0.18201.909 Single crystals were grown for the first
time using directional melt crystallization in a cold crucible. The phase composition and structure of single
crystals have been studied using X-ray diffraction, Raman spectroscopy, and transmission electron microscopy.
The conductivity of the crystals was studied using impedance spectroscopy in the 350 — 900 °C temperature
range. The structure and properties of Zrpgis(Y1/5Gd1/sHo1,5Er1/5Yb1/5)0.18201.909 single crystals were
compared with those of binary solid solution Zrg g18R0.18201.909 single crystals (R =Y, Gd, Yb, Ho, Er). The as-
grown crystals proved to have almost homogeneous lengthwise component distributions. The compositionally
complex Zrg g18(Y1,5Gd1,5Ho1,5Er1 /5Yb1,5)0.18201.909 Single crystals have a pseudocubic t’* phase structure and
high structural perfection. The lattice parameter of multicomponent Zrg g18(Y1,5Gd1,5H01/5Er1/5Yb1,5)0.18201.909
single crystals fits well to linear dependence of lattice parameter on the stabilizing ion radius in
Zro.818R0.18201.909 crystals. The conductivity of Zrg g18(Y1,/5Gd1,5Ho1,5Er1 /5Yb1,5)0.18201.909 Single crystals also
agrees well with the dependence of conductivity on ionic radius of the stabilizer in Zrg g18R0.18201.909 crystals.
The specific high-temperature conductivity of Zrgg1g(Y1,5Gd1,/5H01,/5Er1,5Yb1,5)0.18201.900 single crystals is
comparable to the specific conductivity of the Zrg g18R0.18201.909 single crystals. The results of this work show
that for the Zrggig(Y1,/5Gd1/5Ho1,5Er1,5Yb1,5)0.18201.909 multicomponent single crystals, the geometry factor
predominates over the entropy factor.

1. Introduction broaden the range of their compositions and to control and improve

their performance. However, the large number of possible component

The development of new approaches to the design of materials
having unique properties and the search for new advanced synthesis
techniques favor the progress of materials science. One example of these
approaches is the development of high-entropy materials (HEM)
concept. This approach was initially implemented for high-entropy or
multicomponent alloys [1-5], but the family of HEM has broadened
considerably by now, in particular compositionally complex oxides,
including are high-entropy oxide materials (HEOs) [6-15].

The main advantage of HEM is the possibility to significantly

combinations in high-entropy compounds greatly complicates the pre-
diction of their structural and physicochemical properties.

When considering the development prospects of new HEM one
should bear in mind the necessity of additional studies [15]. These
include, for example, assessment of the most important factors con-
trolling the formation of stable HEOs; behavior and properties of single
HEO components and their effect on the crystalline structure; identifi-
cation of additional factors (except high entropy) that determine phase
formation; theoretical studies of the interrelation between the chemical
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composition and properties of these materials. Solving the above ques-
tions is required for the development of materials exhibiting optimum
properties for specific applications [15].

Special attention is paid to HEOs having a fluorite structure which
are a very important family of functional ceramic materials [12-16].
Some guidelines to synthesizing HEOs having a fluorite structure and
containing rare-earth element oxides in equimolar quantities have been
set forth as follows: the ionic radii of all the constituent cations are close;
at least one of the constituent oxides has a crystalline structure differing
from the others; at least one cation does not have any miscibility on the
binary phase diagram [14]. It has also been stressed that, along with
high entropy, oxide vacancies forming upon the heterovalent substitu-
tion in the solid solutions also favor the stability of the fluorite phase in
these materials. For example, the stability of fluorite HEOs increases
upon the introduction of bivalent Ca?* cations since the number of
forming oxygen vacancies is greater than upon the introduction of a
trivalent R®* cation [15]. A model based on the size and ionic radii ratio
of the constituent elements and allowing one to predict the structure of
the solid solutions was suggested [17]. The geometrical and statistical
criteria of the formation of single-phase fluorite and bixbyite solid so-
lutions were analyzed in the latter cited work based on a systematic
study of 18 equimolar 5-component specimens containing rare-earth
oxides.

