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Abstract
Complex transition metal oxides are distinguished for a close interrelation between their type of crystal structure and 
electrical and magnetic properties, thus determining their practical importance. Bismuth ferrite based solid solutions 
contain simultaneously both dipole electric and magnetic ordering thus expanding their potential applications as ex-
ternal impact sensors. The sensitivity of these compositions to external fields is largely dependent on their structural 
state. 0.65BiFeO3–0.35Ba1-xSrxTiO3 solid solutions (0 ≤ x ≤ 1) the compositions of which are close to the rhombo-
hedral/cubic morphotropic phase boundary have metastable structures and are therefore promising functional mate-
rials. The crystal structure and morphology of 0.65BiFeO3–0.35Ba1-xSrxTiO3 solid solutions has been studied using 
X-ray diffraction, scanning electron microscopy, Raman spectroscopy and energy dispersive X-ray spectroscopy. The 
chemical substitution of barium ions for strontium ones has been found to reduce the magnitude of rhombohedral 
distortions and decrease the unit cell parameters for all the substituted compounds. Solid solutions with x ≥ 0,25 
have single-phase structure and cubic unit cells, their grain size decreasing with an increase in the concentration 
of the substituting ions. The results of structural studies obtained using Raman spectroscopy suggest the presence 
of rhombohedral distortions in the structures of all the compositions studied. The results of structural studies have 
allowed identifying the sequence of changes in the phase state and lattice parameter of the compounds in the vicinity 
of the rhombohedral/cubic morphotropic phase boundary. The concentration ranges in which the compounds have 
single-phase and two-phase structures have been found. The concentration stability range of the polar rhombohedral 
phase has been corrected on the basis of the structural data obtained using local and microscopic methods.
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1. Introduction

In the last decade multiferroics raise growing interest 
of researchers in the field of new functional materials. 
Multiferroics are well-known due to the possibility of 
controlling their properties originating from a close inter-
relation between their electric and magnetic subsystems, 
allowing to develop new materials offering new opportu-
nities of practical applications [1–4]. For example, mul-
tiferroics are used for the construction of memory cells, 
in ferromagnetic resonance based devices and actuators, 
and as the working elements of external impact sen-
sors (pressure, electric and magnetic fields). The choice 
of materials having several types of ferrite ordering is 
limited since strong dipole and magnetic ordering can-
not coexist in oxides [2, 5, 6]. Therefore the search and 
development of new functional materials on the basis of 
complex transition metal oxides is an important task of 
modern materials science.

Bismuth ferrite (BiFeO3) based solid solutions are the 
most renowned and promising single-phase multiferro-
ics because their transition to magnetically ordered and 
ferroelectric states occurs at high temperatures: the Neel 
temperature TN ~ 650 K and the Curie temperature TC ~ 
1100 K [2, 7]. It is well-known that the chemical sub-
stitution of bismuth and iron ions allows modifying the 
crystalline structure of BiFeO3 based compounds and 
therefore controlling their physical properties, magneti-
zation, specific resistivity, electromechanical and magne-
toelectric properties [8–12].

The magnitude of the magnetoelectric effect in bis-
muth ferrite based multiferroics is but moderate (~10–
100 mV/cm/Oe) as compared with that for composites 
[13–16]. However, there are indications that the formation 
of bismuth ferrite based solid solutions the compounds of 
which are close to the morphotropic phase boundaries im-
proves their performance [9, 17, 18]. For example, substi-
tution of bismuth ions for barium and strontium ones and 
iron ions for titanium ones in bismuth ferrite is an efficient 
way to form electro- and magnetostrictive components 
in single-phase multiferroics [19–21]. The properties of 
these solid solutions are largely determined by the perco-
lation phenomenon which involves anomalous changes in 
the electric and magnetic properties of the materials in the 
vicinity of the phase boundary where interpenetration of 
the phases occurs. Percolation boundaries largely depend 
on the grain size of the solid solutions, and there are but 
a few works dealing with the effect of the structural state 
on the improvement of the physicochemical properties of 
bismuth ferrite based solid solutions.

