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A B S T R A C T

Ceramic samples of ternary 0.5(Y0.1Zr0.9O2) – 0.5(0.6SrTiO3 – 0.4BiScO3) system consisting of individual
Y0.1Zr0.9O2 and 0.6SrTiO3 – 0.4BiScO3 subsystems were synthesized via solid-state processing techniques. By
XRD analysis, a coexistence of tetragonal P42/nmc phase related to the Y0.1Zr0.9O2 subsystem, and cubic Pm m3̅
and tetragonal P4mm phases associated with the 0.6SrTiO3 – 0.4BiScO3 subsystem was found. A deviation of real
composition from nominal one for both Y0.1Zr0.9O2 and SrTiO3 – BiScO3 subsystems due to Sc substituting for Zr
in the Y0.1Zr0.9O2 subsystem and, vice versa, Zr substituting for Sc in the SrTiO3 – BiScO3 subsystem was also
observed. Peculiarities of the dielectric properties related to both diffuse ferroelectric phase transition and di-
electric relaxation processes were found and analyzed in comparison with the dielectric properties of two-
component 0.6SrTiO3 – 0.4BiScO3 system. It was found that the diffuse phase transition in ternary system, firstly,
shifts to lower temperatures and, secondly, has a less degree of diffuseness as compared to two-component
system. Such kind of behavior could be attributed to a difference of ionic radii of ions Zr4+ and Sc3+. Dielectric
relaxation processes associated with the O2- ions migration were observed within temperature 500–800 K for
both ternary and two-component systems. Two dielectric relaxation processes related to the Y0.1Zr0.9O2 and
0.6SrTiO3 – 0.4BiScO3 subsystems were found in ternary system, whereas one dielectric relaxation process was
observed in two-component system. The activation energies for the dielectric relaxation processes were esti-
mated as ~ 1.3 eV and ~ 0.9 eV for Y0.1Zr0.9O2 and 0.6SrTiO3 – 0.4BiScO3 subsystems, respectively, for ternary
system, and ~ 0.75 eV for two-component system.

1. Introduction

Ternary 0.5(Y0.1Zr0.9O2) – 0.5(0.6SrTiO3 – 0.4BiScO3) system
should be considered as consisting of two individual subsystems. The
first subsystem is zirconium dioxide, ZrO2, stabilized by Y, so that
nominal composition of this subsystem is corresponding to Y0.1Zr0.9O2.
The second subsystem is two-component SrTiO3 – BiScO3 system with a
ratio of end members corresponding to the 0.6SrTiO3 – 0.4BiScO3

composition. Ternary 0.5(Y0.1Zr0.9O2) – 0.5(0.6SrTiO3 – 0.4BiScO3)
system is attractive to be studied in details due to both interesting
properties of the individual subsystems and a change in these properties
via a combination of the subsystems in a single system.

For instance, yttria stabilized zirconium dioxide, YxZr1-xO2, pos-
sessing a high ionic conductivity is conventional material using as solid
electrolyte for solid oxide fuel cells [1–3]. In turn, a high mechanical
strength of ZrO2 is very attractive advantage for various structural
applications [4,5]. Strontium titanate, SrTiO3, is known to be an

incipient ferroelectric lying near limit of its paraelectric phase stability
[6]. Pure SrTiO3 retains a nonpolar centrosymmetric structure upon
cooling at T → 0 K. But, various ions substituting for host ions in A- or/
and B-positions in the perovskite ABO3 structure can induce a ferro-
electric phase transition in SrTiO3 [7–12]. BiScO3 is interesting end
member for fabrication of new ceramic solid solutions [13–15]. Despite
its utility in the solid solutions, there is little knowledge about the
BiScO3 member itself. In particular, it is not known at present whether
BiScO3 is ferroelectric [16]. Thus, pure SrTiO3 and BiScO3 can be
considered as nonferroelectric compounds. However, the SrTiO3-BiScO3

system consisting of nonferroelectric end members is already char-
acterized by dielectric anomalies specific for relaxor ferroelectrics (or
ferroelectrics with a diffuse phase transition) [17,18]. The main fea-
tures of relaxors are related to their structural (compositional) in-
homogeneity [19–21]. In terms of structural features, the relaxor
properties can be attributed to coexistence and interaction of polar and
nonpolar phases within a temperature range, where the relaxor state
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exists.
Based on analysis of literature data, a few scientific and technics

tasks requiring various combinations of ZrO2 and SrTiO3 should be
mentioned. Firstly, glass-ZrO2-SrTiO3 mixture with a controlled tem-
perature coefficient of the dielectric permittivity was developed in Ref.
[22]. In this mixture, SrTiO3 is responsible for the dielectric properties,
whereas ZrO2 has to maintain the mechanical strength. Secondly, ul-
trathin film heterostructures based on the ZrO2-SrTiO3 system are
among prospective systems having a great potential for applications as
solid electrolyte materials [23–25]. These heterostructures contain
nanosized interfaces between the individual ZrO2 and SrTiO3 layers. In
turn, such kind of interfaces have a specific atomic arrangement fa-
vouring the effective transport of oxygen ions under external electric
field within a wide temperature range.