Zirconia, hafnia and ceria based fluorite-structure materials are
widely used as solid state electrolytes in electrochemical devices, ther-
mal barrier coatings, gas sensors, oxygen pumps, biomarkers, mem-
ristors, catalysts etc. There is great interest in the search for new
materials having low thermal conductivity and high strength for po-
tential applications such as thermal barrier coatings in gas turbine and
rocket engines etc. in which yttria stabilized zirconia (YSZ) is typically
used. High-entropy YSZ ceramics are studied for improving the me-
chanical strength and wear resistance and reducing the thermal con-
ductivity of the coatings [15,16,18]. Great attention is also paid to
zirconia (hafnia or ceria) based solid state electrolytes that have high
oxygen ion conductivity (0.01S/m at 600 °C) [19]. Their high ionic
conductivity originates from the presence of oxygen vacancies in zir-
conia based solid solutions that compensate charge upon the hetero-
valent substitution of the parent Zr** cations for the trivalent R>* of the
stabilizing oxide. The electrical conductivity of several high-entropy
fluoride structure oxides was studied [20]. The specimens had lower
electrical conductivity than Y2Os-stabilized ZrO,. It was hypothesized
that the lower conductivity originated from a non-optimum overall
content of the stabilizing oxides, the presence of CaO and the high
grain-boundary resistivity caused by small grain sizes of the HEOs due to
low grain growth rate. Another study of the electric transport parame-
ters of 8 mol% (Scg oLug 2Ybg 2Y0.2Dyo.2)-ZrO, ceramics also showed a
decrease in the ionic conductivity of the ceramics as compared to 8YSZ
specimens. However, the multicomponent ceramics exhibited lower
susceptibility to conductivity degradation upon long term high tem-
perature treatment than 8YSZ ceramics [21].

There are recent publications on the growth of single-phase high-
entropy oxide bulk single crystals having different structural types, e.g.,
rare-earth garnets [22,23], rare-earth monoclinic aluminates [24],
rare-earth pyrochlore titanates [25,26], rare-earth perovskites [27],
rare-earth oxides [28] and transition metal ortoferrites [29].

Earlier we synthesized and studied binary Zrg g18R0.18201.909 solid
solution single crystals where R =Y, Gd, Yb. The content of trivalent
cation oxides (R203) in the test crystals was 10 mol.%. The crystals were
single-phase and had a fluorite cubic structure [30]. It can be assumed
that single-phase solid solution single crystals with a fluorite structure
can also be synthesized for multicomponent compositions. There is no
literary data thereon. The criterion for selecting the test composition
was a 10 mol.% overall concentration of stabilizing oxides, i.e., the
stabilizing oxide content required for the formation of a fluorite cubic
solid solution. Furthermore, each of the 5 selected stabilizing oxides also
formed a fluorite cubic solid solution at 10 mol.% concentration.
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The aim of this work was to synthesize compositionally complex
Zro818(Y1/5Gd1/5H01,/5Er1/5Yb1/5)0.18201.900 single crystals and study
their structure and transport properties. The ionic radii of Y3*, Gd3*,
Ho®*, Er®" and Yb®* rare-earth cations for a coordination number of 8
are 1.019, 1.053, 1.015, 1.004 and 0.985 A, respectively [31].
Furthermore, Zrp g18R0.18201.909 (R = Ho, Er) single crystals were syn-
thesized. The structure and properties of the Zrgg15(Y1/5Gd1/s.
Hoj /sEr1 5Yb1,5)0.18201.909 single crystals were compared to those of
Zr0.818R0.18201.909 binary solid solution single crystals (R =Y, Gd, Ho,
Er, Yb) for detecting possible effect of the compositional factor.

2. Experimental

ZI'Q_818(Y1/5Gd1/5H01/5EI'1/5Yb1/5)0.18201.909 Single Crystals were
grown using directional melt crystallization in a cold crucible by direct
high frequency melting. The high frequency lamp generator had a 63 kW
power and 5.28 MHz frequency. Powdered oxides were mixed in the
required ratio in a 90 mm diam. water-cooled copper crucible. The
crucible was made from U-shaped copper tubes mounted on a dielectric
basement. The charge powder weight was ~2.8kg. Fig. 1 shows sche-
matic representation of the main heating unit components. Melting was
initiated by introducing 5 — 7 g metallic Zr fragments into the charge
powder mixture. More oxide mixture was added to the crucible as the
melted volume increased. Direction crystallization was carried out by
moving the melt out of the highest temperature zone at a specified
speed. Practically, the crucible was lowered relative to the induction coil
at an 8 mm/h speed. The high frequency generator was switched off
after the completion of crystallization. The resultant ingot consisted of
coalesced discrete single crystals which were then mechanically sepa-
rated and used for making the test specimens.