The available literary works dealing with the structural 
phase transitions in the BiFeO3–Ba(Sr)TiO3 systems often 
provide contradictory data on the concentration stability 
ranges of the coexisting structural phases. Furthermore, 
there are no convincing experimental data on the ratio 
between the magnetically active and ferroelectric sub-
systems in those solid solutions and on the formation 

conditions of metastable structural states in compounds 
close to the morphotropic phase boundaries. Presented 
below are data on the rhombohedral-to-cubic structur-
al phase transition in the 0.65BiFeO3–0.3Ba1-xSrxTiO3 
system of solid solutions (0 ≤ x ≤ 1). The data broaden 
the understanding of the structure of the bismuth ferrite 
based solid solutions and will favor the development and 
synthesis of new functional materials exhibiting magne-
toelectric interaction.

2. Experimental

Ceramic specimens of the 0.65BiFeO3–0.3Ba1-xSrxTiO3 
system (x = 0, 0.15, 0.25, 0.5, 0.75 and 1) were synthe-
sized using the method of solid phase reactions. The raw 
materials were high-purity oxides and carbonates BaСO3, 
SrСO3, Bi2O3, Fe2O3 and La2O3. The mixture of oxides 
taken in the stoichiometric ratio was crushed for 60 min 
in an ethyl alcohol media in a RETSCH 200 PM plane-
tary mill. The resultant powders were uniaxially pressed 
at 0.1 GPa to 10 mm diam. 1–2 mm thick tablets. After 
intermediate crushing and compressing the specimens 
were synthesized for 10 h at 1000–1050 °C with a gradu-
al increase in the synthesis temperature and an increase in 
the concentration of the dopant ions. The specimens were 
then quenched from the synthesis temperature to room 
temperature at a 100–200 K/s cooling rate.

X-ray phase and structural studies were conducted us-
ing an Adani PowDiX 600 X-ray diffractometer (CuKα 
radiation, wavelength λ = 0.15406 nm) at room tem-
perature. The Kβ component was cut off with a graph-
ite monochromator. The spectra were recorded in the 
Bragg–Brentano setup. The X-ray patterns were taken in 
the 20 to 60 deg. 2θ range with a 0.02 deg. scanning step. 
The X-ray data were analyzed using the Rietveld method 
(full-profile analysis). The spectra were refined with the 
FullProf software.

The grain morphology was studied under a Zeiss 
Evo 10 scanning electron microscope and the elemental 
composition of the specimens was analyzed using energy 
dispersive X-ray spectroscopy on an Oxford Instruments 
EDS attachment. The Raman spectra were recorded on 
a Confotec MR350 spectrometer (SOL Instruments, 
Belarus) with 532 nm excitation radiation.

3. Results and discussion

3.1. Crystalline structure of 0.65BiFeO3–
0.3Ba1-xSrxTiO3 solid solutions

Analysis of the X-ray diffraction patterns (Fig. 1) sug-
gests that all the experimental solid solutions are free 
from impurity phases accurate to the methodical error 
(~1 mol.%). Rietveld refining of the diffraction data 
showed the change in the crystalline structure depend-
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ing on the concentration of the dopant ions. A sequence 
of changes in the structural parameters and the volume 
fractions of the structural phases was identified. The 
X-ray data for the Bi0.65Ba0.35Fe0.65Ti0.35O3 solid solu-
tion (x = 0) suggest the presence of two phases: a po-
lar rhombohedral one (space group R3c) and a cubic 
one (Pm m). The cubic phase dominates, the volume 
fraction of the rhombohedral one being ~10 vol.%. The 
Bi0.65Ba0.2975Sr0.0525Fe0.65Ti0,35O3 solid solution (x = 
0.15) also contains two phases, the volume fraction of the 
rhombohedral phase being below ~ 5 vol.%. This mixed 

structural state containing two phases with close unit cell 
parameters causes broadening of the diffraction peaks 
(Fig. 1) and hence complicates accurate calculation of the 
structural parameters for these phases. Further increase in 
the concentration of Sr ions causes a structural transition 
to the single cubic phase state as shown by the evolu-
tion of the typical reflections associated with distortion 
of oxygen octahedra in the ab plane of the rhombohe-
dral lattice (Fig. 1). Figure 1 shows the X-ray diffrac-
tion patterns of the 0.65BiFeO3–0.35Ba1-xSrxTiO solid 
solutions with 0 ≤ x ≤ 1. Analysis of the X-ray diffraction 