Instead of pure SrTiO3, two-component SrTiO3-BiScO3 subsystem
could reasonably be used to modify the properties of the ZrO2-SrTiO3

system. The matter is that both dielectric properties and ionic transport
in solids are strongly dependent on their structural disorder and com-
positional inhomogeneity [19,23,26]. The structural disorder in SrTiO3

with the perovskite ABO3 structure can easily be created by substitution
on the A- and the B-sites by ions having ionic radii different from radii
of the host Sr4+ and Ti2+ ions. The A- and B-sites ion substitution can
be implemented at a fabrication of two-component systems by using
SrTiO3 as one of end members. Two-component SrTiO3-BiScO3 system
can be taken as an excellent example of such kind of systems where the
structural disorder degree increases with increasing mole fraction of
BiScO3 [17,18].

During the preparation of materials based on ternary
0.5(Y0.1Zr0.9O2) – 0.5(0.6SrTiO3 – 0.4BiScO3) system, an interaction
between the separate subsystems can take place resulting in deviation
of real chemical composition of the subsystems from nominal one and,
hence, in changes of their both microstructure and properties. The di-
electric properties of solids are sensitive to a change of their micro-
structure and composition. So, the aim of present work is to find and
analyze the peculiarities of the dielectric properties of ternary ceramic
0.5(Y0.1Zr0.9O2) – 0.5(0.6SrTiO3 – 0.4BiScO3) system, in which inter-
action between the individual Y0.1Zr0.9O2 and SrTiO3 – BiScO3 sub-
systems is expected. To underline the peculiarities characteristic for
ternary 0.5(Y0.1Zr0.9O2) – 0.5(0.6SrTiO3 – 0.4BiScO3) system, the di-
electric properties of this system will be compared to that of two-
component 0.6SrTiO3 – 0.4BiScO3 system.

2. Materials and methods

Ceramic 0.5(Y0.1Zr0.9O2) – 0.5 (0.6SrTiO3 – 0.4BiScO3) samples
were synthesized using solid-state processing techniques.

To prepare the 0.6SrTiO3 – 0.4BiScO3 subsystem, SrTiO3 was at first
prepared by sintering an equimolar mixture of the SrCO3 and TiO2

powders at 1623 K for 2 h. Then, a mixture of the SrTiO3, Bi2O3 and
Sc2O3 powders taken in stoichiometric ratio was calcined at 1523 K for
2 h. Finally, a mixture of the Y0.1Zr0.9O2 and 0.6SrTiO3 – 0.4BiScO3

powders was cold isostatically pressed at 75MPa and then calcined at
1543 K for 3 h. To stabilize the tetragonal ZrO2 structure, 10 at% Y2O3

additive was used. All of heat treatments applied to prepare material
being studied were carried out in air atmosphere.

X-ray diffraction (XRD) analysis was performed using a Rigaku
Ultima IV diffractometer with CuKα radiation to determine the phase
composition and the crystal structure of the samples prepared.

To examine microstructure peculiarities of the samples, a Quanta
200 3D scanning electron microscope (SEM) was applied. Energy dis-
persive X-ray spectroscopy (EDX) method was also used to determine a
content of various chemical elements.

The real, ε′, and imaginary, ε″, parts of the complex dielectric
permittivity of the samples with Ag electrodes were measured at var-
ious measuring frequencies, ν, by using a Novocontrol Concept 43 im-
pedance meter above room temperature or a BR2876 LRC-meter below

room temperature.

3. Results and discussion

3.1. Crystal and grain structure, phase and elemental composition

According to the XRD pattern taken at room temperature, the
ceramic samples with nominal 0.5(Y0.1Zr0.9O2) – 0.5(0.6SrTiO3 –
0.4BiScO3) composition consist of three phases (Fig. 1). One phase
corresponding to the tetragonal P42/nmc structure is characteristic for
the Y0.1Zr0.9O2 subsystem. Two other phases with the cubic Pm m3̅ and
tetragonal P4mm structures should be attributed to the SrTiO3 – BiScO3

subsystem [17,18,27].
Actually, the crystal symmetries of end members in the SrTiO3-

BiScO3 subsystem are remarkably different. At room temperature,
SrTiO3 has the perovskite cubic Pm3m structure [7], while BiScO3 is the
perovskite-like monoclinic C2/c compound [28]. Moreover, a differ-
ence in radii for pairs of ions located at equivalent sites in the crystal
structure is big. Indeed, taking into coordination numbers characteristic
for the perovskite ABO3 lattice, these radii for SrTiO3 are equal to r
(Sr2+) = 1.44 Å and r(Ti4+) =0.605 Å. In turn, r(Sc3+) =0.745 Å and
r(Bi3+) = 1.03 Å are ionic radii for BiScO3. So, taking into account a
big enough difference in both crystal symmetries and ionic radii, some
intermediate phases with the symmetries other than the cubic SrTiO3

and monoclinic BiScO3 symmetries could be formed to ensure a sig-
nificant change in the crystal structure of the (1-x)SrTiO3-xBiScO3

compounds, when the mole BiScO3 fraction, x, increases. Indeed, a
coexistence of the tetragonal P4mm and cubic Pm3m phases within
some temperature range dependent on composition was earlier found
for the ceramic (1-x)SrTiO3-xBiScO3 samples with 0.0 < x < 0.6
[17,18,27]. This phase coexistence is originated from a diffuse ferro-
electric phase transition of relaxor type.