A more detailed description of the theoretical and practical aspects of
applying this method to the growth of zirconia based single crystals is
available elsewhere [32].

The phase composition of the crystals was studied using X-ray
diffraction and Raman spectroscopy. The X-ray diffraction study of
phase composition and structure was conducted on a BrukerD8
diffractometer in Cug, radiation in 40 kV and 40 mA mode. The phase
composition of the crystals was studied with a standard method used for
single crystals. The as-grown crystals had no predominant crystallo-
graphic orientation and therefore each crystal was preliminarily ori-
ented in the diffractometer relative to specific crystallographic

Fig. 1. Schematic of crystal growth heating unit components: (1) crucible, (2)
induction coil, (3) crucible basement, (4) crucible movement system fastening
rods and (5) water manifold.
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directions. The test specimens were cut from the middle parts of the
crystals. The wafers for the phase composition study were cut from the
crystals perpendicular to the < 100 > direction. The 20 measurement
range was 20-140 arc deg at a 0.02 deg step.

Raman spectroscopy phase analysis was conducted in the
100-800 cm ! wavenumber range under a Renishaw inVia confocal
Raman microscope with a 532 nm exciting laser.

The absorption spectra were recorded with a Cary 5000 two-beam
spectrophotometer in the 200 — 800 nm wavelength range.

The lengthwise solid solution component distributions were studied
by energy dispersion analysis with a JEOL 5910 LV (Japan) scanning
electron microscope equipped with an X-MAX 80 (EDX: SDD detector -
80 mm? active area) energy dispersive system from Oxford Instruments,
England. The measurements were carried out on polished plates cut
along the direction of crystal growth in 1 mm increments.

The structure of the crystals was studied using transmission electron
microscopy (TEM) under a JEM 2100 microscope (Japan) at a 200 kV
accelerating voltage. The test specimens were made with a focused ion
beam.

The electric conductivity of the crystals were studied using a four-
probe method in the 350 — 900 °C temperature range at a 50 °C step
with a Solartron SI 1260 frequency analyzer in the 0.1 Hz — 5 MHz
range. The AC bias signal amplitude was 24 mV. The impedance spectra
were processed with the ZView software ver. 2.8. The test specimens for
the electrical measurements were in the form of single crystal 500 pm
thick wafers sized 7 x 7 mm.

3. Results and discussion

Fig. 2 shows the general appearance of the as-grown Zrg g18(Y1,5Gd;,
sHo1,/5Er1,/5Yb1/5)0.18201.909 single crystals. The crystals have columnar
shapes that are typical of the crystals grown using directional melt
crystallization in a cold crucible. The crystals were 10-15 mm in cross-
section and up to 40 mm in length. The shapes and sizes of the crystals
were substantially like those of earlier grown Zrg g15 Ro.18201.909 binary
solid solution crystals (R =Y, Gd, Yb) [30].

