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Abstract

Solid solutions of the 0.7BiFeO;—0.3Ba;_,Sr, TiO5 system with compositions in the vicinity of the rhombohedral-cu-
bic morphotropic phase boundary (x < 0.3) have been synthesized via solid state reactions. The crystal structure
and morphology of the solid solutions have been studied using X-ray diffraction, scanning electron microscopy and
Raman spectroscopy, and the chemical composition has been studied using energy dispersive X-ray spectroscopy.
The dielectric properties of the compositions have been studied using impedance spectroscopy as a function of the
concentration of strontium ions over a wide range of temperatures and frequencies. The structure of the solid solu-
tions with x < 0.3 contains coexisting rhombohedral and cubic phases, strontium ion substitution leading to higher
cubic phase volume fraction. The x = 0 composition contains almost equal parts of coexisting phases, whereas the
x > 0.25 solid solutions have single-phase cubic structures. The concentration-related changes in the phase struc-
ture of the solid solutions lead to a decrease in the lattice parameters of the coexisting phases and a nonmonotonic
decrease in the electrical conductivity and the dielectric permeability of the compositions. The experimental data
provide insight into specific changes of the structure and phase composition of the solid solutions in the vicinity of
the rhombohedral-cubic morphotropic phase boundary and deliver better understanding of the relationship between
the observed structural changes and the electrical properties of the compositions.
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1. IntI'OdIICtIOIl (Ty ~ 640 K, Tc ~ 1100 K) in pure bismuth ferrite is

the key factor attracting the attention of researchers over
The coexistence of magnetic and ferroelectric order- recent decades [1-3]. Various chemical substitution op-
ing with transition points far above room temperature tions of bismuth ferrite largely offset the main function-
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al disadvantages of the pure compound (high electrical
conductivity, lack of random magnetization, and difficult
stoichiometric composition achievement process). Chem-
ical substitution of ions in the A- and/or B-sublattices of
the Perovskite structure allows controlled variation of the
crystal structure, thus governing the performance of the
materials [4-8].

Since recently, bismuth ferrite based solid solutions
have been often used as electroceramics for power gen-
eration, storage and transportation devices. In advanced
capacitor designs, the optimum working materials are
relaxor electroceramics which require weakly mutually
interacting ferroelectric clusters in a paraelectric ma-
trix. Bismuth ferrite based solid solutions with compo-
sitions in the vicinity of the rhombohedron-cube, orthor-
homb-cube etc. morphotropic phase boundaries can be
used as structural counterparts of the above relaxors [9—
11]. Thus, chemical substitution of pure bismuth ferrite
allows designing solid solutions the structures of which
contain two coexisting phases, one of which is dominat-
ing and has a cubic structure and the other can be in the
form of discrete micro- and nanometer sized clusters with
polar-active structural distortions. Materials of this type
present a number of challenges related to the identifica-
tion of crystal structure, morphology, chemical composi-
tion, structural defects etc. in the above micro- and nano-
meter sized clusters, which is indispensable for the design
of functional materials with controlled physicochemical
parameters.

This work presents experimental data on the structure
and electrical properties of 0.7BiFeO;—0.3Ba,_Sr,TiO;
system solid solutions with compositions in the vicinity
of the rhombohedron-cube morphotropic phase bound-
ary (x <0.3). It describes the sequence of changes in the
phase composition and crystal structure of the solid solu-
tions on the basis of structural data obtained using local
(Raman spectroscopy) and macroscopic (X-ray diffrac-
tion) research techniques. This work also describes the
evolution of the dielectric and transport properties as a
function of chemical and phase composition over a wide
range of temperatures, and a relationship between the
structural parameters and performance of the experimen-
tal BiFeO3;—(Ba,Sr)TiO5 electroceramics. These electro-
ceramics are in demand for advanced electronics as ma-
terials of high-power electronics, capacitor ceramics etc.