The diffraction peaks characterizing the cubic and tetragonal phases
in the SrTiO3 – BiScO3 subsystem are very close each to other. To dis-
tinguish these structures, a splitting of some diffraction peaks occurring
in the tetragonal P4mm phase should be taken into account. For in-
stance, the tetragonal structure is characterized by splitting of single
cubic (211) peak into double diffraction (211)/(112) peaks as shown in
the inset to Fig. 1. So, in accordance with composition, three phases
characteristic for the Y0.1Zr0.9O2 and 0.6SrTiO3 – 0.4BiScO3 subsystems
have been observed in the ternary 0.5Y0.1Zr0.9O2 – 0.5(0.6SrTiO3 –
0.4BiScO3) system.

Next to analyze the XRD pattern, the Savitzky-Golay [29] and
Sonneveld-Visser [30] methods were applied. By these methods, unit
cell parameters of all three phases were extracted. The a =5.107 Å and
c =5.158 Å parameters were found for the tetragonal Y0.1Zr0.9O2

phase. These values are in good agreement with literature data [31].
The parameters for the cubic, ac, and tetragonal, at and ct, phases of the
SrTiO3 – BiScO3 subsystem are listed in Table 1. The same parameters,
but taken for two-component ceramic 0.6SrTiO3 – 0.4BiScO3 system

Fig. 1. The XRD pattern of the 0.5(Y0.1Zr0.9O2) – 0.5(0.6SrTiO3 – 0.4BiScO3)
ceramics. The indexing is based on one cubic Pm m3̅ and two tetragonal P42/
nmc and P4mm unit cells. Inset is superposition of three XRD peaks for the
tetragonal P4mm and cubic Pm m3̅ unit cells.
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[17,18], is also presented in this Table. The unit cell parameters for the
cubic and tetragonal phases of ternary 0.5(Y0.1Zr0.9O2) – 0.5(0.6SrTiO3

– 0.4BiScO3) system happened to be a bit less as compared to two-
component 0.6SrTiO3 – 0.4BiScO3 system.

It is important to note that the difference in the at and ct parameters
results in a change of tetragonal distortion degree expressed as η=(ct -
at)/ct from ~0.4 for 0.6SrTiO3 – 0.4BiScO3 down to ~0.3 for
0.5(Y0.1Zr0.9O2) – 0.5(0.6SrTiO3 – 0.4BiScO3). In other words, the
SrTiO3 – BiScO3 subsystem in ternary 0.5(Y0.1Zr0.9O2) – 0.5(0.6SrTiO3 –
0.4BiScO3) system is tetragonally distorted less than itself two-compo-
nent 0.6SrTiO3 – 0.4BiScO3 system. This peculiarity can be related to
composition variations of the SrTiO3 – BiScO3 subsystem in ternary
0.5(Y0.1Zr0.9O2) – 0.5(0.6SrTiO3 – 0.4BiScO3) system due to the
Y0.1Zr0.9O2 subsystem presence.

Two various individual subsystems can also be seen by the SEM
experiments (Fig. 2). Two types of the grains can be observed in the
SEM image. The first type grains have a rounded shape (the grain 1 in
Fig. 2), whereas the second type grains have a clear crystal faceting (the
grain 2). A size of both types grains is almost the same.

To determine an average size of the grains including the grains of
both types, the histogram of grain size distribution was plotted (Fig. 3).
This histogram can be described by a lognormal unimodal distribution.
The lognormal probability density function can be expressed as [32]

⎜ ⎟= ⎛
⎝

−
− ⎞

⎠
P D

π σD
D D( ) 1

2
exp (ln ln ̅)

2σ
,

2

2 (1)

where D is the grain size, D̅ is the average grain size and σ is the
standard deviation of the logarithms of the grain sizes.

The standard deviation is measure of the width of the distribution.
By fitting this distribution, the values of D̅ and σ were estimated as
~ 2.45 µm and ~ 0.35, respectively.

The EDX method was applied to determine the content of various
elements in the grains of both types. The elemental compositions of the

grains 1 and 2 are collected in Table 2. Only cations content was taken
into account. First of all, analysis of these data allowed us to conclude
that the rounded grains (the grain 1) correspond to the SrTiO3 – BiScO3

subsystem, whereas the grains with the crystal faceting (the grain 2)
present the Y0.1Zr0.9O2 subsystem. Besides, a chemical interaction be-
tween these subsystems during a high-temperature synthesis results in a
change of their nominal chemical composition. Particularly, the SrTiO3

– BiScO3 subsystem contains Zr, whereas Sc can be found in the
Y0.1Zr0.9O2 subsystem. The elemental compositions of the grains 1 and
2 (Table 2) allowed correcting the chemical composition of these grains
as Sr0.613Ti0.601O1.8 – Bi0.386Sc0.185Zr0.214O1.8 instead of Sr0.6Ti0.6O1.8 –
Bi0.4Sc0.4O1.8 (the grain 1), and Y0.088Zr0.706Sc0.206O2 instead of
Y0.1Zr0.9O2 (the grain 2).

