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Abstract
The crystalline structure, ionic conductivity, and local structure of ZrO2-Gd2O3solid solution crystals have been studied for a
wide range of compositions. The (ZrO2)1-х(Gd2O3)хcrystals (x = 0.03–0.33) have been grown by directional melt crystallization
in cold crucible. The phase composition of the crystals has been studied using X-ray diffraction and transmission electron
microscopy. The transport parameters have been studied using impedance spectroscopy in the 400–900 °С range. The local
structure of the crystals has been studied by optical spectroscopy with Eu3+ ion probe. The maximum conductivity at 900 °С
(0.047 S/cm) has been observed in the crystals containing 10 mol% Gd2O3. This composition is close to the cubic/tetragonal
phase boundary. The compositions corresponding to the single-phase cubic region exhibit a decrease in the ionic conductivities
with an increase in the Gd2O3 concentration. Studies of the local structure of the ZrO2-Gd2O3 system solid solutions have
revealed specific features of the formation of optical centers which characterize the localization of oxygen vacancies in the
lattice depending on the concentration of the stabilizing oxide. Comparison of the experimental values of the lattice parameter
with those calculated using various models has shown that the best fit between these data is provided by the model of
inequiprobable distribution of oxygen vacancies. We have discussed the correlation between the crystalline and local structures
and the transport parameters of the crystals. Analysis of the results allows us to identify the Gd2O3 concentration ranges in which
the ionic conductivity of the crystals is mainly determined either by the phase composition or by the regularity of oxygen vacancy
localization in the crystal lattice.
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Introduction
Zirconia-based materials exhibit high ionic conductivity at high
temperatures and are therefore widely used as solid electrolytes for
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solid oxide fuel cells [1–3]. The ionic conductivity of zirconiabased solid solutions depends on the type and concentration of the
stabilizing oxide and is determined by a wide range of factors. The
most important factors are phase composition, phase transformations during heating from room temperature to the electrochemical
cell operation temperature, and the concentration and mobility of
oxygen vacancies contributing to the charge transport.
The dependence of the conductivity of these materials on
the type and concentration of the stabilizing oxide was studied
in detail earlier [4]. It was shown that an increase in the ionic
radius of the stabilizing oxide leads to a decrease in the maximum value of the ionic conductivity. Furthermore, the stabilizing oxide concentration at which the conductivity is the
highest decreases with an increase in the ionic radius of the
stabilizing cation [4].
Detailed analysis of the effect of the interaction between
oxygen vacancies with stabilizing oxide cations on the
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transport properties of fluorite structure oxides was reported
elsewhere [5]. The presence of various type complexes in
zirconia-based materials was also discussed [6–12]. The type
of the forming complexes can be characterized by the position
of the oxygen vacancies relative to the zirconium and doping
impurity cations, i.e., by the local structure of the crystal
lattice.
There are now a large number of works dealing with the
computer simulation of local structural defects and their interaction in solid oxide electrolytes on the basis of different approaches [9–14]. One experimental technique for studying the
local structure of crystals is optical spectroscopy. This technique, with Eu3+ ions as a probe, is widely used for studying
the local structure of crystals, including zirconia-based solid
solutions [8, 15–17]. It is desirable for correct interpretation of
the data retrieved with the use of Eu3+ ions that the local
neighborhood of these ions be the same as the local neighborhood of the stabilizing oxide cations. This requirement is satisfied if the ionic radii of the probing ion and the stabilizing
oxide cation are close. Therefore, Gd2O3 was used as a stabilizing oxide in this work, since the ionic radii of Eu3+ and
Gd3+ for the octahedral coordination shell are 1.066 and
1.053 А, respectively.
The structure and conductivity in ZrO2-Gd2O3 system solid
solutions were studied earlier [18, 19]. The conductivity of the
ceramic specimens containing 2 to 11 mol% Gd2O3 in the 200
to 425 °C range suggests that the intergrain and bulk conductivity components in the material may be high for single-phase
(tetragonal or cubic) compositions but low for specimens
consisting of mixtures of these phases. Unlike the ZrO2Y2O3 ceramic, the ZrO2-Gd2O3 system does not form vacancy
clusters [18]. The conductivity of the single crystal specimens
containing 10–15 mol% Gd2O3 at 831 °С decreases with an
increase in the Gd2O3 concentration, while the conductivity
activation energy increases [19].
In this work, we report experimental data on the crystalline
structure, transport properties, and local structure of the
(ZrO2)1-х(Gd2O3)х solid solutions for a wide range of compositions, i.e., (x = 0.03–0.33). To simplify the treatise of the
results and exclude the effect of grain boundaries on the
electrophysical properties of the material, we studied ZrO2Gd2O3 crystals grown by directional melt crystallization.