2. Experimental

The test 0.7BiFeO;-0.3Ba;_Sr,TiO; solid solutions
(x =0, 0.05, 0.10, 0.15, 0.20, 0.25, 0.30) were synthe-
sized via solid state reactions from raw analytically pure
Bi,03, Fe,05, and TiO, oxides and BaCO; and SrCOs
carbonates. The raw oxide mixture in stoichiometric ratio
was thoroughly mixed in a RETSCH 200 PM planetary
mill in an ethyl alcohol media for 60 min. The powders
were pressed at ~0.1 GPa to 10 mm diam. ~1 mm thick
tablets. After intermediate crushing and pressing the ma-

terials were synthesized at ~1320 K for 12 h, followed by
quenching to room temperature. The phase composition
and crystal structure of the ceramics were studied using
X-ray diffraction on an Adani PowDiX 600 diffractome-
ter using Cuk, radiation. The X-ray diffraction data were
processed using the full-profile Rietveld method with the
FullProf software [12]. The morphology of individual
grains was studied under a Zeiss Evo 10 scanning elec-
tron microscope. The elemental composition of the spec-
imens was studied using energy dispersive spectroscopy
with an Oxford Instruments EDS system. The morpholo-
gy of the grains was analyzed with the ImagelJ software.
Raman studies were conducted on a Confotec MR350
spectrometer (SOL Instruments) at a ~532 nm excitation
wavelength. The dielectric properties were studied using
impedance spectroscopy at 300-1000 K and frequencies
0f 0.1 and 1.0 kHz, 100 kHz and 1 MHz with an HP4284A
immitance meter.

3. Results and discussion

3.1. Crystal structure of 0.7BiFeQ;-0.3Ba; Sr,TiO;
solid solutions

The X-ray diffraction patters of the solid solutions indi-
cate the absence of impurity phases in all the test com-
positions accurate to ~1-3 %, in agreement with the lab
diffractometer rated accuracy. X-ray structural data cal-
culated using the Rietveld method illustrate the structural
evolution of the solid solutions as a function of chemical
composition. The initial Big5oBag30Feq79Tip 3003 solid
solution is a two-phase material containing a polar-ac-
tive rhombohedral phase (space group R3c¢) and a cubic
phase (Pm-3m), in almost equal volume fractions. The
cubic phase volume fraction grows with an increase in
the concentration of strontium ions, the lattice parameters
of both phases decreasing and hence the unit cell size also
diminishing (Fig. 1). The decrease in the lattice parame-
ters is caused by the difference in the ionic radii of barium
and strontium: their oxidation degrees and anionic neigh-
borhood being the same, the ionic radius difference is
~14%, the difference in the unit cell volumes between the
rhombohedral and cubic phases being ~10-12% (normal-
ized to the basic unit cell) and remaining almost constant
over the entire test concentration range. The x ~ 0.2-0.25
strontium concentration solid solutions exhibit a dramatic
decrease in the lattice parameters of both phases and low-
er structural distortions in the rhombohedral phase (the
¢/a unit cell parameter ratio, see Fig. 1). The anomalous
change in the structure and the significant change in the
volume fractions of the coexisting phases for the x ~ 0.2
compositions lead to respective changes in the electrical
transport and dielectric properties of the ceramics, which
are discussed later. Further chemical substitution com-
pletes the structural transformation to the cubic phase, as
indicated by the evolution of the reflections originating
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Figure 1. (@) X-ray diffraction patterns of 0.7BiFeO;—0.3Ba, 7551 ,5TiO5 solid solutions and (b) parameters and (¢) volume of unit
cell as a function of strontium ion concentration. /nset: cubic and rhombohedral phase reflections of 0.7BiFeO3—0.3Ba;_,Sr, TiO4
solid solutions with x = 0-0.30

from distortions of the oxygen octahedrons (see Fig. 1).  cell volumes of the coexisting phases. Noteworthy, the
The structural state of the x > 0.25 solid solutions is virtu-  unit cell volume of the cubic phase is greater than that of
ally single-phase with a cubic unit cell. the rhombohedral phase. The difference in the unit cell