According to Table 2, a deviation of the real composition from
nominal one for the Y0.1Zr0.9O2 and SrTiO3 – BiScO3 subsystems is
mainly due to Sc substituting for Zr in the Y0.1Zr0.9O2 subsystem and,
vice versa, Zr substituting for Sc in the SrTiO3 – BiScO3 subsystem. This
Sc ↔ Zr substitution is rather expected, since the ionic radius of Sc3+ is
very close to that of Zr4+ (0.745 Å versus 0.720 Å). Moreover, the Zr4+

radius is a bit less as compared to that of Sc3+. In this case, the unit cell
parameters of the cubic and tetragonal phases in ternary
0.5(Y0.1Zr0.9O2) – 0.5(0.6SrTiO3 – 0.4BiScO3) system will also be a bit
less as compared to two-component 0.6SrTiO3 – 0.4BiScO3 system in
accordance with experimental findings (Table 1). This decrease in the
unit cell parameters is naturally accompanied by a decrease in the
tetragonal distortion degree.

Since Zr4+ and Sc3+ have different valence, an electrical neutrality
of Zr- or Sc-substituted subsystems will be violated. There are a few
mechanisms to recovery the neutrality. For solids based on metal
oxides, typical mechanism is due to forming oxygen vacancies. Each
oxygen vacancy has a negative charge provided by two electrons. Then,

Table 1
Unit cell parameters and tetragonal distortion degree for ternary
0.5(Y0.1Zr0.9O2) – 0.5(0.6SrTiO3 – 0.4BiScO3) and two-component 0.6SrTiO3 –
0.4BiScO3 systems.

Composition ac, Å at, Å ct, Å η, %

0.5(Y0.1Zr0.9O2) – 0.5(0.6SrTiO3 – 0.4BiScO3) 3.922 3.925 3.937 0.3
0.6SrTiO3 – 0.4BiScO3 3.937 3.932 3.948 0.4

Fig. 2. The SEM image of the 0.5(Y0.1Zr0.9O2) – 0.5(0.6SrTiO3 – 0.4BiScO3)
surface.

Fig. 3. The histogram of the grain size distribution for the 0.5(Y0.1Zr0.9O2) –
0.5(0.6SrTiO3 – 0.4BiScO3) ceramics. Solid line is the fitting curve corre-
sponding to the lognormal unimodal distribution.

Table 2
Elemental composition of various grains in ternary 0.5(Y0.1Zr0.9O2) –
0.5(0.6SrTiO3 – 0.4BiScO3) system.

Grain type Zr, at% Y, at% Sr, at% Ti, at% Bi, at% Sc, at%

1 4.29 – 12.26 12.02 7.72 3.69
2 23.32 2.92 – – – 6.80
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to compensate extra positive charge of the SrTiO3 – BiScO3 subsystem,
where Zr4+ partially substitutes for Sc3+, a number of oxygen va-
cancies have to increase. In turn, an appearance of extra negative
charge in the Y0.1Zr0.9O2 subsystem due to Sc3+partially substituting
for Zr4+ requires decreasing a number of oxygen vacancies.
Unfortunately, the oxygen content in the samples studied could not be
determined correctly enough to trace any changes in the oxygen sub-
system due to recovering the electrical neutrality.

3.2. Peculiarities of dielectric properties due to diffuse phase transition

Now, let us consider the dielectric behavior peculiarities of ternary
0.5(Y0.1Zr0.9O2) – 0.5(0.6SrTiO3 – 0.4BiScO3) and two-component
0.6SrTiO3 – 0.4BiScO3 systems appearing within broad temperature
range from ~ 120 up to ~ 1000 K. There is two type of the ε′(T) and
ε″(T) anomalies of various nature.

The first of these dielectric anomalies are the ε′(T) and ε″(T)
changes characteristic for relaxor ferroelectrics and resulted from a
diffuse ferroelectric phase transition occurring in the SrTiO3 – BiScO3

subsystem at low temperatures. The ε´(T) and ε´´(T) dependences for the
0.5(Y0.1Zr0.9O2) - (0.6SrTiO3 – 0.4BiScO3) and 0.6SrTiO3 – 0.4BiScO3

systems measured at frequency ν=1 kHz are presented in Fig. 4. Broad
ε´(T) maxima centered at some temperature Tm observed in these de-
pendences are characterictic for relaxor ferroelectrics [19,33,34]. The
Tm value for the 0.5(Y0.1Zr0.9O2) - (0.6SrTiO3 – 0.4BiScO3 system is
remarkably lower as compared to that for the 0.6SrTiO3 – 0.4BiScO3

system. Below Tm, the ε´´(T) dependences for both materials studied
start to gradually rise.

It should be noted that in contrast to conventional ferroelectrics, in
relaxor ferroelectrics the temperature Tm does not correspond to the
temperature of the phase transition from a paraelectric to a long-range-
ordered ferroelectric phase. The polarization in relaxor ferroelectrics is
correlated on a local state resulting in appearance of polar nanodo-
mains (PNDs). In this case, the relaxor behavior is related to both ap-
pearance and temperature evolution of a polar phase distributed as
numerous PNDs inside a nonpolar matrix. The evolution of the relaxor
dynamics can be described by using three characteristic temperatures,
TB, T* and Tf [34].

The temperature TB called as the Burns temperature indicates an
onset of “correlated” polarization fluctuations corresponding to PNDs
appearance. These fluctuations are not yet associated with a local strain
field and still preserve the local time-averaged nonpolar symmetry
characteristic for the high-temperature paraelectric phase. The tem-
perature TB can be extracted from the temperature dependences of the
refractive index or thermal expansion coefficient.