Figure 1. Room-temperature X-ray diffraction pattern of 0.65BiFeO3–0.35BaTiO3 solid solution composition (x = 0) refined in the 
two-phase model (space groups R3c and Pm 3 m). Inset: X-ray diffraction patterns showing reflections typical of (C) cubic and (R) 
rhombohedral phases with compositions 0.65BiFeO3–0.35Ba1-xSrxTiO3 where x = 0, 0.25, 0.5, 0.75 and 1.0

Figure 2. Unit cell parameters for 0.65BiFeO3–0.35Ba1-xSrxTiO3 compounds
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patterns showed that all the experimental solid solutions 
undergo slight structural changes. The compound with 
x = 1 still exhibits some asymmetry of the reflections, 
probably indicating an inhomogeneous structural state 
of the compounds on local scale. The solid solution of 
this compound is single phase and has a cubic unit cell. 
The concentration phase transition to the cubic structure 
is accompanied by a decrease in the lattice parameters 
and hence the unit cell volume from V ~ 63.71 · 10-3 nm3 
and 63.73 · 10-3 nm3 (the values are shown for the cu-
bic and rhombohedral phases, respectively) for the 
0.65BiFeO3–0.35BaTiO3 composition to 61.22 · 10-3 nm3 
for the 0.65BiFeO3–0.35SrTiO3 composition. The de-
crease in the lattice parameters is caused by the substi-
tution of the Ba ions with a large ionic radius (r(BaVI

2+) = 
0.135 nm) for the Sr ions with a smaller ionic radius 
(r(SrVI

2+) = 0.118 nm. Noteworthy, the iron Fe3+ and titani-
um Ti4+ ions have close ionic radii in an octahedral neigh-
borhood (r(FeVI

3+) = 0.0645 nm and r(TiVI
4+) = 0.0605 nm), 

and the ionic radius of the Bi3+ ions is 0.117 nm for the 
coordination number CN = 12 which is typical of the 
rhombohedral unit cell.

The change of the lattice parameters (Fig. 2) suggests 
a monotonic reduction of the unit cell parameter, whereas 
the normalized rhombohedral phase unit cell volume of 
the initial 0.65BiFeO3–0.35BaTiO3 compound is greater 
than that of the dominating cubic phase which is in agree-
ment with the general trend of decreasing lattice param-
eters upon chemical substitution for strontium ions. The 

anomalous change of the unit cell parameter for the com-
pound with x = 0.5 is possibly caused by the formation 
of oxygen vacancies during specimen cooling after syn-
thesis which is in agreement with the energy dispersion 
data. Barium ion substitution for strontium ions causes 
a general decrease in the unit cell volume by ~3.7% (the 
difference in the ionic radii of barium and strontium is 
~14%). Taking into account the chosen substitution mod-
el (0.65BiFeO3–0.35Ba1-xSrxTiO3), this suggests that the 
dimensional effect influences the crystalline lattice pa-
rameters in an almost linear manner.

3.2. Grain morphology and chemical composition 
of 0.65BiFeO3–0.35Ba1-xSrxTiO3 solid solutions

The grain structure of the solid solutions was studied us-
ing scanning electron microscopy (SEM). Figure 3 shows 
SEM images for the 0.65BiFeO3–0.35Ba1-xSrxTiO3 com-
pounds. The microstructure of the solid solutions slightly 
changes with an increase in the strontium ion concen-
tration. The test compounds contain particle agglomer-
ations sized from units to decades of microns consisting 
of round-shaped particles with linear sizes of ~0.2 to 
~2 mm. An increase in the concentration of Sr ions caus-
es a monotonic decrease in the average grain size from 
~0.9 mm for the compound with x = 0.25 to ~0.63 mm for 
the compound with x = 1. The compounds with x < 0.5 
have almost constant average grain sizes, whereas for 
compounds with higher strontium ion concentrations the 