The X-ray diffraction patterns of the x > 0.25 sol- volumes of the coexisting phases cannot be caused by
id solutions show asymmetric profiles of some reflec- the large (above 3—5 %) inhomogeneity in the chemical
tions (see Inset, Fig. la), potentially indicating a local-  composition of the material due to any inhomogeneity in
ly inhomogeneous structure of the solid solution. X-ray  the barium or strontium ion distributions in either of the
diffraction studies show that these solid solutions are  phases, which agrees with energy dispersive X-ray spec-
single-phase and have a cubic unit cell. The 0.7BiFeOs—  troscopy data. One should also bear in mind that the dif-
0.3Ba,;.,Sr,TiO; solid solutions in the experimental ference in the unit cell volumes of the phases decreases
0 < x < 0.3 concentration range represent a continuous  with an increase in the strontium ion concentration. In
series, as confirmed by the monotonic change in the unit  bismuth ferrite based systems, the cubic phase is typically
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stabilized with an increase in the unit cell volume due
to chemical substitution or an increase in temperature, as
was observed for the basic BiFeOs;—BaTiOj; solid solu-
tion system [7, 9, 13—15]. Thus, the difference in the unit
cell volumes of the coexisting phases originates from the
closer packing of the rhombohedral phase. The structural
distortions in this phase decrease with a decrease in the
unit cell volume, this structural behavior being unusual
for bismuth ferrite based systems [16, 17].

3.2. Morphology and chemical composition
of 0.7BiFe0;-0.3Ba_Sr, TiOj; solid solutions

The microstructure of the solid solutions was studied us-
ing scanning electron microscopy (SEM). SEM images of
the 0.7BiFeO3—0.3Ba,_Sr,TiO; solid solutions are shown
in Fig. 2. The sizes and shapes of the grains depend but
slightly on strontium ion concentration, and all the solid
solutions contain agglomerated particles with linear sizes
of 2-5 mm consisting of rounded grains typically sized
0.2-0.4 mm.

At a substituting ion concentration of above 15%, the
number of agglomerated particles decreases, probably
due to a more homogeneous chemical composition and
hence a more homogeneous particle morphology, lead-
ing, in turn, to greater particle mobility during synthesis,
as shown earlier [18]. An increase in the strontium ion
concentration also slightly reduces the average grain size
from ~0.6 mm for x = 0.05 to ~0.5 mm for x = 0.3, leading
to a lower porosity of the ceramics and a lower electri-
cal conductivity of the solid solutions. The shape of the
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grains is virtually insensitive to the chemical composition
and structural state of the specimens, and hence one can-
not attribute grains to specific phases in the two-phase
solid solutions.

Energy dispersive X-ray spectroscopy (EDS) data
suggest the following 1) the chemical composition of the
0.7BiFeO;-0.3Ba,_,Sr, TiO; solid solutions is consistent
with the claimed chemical formulas; 2) the material con-
tains no impurities; 3) with an increase in the strontium
ion concentration, the contents of the chemical elements
are consistent with the suggested chemical substitution
scheme; 4) the oxygen concentration remains close to the
stoichiometric composition. The EDS-estimated chemical
element ratios for several grains in different areas of the
specimens indicate but minor differences in the chemical
composition. For two-phase solid solutions, the variation
of the chemical element concentrations is within 2—5% at
different points of discrete grains and over the specimen
surfaces. This indicates high chemical homogeneity of
the test solid solutions. Thus, analysis of the morphology
and chemical composition of different grains does not al-
low attributing them to specific phases (rhombohedral or
cubic), the coexistence of which was confirmed by X-ray
diffraction.

3.3. Raman structural studies of 0.7BiFeO;—
0.3Ba,_Sr,TiOj; solid solutions

The Raman spectra of the solid solutions indicate the
presence of active Raman phonon modes consistent
with the rhombohedral distortions typical of the basic
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Figure 2. SEM images of 0.7BiFeO3—0.3Ba,_,Sr, TiO; solid solutions: (a) x = 0.05; (b) x = 0.15; (¢) x = 20; (d) x =30
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Figure 3. EDS spectra of 0.7BiFeO5;-0.3Ba,_Sr, TiO; solid solutions: (a) x = 0.05; (b) x = 0.15; (¢) x = 20; (d) x =30