The temperature T* is positioned lower than the Burns temperature.
It corresponds to the temperature at which the relaxor behavior sets in.
Below the temperature TB, the local strain field will eventually develop
to stabilize at T* the PNRs into permanently distorted PNDs having
symmetry of the low-temperature ferroelectric phase. The temperature
T* can easily be estimated from the temperature dependence of the
dielectric permittivity. Finally, the temperature Tf is the freezing tem-
perature which corresponds to slowing-down of the relaxation related
to the reorientation of PNDs. The freezing processes of PNDs are
characterized by an anomalously wide spectrum of dielectric relaxation
times described by the Vogel-Fulcher dynamics.

Analysis of the experimental ε´(T) curves in frames of the Curie-
Weiss law allowed extracting the T* values for the 0.5(Y0.1Zr0.9O2) –
0.5(0.6SrTiO3 – 0.4BiScO3) and 0.6SrTiO3 – 0.4BiScO3 systems. As
known, for ferroelectrics with a sharp phase transition, the ε´(T) de-
pendence for high-temperature side of the ε´(T) peak obeys the Curie-
Weiss law

′ =
−

ε C
T θ

,CW
(2)

where CCW and θ are the Curie-Weiss constant and the Curie-Weiss
temperature, respectively. In this case, the dependence of 1/ε´ versus
temperature (or temperature difference (T - θ)) should be linear.

The experimental 1/ε´(T) curves for both 0.5(Y0.1Zr0.9O2) -
(0.6SrTiO3 – 0.4BiScO3) and 0.6SrTiO3 – 0.4BiScO3 are really linear
above some temperature T* (Fig. 5(a)) Just below T*, these curves start
to deviate from the Curie-Weiss behavior.

In turn, the ε´(T) dependence between the temperatures T* and Tm
can be fitted by expression [35]

′
′

= +
−ε

ε T
T T

S( )
1 ( )

2
,m m

γ

2 (3)

where ε´m is a maximum value of the dielectric permittivity, S is a de-
gree of diffuseness of the phase transition and γ is a degree of the di-
electric relaxation. For ferroelectrics with the sharp phase transition
γ=1 and a consistent diffusing the phase transition results in in-
creasing γ up to 2. That is, larger values of γ express more relaxor be-
havior of the ferroelectric.

The dependences of ln[(ε´m – ε´(T))/ε´(T)] versus ln(T - Tm) for the
0.5(Y0.1Zr0.9O2) - (0.6SrTiO3 – 0.4BiScO3) and 0.6SrTiO3 – 0.4BiScO3

systems are shown in Fig. 5(b). One can see that expression (3) re-
produces experimental data very well.

The Tm, ε′m, CCW, T*, S and γ values for ternary 0.5(Y0.1Zr0.9O2) -
(0.6SrTiO3 – 0.4BiScO3) and two-component 0.6SrTiO3 – 0.4BiScO3

systems are listed in Table 3. One can see that the diffuse phase tran-
sition for ternary 0.5(Y0.1Zr0.9O2) – 0.5(0.6SrTiO3 – 0.4BiScO3) system
is, firstly, the transition with less degree of the diffuseness and, sec-
ondly, it is positioned at lower temperatures as compared to two-
component 0.6SrTiO3 – 0.4BiScO3 system. To account for this

Fig. 4. The temperature ε′ (a) and ε″ (b) dependences for the 0.5(Y0.1Zr0.9O2) -
(0.6SrTiO3 – 0.4BiScO3) (curves 1 and 1′) and 0.6SrTiO3 – 0.4BiScO3 (2 and 2′)
systems for the diffuse phase transition.
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peculiarity, it would be helpful to analyze an evolution of the diffuse
phase transition in two-component (1-x)SrTiO3-xBiScO3 system with
changing x. The parameters of the diffuse phase transition for this
system corresponding to the compositions with x=0.2 and 0.3 and
reported earlier in Ref. [17] are also added to Table 3.

Analyzing the parameters of the diffuse phase transition in the (1-x)
SrTiO3-xBiScO3 system for the compositions with x=0.2, 0.3 and 0.4,
it could be concluded that an increase x results in increase of the dif-
fuseness degree, and shifts this phase transition to higher temperatures.
As mentioned above, SrTiO3 is an incipient ferroelectric lying near limit
of its paraelectric phase stability and retaining their nonpolar cen-
trosymmetric structure upon cooling at T → 0 K. However, various
impurities substituting for the host ions in A- or/and B-positions in the

perovskite ABO3 structure can induce a ferroelectric phase transition in
SrTiO3. Obviously, for two-component (1-x)SrTiO3-xBiScO3 system, the
Bi ions substituting for Sr and the Sc ions substituting for Ti will distort
the crystal SrTiO3 structure resulting in an appearance of the diffuse
ferroelectric phase transition at some temperature which depend on
composition. Also obviously, that strength of this structure distortion
will in turn be dependent on a difference in the ionic radii of the host
and impurity ions. For the host ions these radii are equal to r(Sr2+)
=1.44 Å and r(Ti4+) = 0.605 Å, while Sc3+ and Bi3+ acting in this
case as the impurity ions are characterized by r(Sc3+) = 0.745 Å and r
(Bi3+) = 1.03 Å. Since for ternary 0.5(Y0.1Zr0.9O2) – 0.5(0.6SrTiO3 –
0.4BiScO3) system the smaller Zr4+ ion partially substitutes for bigger
Sc3+ ion in the 0.6SrTiO3 – 0.4BiScO3 subsystem (Table 2), the crystal
structure distortion of this subsystem should decrease as compared to
that in two-component 0.6SrTiO3 – 0.4BiScO3 system, as found ex-
perimentally (Table 3). Hence, the parameters of the diffuse phase
transition for ternary 0.5(Y0.1Zr0.9O2) – 0.5(0.6SrTiO3 – 0.4BiScO3)
system does not coincide with the values for the composition with
x=0.4 for two-component (1-x)SrTiO3-xBiScO3 system and are better
corresponded to the parameters lying between the values for the com-
positions with x=0.2 and 0.3. Moreover, difference in valence of Sc3+