Experimental
(ZrO2)1-х(Gd2O3)х (x = 0.03–0.33) solid solution crystals were
grown by directional melt crystallization in cold crucible [20].
Some compositions were additionally doped with 0.1 mol%
Eu2O3. The Eu3+ ions were used as a spectroscopic probe for
study of the local crystal structure by the optical spectroscopy
method.
The phase composition of the crystals was analyzed using
X-ray diffraction on a Bruker D8 instrument in СuKα

radiation and using a Raman spectroscopy. The excitation
source was a 633-nm laser. The Raman spectra were recorded
at multiple points along the crystal for phase composition
homogeneity assessment.
The structure studies were carried out by transmission electron microscopy—TEM JEOL 2100 with accelerating voltage
200 KeV. The density of the crystals was measured by hydrostatic weighing on a Sartorius hydrostatic weighing device.
The microstructure was examined using optical microscopy
under a Discovery V12 stereo microscope.
The luminescent spectra were recorded using a Horiba
FHR 1000 spectrometer at 300 and 77 K. The radiation detector was a Hamamatsu R928 photodetector amplifier.
Luminescence was excited at the 5D1 level by second harmonics of YVO4:Nd (λex = 532 nm) and LiYF4:Nd (λex =
527 nm) lasers.
The conductivity of the crystals was studied in the 400–
900 °C range with a Solartron SI 1260 frequency characteristic analyzer in the 1 Hz to 5 MHz frequency range at a 24-mV
current signal amplitude. We used 7 × 7 mm2 0.5-mm thick
plates for the measurements. The current contacts were
formed by applying platinum paste (burning onto the opposite
sides of the crystals at 950 °C for 1 h in air). The impedance
spectra were processed using the ZView software (ver. 2.8).
The specific conductivity of the crystals was calculated from
the data retrieved from the impedance spectra taking into account the dimensions of the specimens.

Results and discussion
The compositions, notations, phase compositions, and densities of the test crystals are summarized in Table 1. The crystals
stabilized gadolinium had generally the same shape, color, and
dimensions as the yttrium-stabilized crystals. All the crystals
had columnar shapes which are typical of the growth technique used. The 3GdSZ and 4GdSZ crystals were white and
non-transparent. The 8GdSZ crystals were homogeneous and
semitransparent and had no visible bulk defects. For Gd2O3
Table 1

Compositions, notations, and densities of test crystals

Crystal composition

Notation Phase composition Density ρ, g/cm3

(ZrO2)0.97(Gd2O3)0.03
(ZrO2)0.96(Gd2O3)0.04
(ZrO2)0.92(Gd2O3)0.08
(ZrO2)0.90(Gd2O3)0.10
(ZrO2)0.88(Gd2O3)0.12
(ZrO2)0.86(Gd2O3)0.14
(ZrO2)0.84(Gd2O3)0.16
(ZrO2)0.80(Gd2O3)0.20
(ZrO2)0.67(Gd2O3)0.33

3GdSZ
4GdSZ
8GdSZ
10GdSZ
12GdSZ
14GdSZ
16GdSZ
20GdSZ
33GdSZ

Tetragonal ZrO2
Tetragonal ZrO2
Tetragonal ZrO2
Cubic ZrO2
Cubic ZrO2
Cubic ZrO2
Cubic ZrO2
Cubic ZrO2
Cubic ZrO2