BiFeO; composition [19, 20]. According to theoretical
group analysis, there are '3, = 441 + 9E = 13 active
Raman modes for the R3¢ space group, but the modes
observed are broadened due to the combined structural
state of the ceramics, thus complicating structural anal-
ysis. The low-frequency ~70 cm! and ~135 cm™! modes
(the E(1) u E(2TO) doublets, respectively) are typical of
rhombohedral distortions and originate from the polar os-
cillations of bismuth ions in the oxygen polyhedrons. The
intensity of the E(2TO) mode decreases with an increase
in the strontium ion concentration, and the mode profile
becomes more broadened, confirming lower rhombohe-
dral distortions suggested by X-ray diffraction data. The
~135 cm! phonon mode pertaining to bismuth (barium,
strontium) ion oscillations is slightly shifted towards
higher frequencies with an increase in the strontium ion
concentration, due to a decrease in the effective mass of
ions in the A-sublattice of Perovskite and a decrease in the
lattice parameters of the unit cell. The mode frequencies
typical of iron and titanium ion oscillations (~270 ¢cm™!,
515 cm™! and 650 cm!) remain almost the same with an
increase in the strontium ion concentration, confirming
the consistence of the structure of the solid solutions with
the chemical formula describing strontium ion occupa-
tion of the A-sites in the Perovskite structure (Wyckoff
position — 6a (0,0,z)), in which the bismuth and barium
ions are located.

The rise of the spectral background at above 800 cm’!
is likely to originate from oscillations of light oxygen
anions, as well as two- and multiple-phonon scattering
processes, the high-frequency mode intensity decreas-
ing with an increase in the strontium ion concentration.
Noteworthy, all the modes observed in the spectrum are

broadened. For the x = 0.3 solid solution, the phonon
modes are also broadened, probably due to nanosized
rhombohedral phase inclusions. The presence of broad-
ened active modes in the Raman spectra of the solid solu-
tion specimens for all the experimental compositions in-
dicates that polar structural distortions typical of the R3¢
space group are retained in all the solid solutions studied,
including the cubic ones with x > 0.25, as per X-ray dif-
fraction. It is most likely that the solid solutions of this
composition contain the rhombohedral phase in the form
of nanosized clusters which are not detectable by X-ray
diffraction. At above 670 K, the ~135 cm™! active mode
which is typical of rhombohedral inclusions disappears,
suggesting a structural transition to a single-phase state in
all the test solid solutions.

3.4. Thermogravimetric studies and differential
thermal analysis

Thermogravimetric (TG) studies and differential thermal
analysis (DTA) allowed assessing the thermal stability
of the structure and phase composition of the solid solu-
tions. The thermogravimetric data provided a more accu-
rate assessment of changes in the phase ratio depending
on the chemical composition and temperature. The DTA
curve for the x = 0.05 solid solution contains a strong
anomalous feature at ~ 570 K (Fig. 5). Noteworthy, our
earlier X-ray diffraction data [14] showed that the basic
0.7BiFe0;—0.3BaTiO; solid solution undergoes a cubic
transition at ~570-720 K. Thus, the thermal anomalous
feature in the DTA curve for the x = 0.05 solid solution,
most likely, marks a transition to a single-phase cubic
state. For the x = 0.15 solid solution, a similar thermal
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Figure 4. Raman spectra of 0.7BiFeO5-0.3Ba,_Sr, TiO5 solid solutions (a) at room temperature and (b—d) at 300-900 K

anomalous feature occurs at ~580 K, also indicating a
cubic transition. The DTA curve for the x = 0.30 solid
solution does not contain the above anomalous feature
in the ~470-770 K range, due to the phase composition
of this solid solution, which, according to the X-ray dif-
fraction data, is single-phase pseudo-cubic. These results
are in agreement with X-ray diffraction data and provide
additional information on the solid solutions in the 300—
870 K range.