Figure 3. SEM images of 0.65BiFeO3–0.35Ba1-xSrxTiO3 solid solutions: (a) x = 0.25; (b) 0.5; (c) 0.75; (d) 1.0
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average grain sizes decrease significantly. The shape of 
the grains is fairly insensitive to the chemical composi-
tion and structural state of the specimens, and therefore 
grains with different unit cell distortion types cannot be 
distinguished. The nonmonotonic decrease in the average 
grain size with an increase in the strontium ion concentra-
tion agrees with the diffraction peak broadening observed 
in the diffraction patterns of the solid solutions for the 
compositions with x > 0.5 (Fig. 1).

Elemental  analysis of the 0.65BiFeO3–
0.35Ba1-xSrxTiO3 system of solid solutions with x = 0÷1 
using energy dispersion X-ray spectroscopy suggests the 
absence of impurity phases, with the chemical composi-
tion of the specimens changing in accordance with the 
substitution model used. The presence of small quantities 
of the C and Al elements is caused by the experimental 
setup chosen (the specimens were attached to aluminum 
holders with carbon-containing tape). The concentration 
ratio of the main chemical elements confirms the rated 
chemical formulas for the 0.65BiFeO3–0.35Ba1-xSrxTiO3 
system (data on the quantities of elements in the solid 
solutions are shown in insets of Fig. 4). The elemental 
analysis data suggest a high chemical homogeneity of the 
solid solutions. The difference in the contents of chemical 
elements for the composition with x = 0 which is two-
phase is within 2% according to the X-ray data in dif-
ferent points of the surface studied, and therefore grains 
with different structural states cannot be distinguished. 
The rated content of oxygen ions is slightly above the 
stoichiometric one, probably due to the nanometer-level 

sizes of the particles and their oxidation in air. Thus, the 
chemical formulas shown below were calculated from the 
energy dispersion data for the abovementioned four com-
positions (x).

 x 0.65BiFeO3–0.35Ba1-xSrxTiO3

 0.17 Bi0.579Ba0.230Sr0.062Fe0.579Ti0.335O3

 0.39 Bi0.584Ba0.175Sr0.136Fe0.614Ti0.355O3

 0.67 Bi0.546Ba0.071Sr0.235Fe0.518Ti0.339O3

 0.86 Bi0.617Sr0.301Fe0.671Ti0.350O3

These formulas suggest a over-stoichiometric concen-
tration of oxygen anions due to a deficiency of cations 
in the A and B perovskite sublattices, in agreement with 
literary data on the chemical composition of the BiFeO3–
BaTiO3 solid solutions [22, 23].

3.3. Raman spectroscopy study of 0.65BiFeO3–
0.35Ba1-xSrxTiO3 solid solutions

The X-ray diffraction data on the crystalline structure 
for solid solutions of different compositions were added 
with Raman spectroscopy data. The Raman spectrosco-
py data delivered additional information on the structure 
of the compounds on a local level (nanometers) and thus 
allowed assessing the degree and type of structural distor-

Figure 4. Energy dispersion X-ray spectra of 0.65BiFeO3–0.35Ba1-xSrxTiO3 solid solutions: (a) x = 0.25; (b) 0.5; (c) 0.75; (d) 1.0. 
Insets show elemental compositions of specimens
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tions in the oxygen octahedra, as well as the lengths and 
angles of the Bi(Ba,Sr)–O and Fe(Ti)–O chemical bonds.

It is well-known that the Raman spectra of solid solu-
tions having a cubic perovskite structure do not contain 
first-order Raman modes. The data obtained in this work 
suggest the presence of active Raman modes and diffuse 
bands in the spectra, possibly due to second and higher 
orders Raman scattering (Fig. 5). The presence of narrow 
Raman modes in the spectra indicates the presence of lo-
cal structural distortions in the solid solutions which can 
be caused by the formation of nanosized clusters with a 
lower than cubic symmetry.