and Zr4+ is also seemed to influence on the diffuse phase transition in
ternary 0.5(Y0.1Zr0.9O2) – 0.5(0.6SrTiO3 – 0.4BiScO3) system. However,
this issue will be not discussed here.

3.3. Dielectric properties peculiarities due to relaxation process

The dielectric anomalies of the second type for ternary
0.5(Y0.1Zr0.9O2) – 0.5(0.6SrTiO3 – 0.4BiScO3) and two-component
0.6SrTiO3 – 0.4BiScO3 systems are shown in Fig. 6. The temperature ε′
and ε″ dependences presented in this figure were measured at fre-
quency ν=1 kHz The dielectric anomalies lying in the temperature
500–800 K interval are observed as the step-like changes in the ε´(T)
dependences to whom the maxima in the ε″(T) dependences corre-
spond. It should be noted that the ε´(T) and ε″(T) changes are more
pronounced for two-component system as compared to ternary system.

It was found that the temperature position of the ε´(T) and ε″(T)
changes observed in Fig. 6 is dependent on measuring frequency. For
instance, the ε´(T) and tgδ(T) dependences for ternary 0.5(Y0.1Zr0.9O2) –
0.5(0.6SrTiO3 – 0.4BiScO3) system taken at measuring frequencies of
600 Hz, 1 kHz, 4 kHz, 12 kHz and 45 kHz are shown in Fig. 7. It should
be noted that besides ε″, the tangent of dielectric losses, tgδ, is another
quantity characterizing the dielectric properties of solids. A relation
between ε″ and tgδ is expressed by ε″ = ε´·tgδ.

One can see that both step-like changes in the ε´(T) dependence and
maximum in the tgδ(T) dependences are shifted to higher temperatures
with increasing measuring frequency. Such kind of behavior is char-
acteristic for dielectric relaxation processes [8–10,36–38].

The dielectric relaxation process is characterized by a relaxation
time, τ. Two ways can be used to estimate τ. According to the first way,
the τ value taken as τ=1/2πν for determined measuring frequency is
corresponding to the temperature at which the tgδ(T) maximum occurs,
that allows recovering the τ(T) dependence using the tgδ(T) curves
measured at various frequencies. In the framework of the second way,
so-called Cole-Cole plots should be plotted to extract τ. The Cole-Cole
plots are the ε″ = f(ε′) dependences, where each pair of the ε″ and ε′
values corresponds to determined measuring frequency. In turn, to
obtain these plots, the frequency dependences of ε′ and ε″ have to be
measured at various temperatures.

We applied both ways to estimate τ for ternary 0.5(Y0.1Zr0.9O2) -
(0.6SrTiO3 – 0.4BiScO3) system and two-component 0.6SrTiO3 –
0.4BiScO3 system. The τ estimates happened to be very close each to
other for both ways. So, further it would be reasonably used one way to
estimate τ for one system studied, and to apply other way to estimate τ
for other system.

The first way was used to extract τ for ternary 0.5(Y0.1Zr0.9O2) -

Fig. 5. The 1/ε´ vs. T (a) and ln[(ε´m – ε´(T))/ε´(T)] vs. ln(T - Tm) (b) de-
pendences for the 0.5(Y0.1Zr0.9O2) - (0.6SrTiO3 – 0.4BiScO3 (curves 1 and 1′)
and 0.6SrTiO3 – 0.4BiScO3 (2 and 2′) systems.

Table 3
Parameters of the diffuse phase transition for ternary 0.5(Y0.1Zr0.9O2) –
0.5(0.6SrTiO3 – 0.4BiScO3) and two-component (1-x)SrTiO3 – xBiScO3 systems.

Composition Tm, K ε′m CCW, K T*, K S, K γ

0.5(Y0.1Zr0.9O2) – 0.5(0.6SrTiO3 –
0.4BiScO3)

225 160 9.3·104 385 105 1.75

0.6SrTiO3 – 0.4BiScO3 355 455 13.2·104 540 305 2.00
0.7SrTiO3 – 0.3BiScO3 312 180 10.4·104 505 149 1.71
0.8SrTiO3 – 0.2BiScO3 100 167 6.8·104 320 105 1.58
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(0.6SrTiO3 – 0.4BiScO3) system. It was found that τ rapidly decreases
with increasing temperature from ~2.74·10−4 s at ~ 583 K (it is the
temperature of the tgδ(T) maximum at 600 Hz) down to ~3.46·10−6 s at
~ 702 K (it is the temperature of the tgδ(T) maximum at 45 kHz). Next it
was tested, whether the τ(T) dependence can be described by the
Arrhenius law, which can be expressed as

=τ τ E k Texp( / ),D B0 (4)

where τ0 is the inverse of attempt frequency, ED is the activation energy
of the dielectric relaxation process and kB is the Boltzmann constant.