The overall concentration of the stabilizing oxides in the composi-
tionally complex Zrog18(Y1/5Gd1/sHo1/5Er1/5Yb1/5)0.18201.900 Single
crystals was 10 mol.%, hence the crystals are hereinafter denoted as 10
(Y,Gd,Ho,Er,Yb)SZ.  The  Zrosg18Ybo.18201.909,  Zr0.818Y0.18201.9095
Zr0.818Gd0.18201.909, Zr0.818H00.18201.909 and Zro g18Er0.18201.909 binary
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solid solution crystals are denoted as 10YbSZ, 10YSZ, 10GdSZ, 10HoSZ
and 10ErSZ, respectively. The as-grown 10(Y,Gd,Ho,Er,Yb)SZ crystals
were homogeneous and transparent which indirectly indicates their
monophasic nature and the absence of macrodefects (inclusions, pores,
cracks) in the volume of the crystals. The appearance of the crystals was
similar to that of single-phase two-component cubic zirconia crystals.
The 10(Y,Gd,Ho,Er,Yb)SZ crystals changed color when illuminated
with different sources. In daylight or under an incandescent light the
crystals were yellow (Fig. 2a) whereas in luminescent light their color
became pink (Fig. 2b). This color behavior is caused by the presence of
narrow absorption bands in the visible spectral region, i.e., the Ho®*
band (the 418, 453, 485, 538 and 642 nm peaks) [33] and the Er®* band
(the 378, 412, 449, 482, 520, 564 and 648 nm peaks) [34] (Fig. 3).
Similar color-change behavior depending on illumination spectrum was
observed for ZrO,-Y503 solid solution crystals additionally doped with
Ho03 [35]. The latter crystals were pale yellow-green in daylight
whereas under luminescent illumination by an F9 source (CIE standard)
the crystals became green-blue and changed to purple-violet under
luminescent illumination by an F10 source. The above color-change
phenomena originate from the specific combination of the visible re-
gion absorption spectrum of the crystals and the spectral parameters of

Absorption / a.u.

T T T T
400 500 600 700

Wavelength / nm

T
200 300

Fig. 3. Absorption
5)0.18201.909 Crystals.

spectrum  of  Zro.g18(Y1/5Gd1/sHo15Er1/5Yb1,

Fig. 2. Appearance of Zrg g1g(Y1,5Gd1,5H01 5Er15Yb1 /5)0.18201.000 Crystals (a) in daylight and (b) in luminescent light.
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the light sources.

The compositional homogeneity of the 10(Y,Gd,Ho,Er,Yb)SZ solid
solution crystal was assessed from the distribution of components along
the length of the crystal (Fig. 4). As can be seen from Fig. 4, the 10(Y,Gd,
Ho,Er,Yb)SZ crystals have almost homogeneous ZrO,, Y503, HopO3 and
Ery03 distributions with a slight decrease in the concentrations of the
latter three oxides toward the end of the crystal. This indicates that the
effective distribution coefficients of these oxides is equal to or slightly
greater than 1 for directional melt crystallization, which is consistent
with previously published data [32]. The distributions of Gd203 and
Yb,03 are more inhomogeneous. The YbyOj3 concentration profile
pattern is similar to that observed for Y,03, Ho203, and Er,O3 but it is
more pronounced. In the case of Gd203, there is a clear trend towards an
increase in concentration along the length of the crystal. This indicates
that the effective distribution coefficient of Gd,O3 is less than 1. It is
interesting to note that the two components with the largest and smallest
ionic radii among the five trivalent oxides, Gd,O3 and Yb,O3 respec-
tively, exhibit the greatest deviations from a uniform distribution.

Fig. 5 shows X-ray diffraction patterns for the 10(Y,Gd,Ho,Er,Yb)SZ
single crystals and for the powdered crystals. Analysis of the X-ray data
suggests that the 10(Y,Gd,Ho,Er,Yb)SZ crystals had a fluorite cubic
structure with lattice parameter equal to 5,1438(1) A. The phase
composition and lattice parameter of the crystals did not change after
grinding. The powders and the single crystals contained only the cubic
ZrOy modification with lattice parameter equal to 5144(1) A. The width
of the rocking curve (FWHM) of the 10(Y,Gd,Ho,Er,Yb)SZ crystal was ~
0.07 deg in low resolution for the (006) reflection. This is comparable
with the FWHM for the binary Zry g18 Ro.18201.909 crystals which is 0.06
—0.08 deg. Thus, modifying the composition by increasing the number
of components in the compound does not result in a decrease in the
structural perfection of the single crystals when using this growth
method.