Note that the initial BiFeO3 composition with rhombo-
hedral unit cell distortions exhibits typical active E(1TO), 
E(2TO), A1(1TO) and A1(2TO) Raman modes at 77, 136, 
142 and 170 cm-1, respectively, caused by bismuth ion 
oscillations in the oxygen cubic octahedra [24, 25]. The 
presence of the E(1TO) and A1(1TO) Raman modes that 
are typical of rhombohedral BiFeO3 based solid solutions 
suggests that rhombohedral unit cell distortions persisted 
in all the test compositions. The Raman spectra of all the 
solid solutions had clear active Raman modes at 78 and 
140 cm-1, the intensity of the former mode increasing and 
the intensity of the latter one decreasing with an increase 
in the concentration of strontium ions. This redistribution 
of Raman mode intensities is caused by a decrease in the 
rhombohedral unit cell distortions and in the volume of 
the unit cell for both structural phases. The decrease in 
the intensity of the E(1) mode at 78 cm-1 is caused by a 
decrease in the oscillation amplitude of the Bi(Ba,Sr)–O 
ions in the a-b plane of the rhombohedral cell, and the 
change in the intensity of the A(1) mode at 140 cm-1 orig-
inates from the Bi(Ba,Sr)–O oscillations along the c axis 
of the rhombohedral cell [26], the frequency of all the  
active modes increasing due to a decrease in the lattice 
parameters.

The presence of the diffuse bands at 275, 510, 650 and 
1320 cm-1 can be caused either by two-phonon scattering 
processes or by oxygen anion tension-compression oscil-
lation modes.

An increase in the concentration of strontium ions does 
not cause any significant changes to the main bands in the 
Raman spectra, this suggesting that the main structural 
state of the test solid solutions persists. With an increase 
in the concentration of strontium ions, the A(1TO) band 
shifts towards higher frequencies, indicating a change 
in the type of the Bi(Ba,Sr)–O bonds due to barium 
ion substitution for lighter strontium ions. Noteworthy, 
the uneven broadening of diffraction peaks observed in 
the X-ray diffraction patterns agrees with the structural 
model assuming that a matrix having a paraelectric cubic 
structure can contain nanosized clusters with rhombohe-
dral unit cell distortions.

4. Conclusion

0.65BiFeO3–0.35Ba1-xSrxTiO3 system solid solutions 
with x = 0, 0.15, 0.25, 0.5, 0.75 and 1 corresponding to 
the region in the vicinity of the rhombohedral/cubic mor-
photropic phase boundary were synthesized using the 
method of solid phase reactions. The crystal structure and 
morphology of the solid solutions were studied using mi-
croscopic and local methods. The substitution of barium 
ions for strontium ones reduces the degree of rhombohe-
dral distortions and leads to a decrease in the lattice pa-
rameters. It was shown that the solid solutions with x = 0 
and 0.15 are in a two-phase structural state in which a 
polar rhombohedral structure and a cubic structure coex-
ist, and the solid solutions with x = 0.25 are single-phase 
with a perovskite cubic structure. An increase in the con-
centration of strontium ions to x = 0.5 reduces the aver-

Figure 5. Raman spectra of 0.65BiFeO3–0.35Ba1-xSrxTiO3 solid solutions: (1) x = 0; (2) 0.25; (3) 0.5; (4) 0.75; (5) 1.0
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age grain size but slightly, while for the compounds with 
higher strontium ion concentrations the average grain 
size decreases much faster due to a lower chemical activ-
ity of strontium ions compared with those of bismuth and 
barium ions and an increase in the number of oxygen va-
cancies in the solid solutions with x > 0.5 which reduces 
grain growth during synthesis.

For all the test compounds Raman spectroscopy 
showed the presence of local distortions typical of com-
pounds with a rhombohedral structure. The X-ray dif-
fraction and Raman scattering structural data indicate the 
formation of inhomogeneous structural states in the solid 
solutions, i.e., the main matrix having a paraelectric cubic 

structure contains polar-active nanosized clusters with 
rhombohedral unit cell distortions.
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