6.259 ± 0.002
6.251 ± 0.002
6.394 ± 0.002
6.481 ± 0.002
6.533 ± 0.002
6.586 ± 0.002
6.634 ± 0.002
6.702 ± 0.002
6.863 ± 0.002
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concentrations in the ZrO2-based solid solutions of above
10 mol%, the crystals were homogeneous and transparent.
X-ray diffraction study of the phase composition of the
crystals showed that the crystals containing 3 to 8 mol%
Gd2O3-stabilizing oxides are the tetragonal modification of
zirconia. The crystals with Gd2O3 concentrations of 10 to
33 mol% had a cubic fluorite structure.
As can be seen from Table 1, the density of the ZrO2Gd2O3 system crystals increases with Gd2O3 concentration.
Transmission electron microscopy study of the crystals
showed that the structure of all the (ZrO2)1-х(Gd2O3)х tetragonal crystals (х = 3, 4, and 8) consisted of twins (Fig. 1). We
did not find twin-free regions in these crystals. The shape and
sizes of the twins changed depending on the Gd2O3 concentration in the crystals. The 3GdSZ crystals contained large
twins. Primary twin plates in the crystals also underwent twinning. Secondary twinning plane traces in the crystals were at
an approximately 60 angle degrees relative to the traces of
their respective primary twinning plane. The twinning plane
is a {110} type one. The sizes of the twins in the crystals
decreased with an increase in the Gd2O3 concentration. The
structure of the 4GdSZ is a mixture of large and fine twins.
The 8GdSZ only contained small twins with a relatively homogeneous size distribution.
The typical structural image for crystals with a Gd2O3 concentration of 10 mol% or higher corresponded to the defectfree structure of single-phase cubic single crystals. However,
the electron diffraction patterns of the solid solutions containing (10–12) mol% Gd2O3 had reflections of the tetragonal
phase. The electron diffraction patterns of the crystals containing (14–20) mol% Gd2O3 indicated a cubic fluorite structure.
The electron diffraction pattern of the crystal containing
33 mol% Gd2O3 had reflections in regions not corresponding
to fluorite structure reflections. Figure 2 shows electron diffraction patterns for the 10GdSZ, 14GdSZ, and 33GdSZ
crystals.
Thus, transmission electron microscopy shows that the
14GdSZ, 16GdSZ, and 20GdSZ crystals have a cubic fluorite
structure. The 10GdSZ and 12GdSZ crystals contain the t``
phase which has a tetragonality degree of 1 but its space group
is P42/nmc due to the shift of the oxygen ions in the anion
Fig. 1 Images of twins in a
3GdSZ, b 4GdSZ, and c 8GdSZ
crystals

sublattice [21]. The 33GdSZ crystals exhibit initial ordering of
the oxygen vacancies; yet, without the formation of the
Zr2Gd2O7 phase as indicated by the presence of reflections
in the electron diffraction pattern regions corresponding to
the Zr2Gd2O7 phase, this suggests the lack of a long-range
order in the structure.
Figure 3 shows the temperature functions of the specific
conductivity of the test crystals in Arrhenius coordinates. It
can be seen that the temperature functions have a linear pattern
in the entire experimental temperature range.
Figure 4 shows the 900 °C specific conductivity and the
activation energy of the test crystals as functions of Gd2O3
concentration. It can be seen that the conductivity of the crystals changes in a nonmonotonic manner with an increasing
Gd2O3 concentration. The ionic conductivity peak corresponds to the ZrO2-Gd2O3 solid solutions with a Gd2O3-stabilizing oxide concentration of 10–12 mol%. Increasing the
Gd2O3 concentration to above 12 mol% caused a dramatic
decline of the conductivity. The activation energy increases
with the Gd2O3 concentration reaching the maximum value
(1.34 eV) for the 33 mol% Gd2O3 composition.
Thus, the conductivity of the crystals increases monotonically with Gd2O3 concentration in the tetragonal phase composition region. As the Gd2O3 concentration increases from 8
to 10 mol%, the phase composition changes and the conductivity of the solid solutions increases rapidly. The highest conductivity was obtained for the crystals with a Gd2O3-stabilizing oxide concentration of 10 mol%. This composition is close
to the cubic/tetragonal phase boundary. Compositions corresponding to the single-phase cubic region show a decrease in
their ionic conductivities with an increase in the Gd2O3
concentration.
Introduction of Gd3+ ions which are larger than Zr4+ ones
into the zirconia-based solid solutions corresponding to the
cubic phase region causes several phenomena that affect the
ionic conductivity of the solid solutions. On the one hand, the
introduction of larger Gd3+ ions increases the lattice parameter; on the other hand, it causes lattice deformation which was
shown earlier [4, 9] to reduce the mobility of oxygen ions.
There is another possible cause of the decline in the ionic
conductivity of cubic zirconia. First-principle calculations
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Fig. 2 Electron diffraction
patterns for а 10GdSZ, b
14GdSZ, and с 33GdSZ crystals.
Insets show bright field image of
crystal structure