One of the most important parameters determining the possibility of
forming HEOs with a fluorite structure is the average radius of their
constituent cations [36]. Therefore, it is interesting to compare the lat-
tice parameters of the multicomponent 10(Y,Gd,Ho,Er,Yb)SZ crystals
with previously published data on the lattice parameters of binary
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system single crystals 10YbSZ, 10YSZ, and 10GdSZ [30], as well as the
10HoSZ and 10ErSZ crystals obtained in this study. Such comparison
seems to be correct, since the crystals were obtained by directional melt
crystallization under the same temperature and time synthesis condi-
tions, with the content of stabilizing oxide being the same in each crystal
(including the compositionally complex crystal) and amounting to
10 mol.%. Fig. 6 shows the lattice parameter of the 10YbSZ, 10YSZ,
10GdSZ, 10HoSZ and 10ErSZ and 10(Y,Gd,Ho,Er,Yb)SZ crystals as a
function ionic radius of stabilizing cation. The values of the ionic radii of
rare-earth cations for the coordination number 8 are given in accordance
with [31]. The calculated average ionic radius of the trivalent cations for
the 10(Y,Gd,Ho,Er,Yb)SZ crystals is about 1.0152 A.

The dependence of the lattice parameters on the ionic radius of the
stabilizing cation is linear, and it increases with increasing ionic radius
of the rare earth cation. The data for the compositionally complex 10(Y,
Gd,Ho,Er,Yb)SZ crystal fits well into this dependence. Thus, the lattice
parameters of multicomponent single-phase fluorite cubic zirconia
crystals can be predicted based on their composition and the ionic radii
of their constituent trivalent cations.

The phase composition of the crystals was also studied using Raman
spectroscopy. Fig. 7 shows the Raman spectra of the 10 (Y,Gd,Ho,Er,Yb)
SZ crystal, as well as 10YbSZ, 10YSZ, HoSZ, and 10GdSZ crystals, for
comparison. The Raman spectra of the 10ErSZ crystals were not pro-
vided, as the use of a laser with a wavelength of 532 nm as an excitation
source led to the excitation of luminescence bands of the Er®" ion. This
made it difficult to accurately interpret the results.

A distinctive feature of the Raman spectrum of the compositionally
complex 10(Y,Gd,Ho,Er,Yb)SZ crystal compared to binary single crystals
is a notably wider band in the region ~600 cm L. This band broadening
is likely due to an increase in disorder in the solid solution due to the
presence of different rare-earth cations in the crystal lattice [37]. The
frequency of vibrations within a crystal lattice is primarily determined
by the strength of the bonds between neighboring atoms, the distance
between participating ions, and the mass of the ions involved. A stronger
bond results in a higher oscillation frequency compared to a weaker
bond. A shorter distance between participating ions or Zr*t ion substi-
tution for a heavier one cause a high-frequency shift. The study of the
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Fig. 5. X-ray diffraction patterns (a) for wafer cut from Zrg g18(Y1,5Gd1,/5H01,/5Er1,5Yb1,5)0.18201.000 crystal perpendicular to the < 001 > direction and (b) for
powdered crystal. Insert shows (006) reflection rocking curve.

oscillation modes of tetragonal and cubic phases in the ZrO,-Y20s3 sys-
tem [38] reveals that the shifts of both the Fy; cubic mode and the A;q

210 1OGdSZ/ $ 4 and E, tetragonal ones is linked to an elongation of the Zr-O; bond in the
5.155 4 - - corresponding ZrO lattice. The shift of the Zr-Oy band in the 10(Y,Gd,
L Ho,Er,Yb)SZ crystals is influenced by a change in the crystal lattice

5.150 parameter, Zr** replacement of Zr** ions with rare earth element cat-
10Ysz .-~ ions of different weights, and a change in the Zr-O; bond strength due to

f 5.145 10HoSZ .’, the effect on the local structure of various doping cations. The latter
@ factor is caused by different positions of the oxygen vacancies relative to

( J
_-" " 10(Yb,Er,Ho,Y,Gd)SZ . e s . . : :
5.140 - 10ErS.Z, ( ) trivalent stabilizing oxide cations and host 7r*t cation. If the coordi-

P nation number of the Zr** cation changes from 8 to 7, the bond between
the Zr ion and the seven remaining O% ions becomes stronger and hence
the ZrO; binding energy is significantly higher [38]. Thus, the additive

.