3.5. Dielectric properties of 0.7BiFeO;—
0.3Ba,_Sr,TiOj; solid solutions

Figure 6 shows the real part of the dielectric permeability
and dielectric loss for the solid solutions with x = 0.05,
0.15, and 0.30 as a function of temperature for a wide
range of temperatures and frequencies. At below ~500 K,
the dielectric response of all the test compositions is
controlled by the dynamics of the ferroelectric domains
detected by X-ray diffraction and Raman scattering. Above
~500 K, the relative dielectric permeability grows tangibly
for all the experimental compositions. This sharp growth
of the relative dielectric permeability at above 500 K is
caused by an increase in the electrical conductivity of
the solid solutions due to the thermal activation of defect
mobility, this effect being the strongest at below 10* Hz.
The difference in the dielectric permeabilities of the solid

solutions at low (below 103 Hz) and high frequencies can
be as large as one order of magnitude, which is also caused
by the high electrical conductivity of the solid solutions.
The dielectric signal vs temperature functions of the
solid solutions contain broad peaks (more than 200 K),
indicating thermal evolution of the dielectric permeability
in relaxor ferroelectrics and agreeing with the two-phase
structural model of the test solid solutions. This process

DTA signal (V-mW)
|
D

0 100 200 300 400

Temperature (°C)

500 600

Figure 5. DTA/TG signal as a function of temperature for
0.7BiFe0;—0.3Ba;_Sr, TiO; solid solutions with x = 0.05, 0.15,
and 0.30 in the 300-870 K range
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Figure 6. Real part of dielectric permeability and electrical conductivity of 0.7BiFeO5;—0.3Ba;_,Sr, TiO5 solid solutions with x = 0.25,

0.5, 0.75 and 1.0 as a function of temperature in 300-900 K range at stable frequencies in 10>~10° Hz range

involves charge accumulation at the boundaries of
grains pertaining to different phases. The decrease in the
dielectric permeability peak temperature with an increase
in frequency also testifies to chemical inhomogeneity of
the solid solutions. It should be noted that the dielectric
permeability peak temperature varies irregularly with an
increase in the strontium ion concentration. The dielectric
permeability peak temperature is the highest for the x =
0.15 solid solution, regardless of frequency. The slight
increase in the dielectric permeability peak temperature
for the x = 0.15 solid solution is likely to stem from
stronger rhombohedral distortions. This anomalous

feature was earlier observed for Bi;_BaFe, Ti,O; two-
phase compositions with an increase in temperature
[7, 14], which is consistent with the thermal Raman
scattering data.

Figure 6 shows electrical conductivity of experi-
mental compositions as a function of temperature for
100 Hz — 1 MHz range. The data indicate a semiconduc-
tor conductivity type over the whole experimental tem-
perature range. Analysis of the electrical conductivity
curves suggests a slight decrease in the conductivity of
the solid solutions due to strontium ion substitution. The
electrical conductivity of the x = 0.15 solid solution is
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the lowest among all the test compositions over the en-
tire temperature and frequency ranges. The conductivi-
ty type of the solid solutions at below ~500 K is largely
frequency-controlled. For example, the difference in the
room-temperature electrical conductivities of the sol-
id solutions at 100 Hz and 100 kHz can be as large as
three orders of magnitude. The frequency dependence
of the electrical conductivity originates from the hop-
ping electronic conductivity mechanism, which is further
confirmed by the low estimated activation energy for the
compositions, i.e., ~0.2—0.6 eV. The conductivity type of
the test compositions is most likely controlled by electron
hopping between different-valence Fe3*/Fe?" and Ti*
ions. Oxygen vacancies significantly increase the elec-
trical conductivity. The decrease in the activation energy
with an increase in the applied field frequency is consis-
tent with a model according to which the surface layer
of grains containing a large number of structural defects
accounts for the greatest contribution to the conductivity
of the compositions, this effect becoming the most no-
ticeable at high frequencies. At above ~500 K, the con-
ductivity of the compositions is not frequency-sensitive.
At higher temperatures, the growth of the conductivity is
decelerated, and the carrier activation energy decreases to
E, ~0.24 eV, becoming almost insensitive to the chem-
ical composition of the test solid solutions (see Fig. 6).
Note that the room-temperature conductivity of the solid
solutions is almost insensitive to their structural state, and
at above 670 K the structure of all the test solid solutions
is single-phase cubic, their conductivity also being virtu-
ally insensitive to the chemical composition.
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