[10] showed that to induce ionic conductivity in stabilized
zirconia, one should introduce active oxygen vacancies to be
localized in the vicinity of the zirconium ion. Increasing the
fraction of stabilizing oxide cations and having an anion vacancy in the first coordination shell reduces the fraction of
active vacancies, and hence reduces the ionic conductivity.
Another factor in the decrease of the ionic conductivity at
high-stabilizing oxide concentrations is the formation of anionic vacancy associations [8].
A detailed study of the local structure of ZrO2-Gd2O3 for
different stabilizing oxide concentrations [22] provided the
fundamental experimental results that are required for the
analysis of the dependence of the ionic conductivity on a
Gd2O3-stabilizing oxide concentration in the ZrO2-Gd2O3 solid solutions.
Figure 5 shows Eu3+ ion luminescence spectra for ZrO2Gd2O3 crystals with 4, 8, 10, 14, 20, and 33 mol% Gd2O3
concentrations and 0.1 mol% Eu2O3 concentration formed
by the 5D0 → 7F0, 5D0 → 7F1, and 5D0 → 7F2 optical transitions in these ions recorded under excitation to the 5D1 level
with λ = 532 nm of radiation.
Roman digit I in the luminescence spectra marks the peaks
corresponding to the optical spectra of Eu3+ ions having an
oxygen vacancy in the first coordination shell [22]. The peaks

corresponding to optical centers and having no oxygen vacancy in the first coordination shell but having one oxygen vacancy in the second coordination shell are marked as II [22]. It
can be seen from Fig. 6 that as the Gd2O3 concentration increases, the relative intensity of the peaks corresponding to
optical centers I and II of Eu3+ ions changes. At Gd2O3 concentrations < 8 mol%, the intensities of the peaks corresponding to optical centers II is higher than the intensities of the
peaks corresponding to optical centers I. At Gd2O3 concentrations ≥ 8, the intensities of the peaks corresponding to optical
centers I become higher than the intensities of the peaks corresponding to optical centers II. At Gd2O3 concentrations of
20 and 33 mol%, the luminescence spectra have additional
peaks (III) which were attributed to Eu3+ ions having two
oxygen vacancies at diagonal positions of the cubic cell
[22]. The positions of the III type Eu3+ ion optical centers
are similar to the positions of the Y3+ ions with the С2-point
symmetry in the Y2O3 structure.
Assuming that the Eu3+ ions in the experimental crystals
are located at the same positions as the Gd3+ ions, one can
conclude from the above results that for Gd2O3 concentrations
of above 8–10 mol%, the relative fraction of oxygen vacancies
located in the first coordination shell of the Gd3+ ions increases. An increase in the fraction of vacancies that do not

Fig. 3 Temperature functions of specific conductivity of (ZrO2)1х(Gd2O3)х crystals

Fig. 4 Conductivity of (ZrO2)1-х(Gd2O3)х crystals at 900 °С and
conductivity activation energy as functions of Gd2O3 concentration.
Approximate phase limits are shown for reference
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coordination cation positions with two oxygen vacancies located along a diagonal on a face of the cubic crystalline cell.
Using the method described earlier [23], we calculated the
elative concentrations of cations located in eight- (α8), seven(α7), and six-coordination (α6) oxygen neighborhood as a
function of Gd2O3 concentration. We will consider equiprobable and inequiprobable oxygen vacancy distribution cases.
1) Equiprobable oxygen vacancy distribution case: the cation coordination number may vary from 8 to 0 and corresponds to the Bernoulli distribution, and the relative
concentrations of the eight, seven, and six vertices are
determined by the following formula:

Fig. 5 Luminescence spectra for ZrO2-Gd2O3-Eu2O3 crystals with 4, 8,
10, 14, 20, and 33 Gd2O3-stabilizing oxide concentrations formed by
5
D0 → 7F0, 5D0 → 7F1, and 5D0 → 7F2 transitions in Eu3+ ions under
excitation to the 5D1 level (λ = 532 nm) at T = 300 K

contribute to the diffusion of oxygen ions is a factor reducing
the ionic conductivity of the material. The formation of oxygen vacancy associations at Gd2O3 concentrations of above
20 mol% makes an additional contribution to the further decrease in the ionic conductivity.
The distribution of the structural elements in ZrO2-based
solid solutions stabilized with rare-earth metal oxides was
reported earlier [23]. An increase in the concentration of the
stabilizing oxide leads to an increase in the number of oxygen
vacancies, and hence in the number of cation positions with
seven and six-coordination oxygen neighborhood. Two oxygen six-vertex types can be separated depending on vacancy
locations. One is characterized by the presence of two oxygen
vacancies located along a diagonal on a face of the cubic
crystalline cell. The other oxygen six-vertex type is characterized by two anion vacancies located along a spatial diagonal
of the cube. Figure 6 shows models of the fluorite structures
without and with the introduction of anion vacancies. It should
be noted that earlier spectral luminescence studies [8, 15] and
those conducted in this work for zirconia-based solid solutions
with high-stabilizing oxide concentrations revealed six-

α8−i ¼ C i8 γ i ð1−γ Þ8−i ;

ð1Þ

where i is the number of oxygen vacancies in the cation
neighborhood (0, 1, or 2) and γ is the relative concentration of
oxygen vacancies.
2) Inequiprobable oxygen vacancy distribution case: this
case is considered in accordance with the thermodynamically model proposed elsewhere [24]. This model considers the association/dissociation equilibrium of cations
and a variable number of oxygen vacancies in the first
coordination shell. This equilibrium state is represented
as a multilevel energy pattern the bottom level of which
corresponds to the case of one oxygen vacancy in the
cation neighborhood. The higher energy levels correspond to cations having lower coordination numbers.
Under this model the αn-1/αn concentration ratio is
expressed as the level population ratio as follows:

αn−1 =αn ¼ k n−1 =k n expð−ΔE n =kT Þ;

ð2Þ

where ΔEn is the difference of formation energies of cation
neighborhoods with the n and n-1 coordination numbers, kn
and kn-1 are the statistical weights of the respective levels, k is

Fig. 6 Models of the fluorite structures without and with the introduction of anion vacancies: a eight vertex, b seven vertex, c six vertex (1), and d six
vertex (2)
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the Boltzmann constant, and T is the thermodynamic equilibrium temperature.
From crystal chemistry standpoints, ΔEn ≫ kT for n < 6,
which corresponds to the formation of eight , seven, and six
vertices. This case is described by the following set of equations:
0

α8 þ α7 þ α6 þ α″6 ¼ 1;
0
α7 þ 2α6 þ 2α″6 ¼ 8γ;

0
0
0
α6 =α7 ¼ k 6 =k 7 exp −ΔE6 =kT ;
α″6 =α7 ¼ k″6 =k 7 expð−ΔE″6 =kT Þ:

ð3Þ

The ` and `` indices refer to the two six-vertex types.
Given ΔE ` `6, ΔE`6 ≫ kT, the formation of six vertexes is
impossible, and the above set of equation reduces to the following relationships:
α8 ¼ 1−8γ; α7 ¼ 8γ:

ð4Þ

For ΔE ` `6, ΔE`6 = 0, the above set of equations describes
a case that is close to equiprobable vacancy distribution over
the lattice sites, while coordination numbers less than 6 are not
excluded.
If the above set of equations obey the condition 0 > ΔE `
`6 = ΔE`6 ≫ kT, they reduce to the following form:
α8 ¼ 1−4γ; α6 ¼ 4γ;

ð5Þ

which corresponds to the absence of seven vertexes. ΔE `
`6, ΔE`6 = 0.
In this work, we calculated the lattice parameters of the
ZrO2-Gd2O3 solid solutions with different stabilizing oxide
concentrations using the α8, α7, and α6 parameters for equiprobable oxygen vacancy distribution (case 1) and
nonequiprobable oxygen vacancy distribution satisfying the
condition (ΔE ` `6, ΔE`6 = 0) when the structure contains cation vacancies with eight-, seven-, and six-coordination oxygen neighborhood (case 2).
The lattice parameter for the series of ZrO2-Gd2O3 crystals
studied was calculated as follows [25]:
d ¼ α8  d 8 þ α7  d 7 þ α6  d 6 ;