5135 110vbsSZ .~

5.130 ~ ® effect of multiple doping cations with different weights and radii on the
: . - : . . : : ) local structure has led to a significant broadening of the band in the
088099 L0001 0205 TR0e s M.00E 1:00 region ~600 cm L. It should be noted that in the spectrum of 10(Y,Gd,

R /A Ho,Er,Yb)SZ crystals, a band at ~ 470 cm™! is observed which is char-

acteristic of the tetragonal t* phase of zirconia [38]. It has been shown
in several papers that the tetragonal t * and cubic phases have almost the
same lattice parameters, but they belong to different space groups
1 (P4y/mnc and Fm3m, respectively). These structural differences are
10HoSZ caused by the slight displacement of oxygen ions in relation to the ideal
positions of the anionic fluorite sublattice [39,40]. The Raman spec-
P troscopy method is sensitive to oxygen displacements due to its high
- oy, 7N . ' polarizability. This is why it is often used for studying the structure of
‘ materials based on zirconium dioxide. The t”” phase was observed in
molten and quenched YSZ specimens [39], thermal barrier coatings [40]
and solid electrolyte films [41]. Raman spectra of the (8—10)YSZ crys-
tals grown by directional crystallization in a cold crucible were also
observed to contain a peak in the vicinity of 470 cm ™! which was absent
in crystals with yttrium oxide concentrations of 12-20 mol% Y203 [42].
] 10GdSz Transmission electron microscopy and electron diffraction tech-
] niques were used to refine the crystal structure of 10(Y,Gd,Ho,Er,Yb)SZ
4 10YSZ multicomponent crystals. Due to the fact that the amplitude of electron
scattering is four orders of magnitude larger than that of X-rays, electron
diffraction allows for a more accurate determination of the position of
light atoms within a unit cell that contains heavy atoms. To distinguish
4 10(Y,Gd,Ho, Er, Yb)SZ between the cubic and tetragonal symmetries of the crystal lattice of
zirconium dioxide, the <111 >and < 110 > axes are traditionally
T T T T T T ] used. The presence or absence of certain reflections, such as {112} and
100 200 300 400 500 600 700 800 {011}, on electronograms can indicate whether the crystal has tetrag-
Raman shift / cm ™’ onal symmetry or not [43,44].
Fig. 8 shows the TEM images and electron diffraction patterns of the
10(Y,Gd,Ho,Er,Yb)SZ crystals.
The electron diffraction patterns of the 10(Y,Gd,Ho,Er,Yb)SZ crystal

Fig. 6. Crystal lattice parameter as a function of stabilizing cation ionic radius.

10YbSZ

Intensity / a.u.

Fig. 7. Raman spectra of 10(Y,Gd,Ho,Er,Yb)SZ, 10YbSZ, 10YSZ, 10GdSZ and
HoSZ crystals.
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110 #220

Fig. 8. Electron diffraction patterns (a, b) and TEM images (c, d) of Zrg g18(Y1,
5Gdy5Hoy /5Er1/5Yb1,/5)0.18201.009 Crystal.

specimens cut perpendicular to the < 111 > and < 110 > axis contain
weak (110) and (112) type reflections (Fig. 8a) and (100) and (110) type
reflections (Fig. 8b). The presence of these reflections suggests that the
structure of these crystals is tetragonal (P4,/mnc space group) which is
consistent with Raman spectroscopy data.

The TEM structural images of crystals show discrete dislocations
(Fig. 8c,d). A similar defect structure was observed in high-entropy
(Sco.2Lug 2Ybg oY 2Dy 2)-ZrO, crystals [21]. No dislocations were
detected in the structure of binary Zrgi1sRo.18201.909 crystals by the
TEM method. The dislocation density in Zrg g18Y0.18201.909 Crystals was
approximately 10° ¢cm™? as measured by optical microscopy using
etching pits. The low dislocation density is due to the presence of ionic
bonds, which is characteristic of oxide materials, and in particular solid
solutions based on zirconia. An estimate of the dislocation density in a
multicomponent 10(Y,Gd,Ho,Er,Yb)SZ crystal yields a value of 10°
cm 2, which is much more than in crystals of binary systems. The study
of the dislocation structure in ceramic high-entropy oxide materials has
revealed that the dislocation density is highly dependent on the number
of constituent elements in the composition. It has been demonstrated
through molecular dynamic simulation methods that the energy change
caused by the presence of edge dislocations can be offset by an increase
in the configurational entropy, leading to thermodynamic stability. It
has been reported that the density of dislocations, which are evenly