The lnτ versus 1/T dependence for ternary 0.5(Y0.1Zr0.9O2) -
(0.6SrTiO3 – 0.4BiScO3) system is presented in the inset to Fig. 7(a).
The tgδ(T) dependences measured at frequencies of 200 Hz, 900 Hz,
6.3 kHz and 23 kHz were additionally used to obtain the reliable lnτ
versus 1/T dependence. This dependence can be considered as con-
sisting of two parts intersecting at some temperature T1 ≈ 600 K. A
slope of the lines for two parts allows estimating the activation energy
as ED1 ≈ 0.9 eV at T > T1 and ED1 ≈ 1.3 eV at T < T1.

In contrast to ternary system, the Cole-Cole plots were used to ex-
tract τ for two-component 0.6SrTiO3 – 0.4BiScO3 system. To do so, the
frequency dependences of ε′ and ε″ taken for various temperatures were
preliminary measured (Fig. 8). One can see that both ε′ and ε″ rapidly
fall with increasing frequency that is also characteristic for dielectric
relaxation process. Next, the ε′(ν) and ε″ (ν) dependences were used to
plot the ε″ = f(ε′) dependences as the Cole-Cole plots at various tem-
peratures (Fig. 9). One can see that the data points fit well into semi-
circular arcs. The centers of the arcs are positioned underneath the
abscissa that can be related to some deviation of the dielectric

relaxation observed in the 0.6SrTiO3 – 0.4BiScO3 system from the ideal
Debye model usually used to describe dielectric relaxation processes in
solids. In this case, the complex dielectric permittivity, ε* = ε′ - iε″, can
empirically be described by the Cole-Cole equation [8]

= +
−

+∞
∞

−ε ε ε ε
iωτ

* ( )
1 ( )

,α
0

1 (5)

where εo is the static dielectric permittivity, ε∞ is the permittivity at
high frequency, ω is the angular frequency, and α is the angle of the
semicircular arc.

By fitting the experimental data in Fig. 9 by Eq. (5), the relaxation
time can be found for various temperatures. The τ(T) dependence was
found to very well obey the Arrhenius law (expression (4)). The lnτ
versus 1/T dependence for two-component 0.6SrTiO3 – 0.4BiScO3

system is also presented in the inset to Fig. 7(a). In contrast to ternary
0.5(Y0.1Zr0.9O2) - (0.6SrTiO3 – 0.4BiScO3) system, this dependence is
corresponding to one linear part with the activation energy estimated as
~ 0.75 eV which is remarkably less than the ED values for ternary
0.5(Y0.1Zr0.9O2) - (0.6SrTiO3 – 0.4BiScO3) system.

It should be also noted that linear parts observed in the Cole-Cole
plots at high temperatures and low frequencies can be related to high
electrical conductivity.

Now, let us discuss the peculiarities of the dielectric relaxation
processes observed in ternary 0.5(Y0.1Zr0.9O2) - (0.6SrTiO3 – 0.4BiScO3)
and two-component 0.6SrTiO3 – 0.4BiScO3 systems. First of all, it
should be noted that the dielectric relaxation process like found in the
systems studied can occur in both Y0.1Zr0.9O2 subsystem [39] and

Fig. 6. The temperature ε′ (a) and ε″ (b) dependences for the 0.5(Y0.1Zr0.9O2) -
(0.6SrTiO3 – 0.4BiScO3) (curves 1 and 1′) and 0.6SrTiO3 – 0.4BiScO3 (2 and 2′)
systems for the dielectric relaxation.

Fig. 7. The temperature ε′ (a) and tgδ (b) dependences for the 0.5(Y0.1Zr0.9O2) -
(0.6SrTiO3 – 0.4BiScO3) system taken at frequencies of 600 Hz (curve 1), 1 kHz
(2), 4 kHz (3), 12 kHz (4) and 45 kHz (5). Inset to Fig. (a): the lnτ vs. 1/T de-
pendences for the 0.5(Y0.1Zr0.9O2) - (0.6SrTiO3 – 0.4BiScO3) system (curve 1)
and the 0.6SrTiO3 – 0.4BiScO3 system (2).
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SrTiO3 – BiScO3 subsystem [36–38]. The dielectric relaxation in both
subsystems is often attributed to oxygen vacancy hoppings related to
the O2- ions migration. The migration energy corresponding to the ac-
tivation energy of the dielectric relaxation process can be related to
potential barriers which have to be overcome by the O2- ions during
their migration in the electric field direction. For two-component
0.6SrTiO3 – 0.4BiScO3 system one dielectric relaxation process with ED
≈ 0.75 eV takes place, since one linear part was observed in the lnτ
versus 1/T dependence. However, two dielectric relaxation processes
having the different ED values were found in ternary 0.5(Y0.1Zr0.9O2) -
(0.6SrTiO3 – 0.4BiScO3) system. Taking into account the estimated ED
values, the relaxation process with ED1 ≈ 0.9 eV could be believed to be
related to the SrTiO3 – BiScO3 subsystem, whereas the Y0.1Zr0.9O2