where RZr8, RZr7, and RZr6 are the ionic radii for the coordination numbers 8, 7, and 6, respectively, Rois the ionic radius of
oxygen, mGd2O3 and mEu2O3 are the concentrations of the stabilizing oxides Gd2O3 and Eu2O3, respectively, in mol%, and
ΔRGd,Eu is the difference between the ionic radii of Gd3+
(Eu3+) and Zr4+ with the coordination numbers 8, 7, or 6.
The lattice parameters of the ZrO2-Gd2O3-Eu2O3 crystals
calculated using Eq. (6) and experimental ones are shown in
Fig. 7 as a function of Gd2O3 concentration.
The results illustrated in Fig. 7 suggest that the best fit of
the experimental and calculated crystal lattice parameter is
achieved for the inequiprobable distribution of oxygen vacancies, which is in agreement with the presence of oxygen vacancy pairs in the ZrO2-Gd2O3 structure that were revealed by
spectroscopic analysis.
Figure 8 shows relative fractions of cations having eight(α8), seven- (α7), and six-(α6) vertex of oxygen in the neighborhood for inequiprobable distribution of oxygen vacancies
and ionic conductivity as functions of Gd2O3 concentration in
the ZrO2-Gd2O3 solid solutions.
It can be seen from Fig. 8 that with an increase in the
Gd2O3 concentration the fraction of the cations having the 7
(α7) and 6 (α6) oxygen coordination numbers increases while
the fraction of the cations having the 8 (α8) oxygen coordination number decreases. The interaction between a stabilizing
oxide cation and an oxygen vacancy in the first coordination
shell and the interaction between vacancies during the formation of vacancy associations are factors reducing the ionic
conductivity of the solid solutions. However, the concentration dependence of the relative fractions of cations having
different oxygen coordination numbers does not explain the
presence of a maximum in the concentration dependence of
the ionic conductivity. It seems that at Gd2O3 concentrations
of below 14 mol%, the predominant factor is the phase composition of the crystals.

ð6Þ

where d8, d7, and d6 are the lattice parameters for the cases
when the cations occupy only eight-, seven-, and sixcoordination positions, respectively:


2mGd2O3 ΔRGd þ 2mEu2O3 ΔREu
; ð7Þ
d 8 ¼ 2:31 RZr8 þ Ro þ
100 þ mGd2O3 þ mEu2O3


2mGd2O3 ΔRGd þ 2mEu2O3 ΔREu
d 7 ¼ 2:31 RZr7 þ Ro þ
; ð8Þ
100 þ mGd2O3 þ mEu2O3


2mGd2O3 ΔRGd þ 2mEu2O3 ΔREu
; ð9Þ
d 6 ¼ 2:31 RZr6 þ Ro þ
100 þ mGd2O3 þ mEu2O3

Fig. 7 Calculated and experimental lattice parameters of ZrO2-Gd2O3
crystals as a function of Gd2O3 concentration for (1) equiprobable and
(2) inequiprobable oxygen vacancy distributions
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Fig. 8 Relative fractions of cations having eight- (α8), seven- (α7), and
six- (α6) vertices in the neighborhood and ionic conductivity as functions
of Gd2O3 concentration in ZrO2-Gd2O3 solid solutions

Thus, our experimental results for the local structure of the
ZrO2-Gd2O3 system solid solutions revealed specific features
of the formation of optical centers which characterize the localization of the oxygen vacancies in the lattice depending on
the concentration of the stabilizing oxide which significantly
affects the ionic conductivity of the solid solutions.

At Gd2O3 concentrations of above 20 mol%, the Eu3+ luminescence spectra exhibit changes that can be attributed to the
formation of oxygen vacancy pairs.
Comparison of the experimental values of the lattice parameter with those calculated using various models showed
that the best fit between these data is provided by the model of
inequiprobable distribution of oxygen vacancies. This model
was used for calculating the fraction of cations having variable
oxygen coordination numbers depending on Gd2O3 concentration. We showed that an increase in the Gd2O3 concentration leads to an increase in the fraction of cations having the 7
(α7) and 6 (α6) oxygen coordination numbers and a decrease
in the fraction of cations having the 8 (α8) oxygen coordination number.
Thus, the results of the study of the crystalline and local
structure of the ZrO2-Gd2O3 system solid solutions allow us to
identify the Gd2O3 concentration ranges in which the ionic
conductivity of the crystals is mainly determined either by
the phase composition or by the regularity of oxygen vacancy
localization in the crystal lattice.
Funding information The work was carried out with financial support in
part from the Russian Science Foundation (RSF grant no. 18-79-00323).
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