T=673K
a 10(Y,Gd,Ho,Er,Yb)SZ
— fitting curve

0 1 1 i 1 1 1 1 1 1 1 I 1 1 1
0 4 8 1216 20 24 28 32 36 40 44 48 52 56 60
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distributed throughout the volume of compositional complex ceramics,
can reach 10° MM 2 [45]. In the same article, it was demonstrated that
the presence of high-density dislocations in oxide ceramics provides an
additional hardening mechanism, leading to improved mechanical
strength. As demonstrated in the current study, an increase in the
number of components in fluorite solid solutions also leads to a sub-
stantial increase in the density of edge dislocations.

Thus, the use of Raman spectroscopy and electron diffraction tech-
niques has made it possible to refine the structure of multicomponent 10
(Y,Gd,Ho,Er,Yb)SZ crystals and to show that they have a tetragonal t™
phase structure, rather than the cubic structure that was suggested by X-
ray diffraction results.

Fig. 9 shows the typical impedance spectra of the 10(Y,Gd,Ho,Er,Yb)
SZ crystals in Nyquist coordinates at 400 and 900 °C. The low-
temperature regions of the impedance spectra (350-400 °C) can be
divided into two sections: a high-frequency section corresponding to the
bulk resistivity of the test specimen, and a low-frequency region corre-
sponding to the electrode impedance of the electrode/electrolyte
interface (Fig. 9a). The high-frequency section of the impedance spec-
trum is a perfect arc centered almost exactly on the real resistivity axis.
The impedance spectra were fitted with an equivalent electrical circuit
(Rp-CPEp,) consisting of a resistor (Rp) connected in parallel with a
constant phase element (CPEy},). The exponent CPE}, was approximately
0.85-0.95. The low-frequency arc corresponds to the polarization
impedance of the electrode/electrolyte boundary. At higher tempera-
tures (Fig. 9b) the impedance spectrum pattern changes to contain an
inductive “tail” showing itself in the high-frequency spectrum region,
corresponding to the inductive contribution from the current conductors
and an arc, corresponding to reversible electrode processes at the elec-
trode/electrolyte boundary. The high-temperature impedance spectra
were fitted with an equivalent electrical circuit LRp(Relectrode-CPEelec-
trode) consisting of sequence-connected elements corresponding to the
inductance of the current conductors (L), the electrolyte bulk resistivity
(Rp) and the electrode contribution from the electrode/electrolyte
boundary, the latter being connected in parallel to a constant phase
element (Relectrode-CPEelectrode)-

Fig. 10 shows the conductivity vs temperature curves for the 10(Y,
Gd,Ho,Er,Yb)SZ, 10YbSZ, 10YSZ, 10GdSZ, 10HoSZ, and 10ErSZ crystals
in Arrhenius coordinates.

The conductivity vs temperature plots for all the specimens, except
10GdSZ, exhibit visible curvature. The observed change in the curve
slope suggests a change in the conductivity activation energy in different
temperature ranges and can be caused by destruction of local defect
clusters at high temperatures [46]. Note that the temperature plot for
the specific electrical conductivity plot for 10(Y,Gd,Ho,Er,Yb)SZ crystals
almost coincides with that of 10HoSZ.

Fig. 11 illustrates the values of crystal conductivity at 850 °C,
depending on the ionic radius of the stabilizing cation. The conductivity
of crystals decreases as the ionic radius of the stabilizing cation in-
creases. This trend is also seen in the case of 10(Y,Gd,Ho,Er,Yb)SZ
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Fig. 9. Impedance spectra in Nyquist coordinates for 10(Y,Gd,Ho,Er,Yb)SZ single crystal at (a) 673 K and (b) 1173 K.
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Fig. 11. Conductivity of the crystals at 850 °C as a function of stabilizing cation
ionic radius.

crystal. (The average rare-earth cation radius was used for the 10(Y,Gd,
Ho,Er,Yb)SZ crystals.)