subsystem is responsible for the dielectric relaxation process with ED1
≈ 1.3 eV. If ED and ED1 are corresponding to the dielectric relaxation
processes in two-component 0.6SrTiO3 – 0.4BiScO3 system or in the
SrTiO3 – BiScO3 subsystem in ternary 0.5(Y0.1Zr0.9O2) - (0.6SrTiO3 –
0.4BiScO3) system, respectively, then the difference between ED and ED1
could be originated from a change of the composition of these systems
during the synthesis (Table 2). It is known [40] that the height of the
potential barriers overcame by migrating O2- ions is dependent on
presence and content of the impurity. It would be helpful to compare
the ED values estimated for the samples studied with the activation
energy known from literature data for similar ceramic systems de-
monstrating the high-temperature dielectric relaxation processes due to
the oxygen vacancy hoppings. These activation energies were earlier
reported as equal to 0.99 eV for Sr0.8Bi0.133TiO3 [8], 1.57 eV for
Pb0.9La0.1TiO3 and 1.8 eV for Pb0.8La0.2TiO3 [36], 1.03 eV for
Ce0.8Y0.2O1.9 [39], 1.18 eV for 0.5(BiFeO3) – 0.5((KBi)1/2TiO3) [41],

1.3 eV for 0.8((KBi)1/2TiO3) – 0.2Na1/4Bi3/4Fe1/2Ti1/2O3 [42], 0.48 eV
for (Pb1-xLax)(Zr0.90Ti0.10)1-x/4O3 with x=0.2 [43], 0.42–0.575 eV for
(Bi0.90R0.10)Fe0.95Sc0.05O3 [R =La, Nd] [44]. So, the ED values ex-
tracted for ternary 0.5(Y0.1Zr0.9O2) – 0.5(0.6SrTiO3 – 0.4BiScO3) system
and two-component 0.6SrTiO3 – 0.4BiScO3 system are in agreement
with the activation energy estimates obtained for other similar ceramics
systems.

It should be noted the O2- ions migration, on the one hand, will form
a dipole moment resulting in the dielectric relaxation process discussed
above. On the other hand, the diffusion of oxygen ions via oxygen va-
cancies is the main electrical conduction process at high temperatures

Fig. 8. The frequency ε′ (a) and ε″ (b) dependences for the 0.6SrTiO3 –
0.4BiScO3 system taken at temperatures of 723 (curve 1), 673 (2), 623 (3), 573
(4), 523 (5) and 473 К (6).

Fig. 9. The Cole-Cole plots for the 0.6SrTiO3 – 0.4BiScO3 system plotted for
temperatures of 723 (a), 673 (b), 623 (c), 573 (d), 523 (e) and 473 К (f).
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in both ZrO2 and perovskite compounds. However, the activation en-
ergy for the dielectric relaxation process is corresponding to only the
migration energy associated with the jump of an O2- ion, which requires
ionic displacement around a saddle point in a diffusion path [39]. Be-
sides the migration energy, the dissociation energy of an oxygen va-
cancy from the restrained state will additionally contribute to the total
activation energy for oxygen ionic conductivity.

At present, research of oxygen ionic conductivity in ternary
0.5(Y0.1Zr0.9O2) - (0.6SrTiO3 – 0.4BiScO3) system are in progress.
Results of this research will be published elsewhere.

4. Conclusion

The ceramic samples of ternary 0.5(Y0.1Zr0.9O2) – 0.5(0.6SrTiO3 –
0.4BiScO3) system consisting of the individual Y0.1Zr0.9O2 and
0.6SrTiO3 – 0.4BiScO3 subsystems were prepared via solid-state pro-
cessing techniques. The tetragonal P42/nmc phase related to the
Y0.1Zr0.9O2 subsystem and, the cubic Pm m3̅ and tetragonal P4mm
phases attributed to the 0.6SrTiO3 – 0.4BiScO3 subsystem were found to
coexist at room temperature. A deviation of real composition from
nominal one for both Y0.1Zr0.9O2 and 0.6SrTiO3 – 0.4BiScO3 subsystems
was observed. This deviation is mainly due to Sc substituting for Zr in
the Y0.1Zr0.9O2 subsystem and, vice versa, Zr substituting for Sc in the
SrTiO3 – BiScO3 subsystem.

The dielectric properties peculiarities due to both diffuse phase
transition and dielectric relaxation processes observed in ternary
system were compared to these peculiarities earlier reported for two-
component 0.6SrTiO3 – 0.4BiScO3 system. The composition change of
the 0.6SrTiO3 – 0.4BiScO3 subsystem in ternary system results in a
degree decrease of the transition diffuseness, and shifts the transition to
lower temperatures as compared to two-component system. These
tendencies could be related to a difference of ionic radii of Zr4+ and
Sc3+ ions.

The step-like changes in the ε´(T) dependences and the maxima in
the ε″(T) dependences observed in both ternary and two-component
systems within the temperature 500–800 K interval are related to the
dielectric relaxation processes. This processes associated with the O2-

ions migration creating a dipole moment can occur in both systems.
Two dielectric relaxation processes related to the Y0.1Zr0.9O2 and
0.6SrTiO3 – 0.4BiScO3 subsystems were found in ternary system,
whereas one dielectric relaxation process was observed in two-com-
ponent system.
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