Thus, the electrical conductivity of the compositionally complex 10(Y,
Gd,Ho,Er,Yb)SZ crystal differs slightly from that of the conventional solid
state electrolytes (YSZ) for solid state fuel cells. This result does not agree
with earlier electrical conductivity data for (Hf; /3Ce;/3Zr1/3)1x(Gd1/2Y1,
2)x02x/2 [47] and Zr;_x(Gd;/5Pr1/5Nd1/58my/5Y1/5)x02-5 (x = 0.1 and
0.2) [16] oxide ceramics. The conductivity of (Hf;3Ce;/3Zr1,3)1x(G-
d1/2Y1,2)x02.x/2 at 600 °C was within 4 x 10~* S/cm which is almost an
order of magnitude lower than the conductivity of 8YSZ at the same tem-
perature. It can be assumed that the use of a multicomponent composition
and the related solid solution disordering can cause local lattice distortions
that are likely to impede oxygen anion migration [47]. The conductivities
of the earlier studied Zrolg(Gdl/sprl/sNdl/5SH11/5Y1/5)().102_§ and
Zry.8(Gdy5Pr1,/5Nd; 5Sm; 5Y15)0.202—5 ceramic specimens at tempera-
tures up to 550 °C were also an order of magnitude lower than the electrical
conductivity of 8YSZ [16]. It was hypothesized that the difference was
caused by the presence of the tetragonal phase in the specimens and/or not
optimal content of stabilizing oxides [16].

The electrical conductivity data obtained in this study indicate that
in  Zro.g18(Y1/5Gd1/5Ho1/5Er1 5Yb1/5)0.18201.000 ~ multicomponent
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crystals, the geometry factor (average ionic radius) predominates over
the entropy factor.

4. Summary

Compositionally complex Zro.818(Y1/5Gd1,5Ho1 /5Er1 5Yb1,
5)0.18201.909 single crystals were grown for the first time using the
directional melt crystallization technique in a cold crucible. A nearly
uniform distribution of ZrO,, Y203, Ho203 and Er,O3 was observed
along the length of the crystal. The largest deviations from a homoge-
neous distribution were observed for the components with the greatest
and smallest ionic radii, among the five test trivalent oxides (Gd203 and
Yby0s3, respectively). The compositionally complex Zrggis(Y1,5Gd1,
sHo1 /5Er1 /5Yb1,5)0.18201.909 Single crystals had a pseudocubic t” phase
structure, similarly to the binary Zrg g18R0.18201.909 single crystals (R =
Y, Gd, Ho, Er, Yb). The lattice parameter of the Zryg18R0.18201.909
crystals increases linearly with an increase in ionic radius of the stabi-
lizing cation. The experimental value of the lattice parameter and the
calculated average ionic radius of trivalent cations in the Zrggig(Y;,
5Gd;/sHoj /5Er1 /5Yb1 /5)0.18201.909 crystals fit well in this dependence. In
contrast to binary crystals, a high dislocation density (10° cm™2) was
observed in the structure of the multicomponent Zrg g18(Y1,5Gd; 5Ho1,
5Er; 5Yb1,5)0.18201.900 crystals. This may be due to the presence of
different-size rare-earth ions in the cation sublattice. The specific high-
temperature conductivity  of  Zrgg18(Y1,5Gd1,5Ho;,5Er1 5Yby,
5)0.18201.909 single crystals was comparable to that of 10YSZ single
crystals. The COl'ldHCtiVity of binary Zro_glgRO.lgzol_gog and Zro_glg(Yl/
5Gd]/5HO]/5E1‘1/5Yb1/5)0.18201,909 crystals increased linearly with
decreasing stabilizing cation ionic radius (the average trivalent cation
ionic radius of multicomponent composition).

Thus, increasing the number of stabilizing components in the solid
solution did not lead to any significant complication of the directional
melt crystallization process for single crystal growth. Furthermore, in
contrast to the results of a number of earlier studies, composition
modification did not cause a noticeable conductivity drop over the
whole temperature range. The obtained values of electrical conductivity
in the multicomponent crystal meet the requirements for solid electro-
lytes in SOFC. Further experimental studies of crystals containing other
possible stabilizing oxide combinations are required for better under-
standing of composition-related effects. For further optimization of the
composition in the design of new promising multicomponent materials,
it would be very useful to use theoretical computational research
methods such as calculations based on first principles, density functional
theory, and molecular dynamics.
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