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ABSTRACT

The crystal structure and magnetic properties of lead-free ceramics (1-x)BiFeOs - xBaTiOs (x < 0.40)
prepared by solid state reaction method were studied depending on the chemical composition and
temperature. An increase in the concentration of barium and titanium ions leads to the structural transition
from the polar rhombohedral structure to the cubic structure through the phase coexistence region
characterized by a formation of pseudocubic phase. The isothermal magnetization measurements indicate
nearly linear field dependences of magnetization in the temperature range 5 - 300 K which corresponds to a
dominance of antiferromagnetic structure in the compounds with x < 0.3. Negligible value of remnant
magnetization observed for the compounds having dominant rhombohedral structure diminishes in the
compounds with (pseudo) cubic structure. The correlation between the type of structural distortion and
magnetic structure is discussed based on the neutron and X-ray diffraction data as well as the magnetization
measurements.

substitution of bismuth ions by alkaline-earth
1. INTRODUCTION elements and substitution of iron ions by other
transition metals elements can be used as an
effective tool for controlled changes of crystal
structure and functional properties [14-19]. The
use of alkaline earth ions as dopant ions leads to
a significant change in the crystal structure of the
compounds, thus the substitution of Ba?* ions
having ionic radius larger than that of Bi®* ions
causes a stabilization of cubic structure through
an intermediate phases [1, 3, 20, 21].
Simultaneous substitution of perovskite lattice
in A- and B- positions using alkaline earth ions
and transition metals respectively allows to control

Materials based on bismuth ferrite attract great
attention of the scientific community due to wide
variety of structural and magnetic phase
transitions [1-10]. While solid solutions based on
bismuth ferrite have significant disadvantages -
low residual magnetization, high conductivity,
small magnitude of magnetoelectric interaction,
which significantly limit the scope of their possible
applications  [8,11-14]. Some of these
disadvantages can be overcome using various
chemical doping schemes. Thus, chemical
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the crystal structure of the compounds and to
modify their magnetic properties. It is also
possible to control the conductivity of the BiFeOs
based compounds and oxygen stoichiometry
associated with transport properties [22]. It is
known that chemical substitution by barium ions
with ions having large ionic radius increases the
concentration region of structural stability of the
polar rhombohedral phase, and the substitution of
iron ions by titanium ions allows to control
magnetic properties of the compounds [22, 23].

The present work is focused on the correlation
between the crystal structure and magnetic
properties of the compounds across the phase
transition from the rhombohedral phase to the
cubic phase. It is shown that utilizing the
mentioned chemical doping scheme allowed to
control both electric dipole and magnetic orders in
the solid solutions (1-x)BiFeOs - xBaTiOs, which
makes them promising materials to be used in the
field of information and  energy-saving
technologies. The functional materials based on
BiFeOs can be also used as magnetic sensors,
capacitive electromagnets, magnetic memory
elements, microwave filters and other devices
which do not require constant electric currents
and associated heat loss.

2. EXPERIMENTAL

Ceramic samples of Biu-xBaxFeuwxTixOs system
with concentrations of the dopant ions in the
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range 0.15 < x < 0.40 were prepared by the solid-
state reaction method [3,18]. High-purity oxides
Bi2Os, Fe20s3, TiO2 and carbonite BaCOs (Sigma-
Aldrich, =2 99%) taken in stoichiometric ratio were
mixed using planetary ball mill (Retsch PM 200).
The samples were uniaxially pressed into tablets
with a diameter of 10 mm. Preliminary synthesis
was performed at 900 °C, after intermittent
grinding the samples were finally synthesized at
temperatures 910 - 945°C (synthesis temperature
was gradually increased with the dopants
concentration) [22, 24]. After synthesis the
samples were cooled down to room temperature
with a cooling rate of 100 °C/h.

X-ray diffraction patterns were recorded in the
2thetta range of 20 - 80° with a step of 0.02° using
Bruker D8 Advance and Rigaku D/MAX-B
diffractometers with Cu-Ka radiation. Neutron
powder diffraction (NPD) measurements were
performed using high-resolution neutron powder
diffractometer ~ FIREPOD  (A=1.7977A, E9
instrument, HZB). The diffraction data were
analyzed by the Rietveld method using the
FullProf software [25]. Magnetization
measurements were performed in magnetic fields
up to 14 T using physical properties measurement
system from Cryogenic Ltd.

3. RESULTS AND DISCUSSIONS

The refinement of the diffraction data obtained for

the compounds of the system
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Figure 1. (a) Room-temperature XRD patterns of the compounds Bii-xBaxFe@uxTixOs x= 0.20;
0.30; 0.40; observed and calculated profiles are marked by dots and solid line respectively, the line below
the pattern refers to the difference between the profiles. The upper row of the ticks denotes Bragg
reflections ascribed to the rhombohedral phase, the second row — to the cubic phase; (b) the evolution of
the selected diffraction peaks depending on the concentration.
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Biga-xBaxFeuxTixOz has allowed to clarify the
evolution of the crystal structure as a function of
the dopant concentration and temperature.
According to the results of the diffraction
measurements, the compounds with x < 0.2 are
characterized by a single-phase rhombohedral
structure (Fig. 1a,b). An increase in the
concentration of the dopant content leads to a
reduction of the rhombohedral distortion, and the
structure of the compounds with x = 0.25 - 0.33
can be refined assuming a coexistence of the
rhombohedral and pseudocubic phases. It should
be noted that the pseudocubic phase is observed
in the compounds 0.25 < x < 0.40. This model is
in accordance with the results obtained by X-ray
and neutron diffraction measurements.

Chemical  substitution causes  gradual
decrease in rhombohedral distortions, which can
be estimated by an evolution of the reflection
(113)r (Fig. 1b) associated with a distortion of

oxygen octahedra in the ab plane of the
rhombohedral lattice. The intensity of the
reflection  gradually decreases with the

concentration x and disappears for the compound
x = 0.2. The splitting of the reflections (202)r and
(006)r (26 = 39 °) characterizing rhombohedral
distortion gradually decreases with increasing in

the concentration of the dopant ions, which
indicates gradual decrease in the elongation of
the rhombohedral lattice. This splitting completely
disappears for the compound with x = 0.35, which
also confirms the absence of the rhombohedral
phase in the compounds with x > 0.35. Further
substitution leads to a transformation of the crystal
structure and the structural state becomes to be
single phase with cubic symmetry.

Thus, an increase in the concentration of Ba
and Ti ions in the compounds Bigi-xBaxFe@xTixOs
leads to the structural transition from the polar
rhombohedral phase to the cubic phase through
the formation of an intermediate pseudocubic
phase. Chemical substitution leads to an increase
in the unit cell volume which is caused by larger
ionic radii of the dopant ions as compared to the
radii of Bi and Fe ions [26], wherein the a- and c-
parameters of the unit cell change in different
ways (Fig. 2). An increase in the unit cell volume
is accompanied by a gradual decrease in
rhombohedral distortion, and the angle ar, which
describes the rhombohedral distortion, gradually
increases from 59.55° for the compound with x =
0.2 to 59.98° for the compound with x = 0.35, the
volume fraction the rhombohedral phase in the
last compound becomes to be negligible (Fig. 2).
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Figure 2. The dopant concentration driven evolution of the unit cell parameters (upper panel), unit
cell volume of the rhombohedral and (pseudo)cubic phases and angle ar calculated for the compounds
with 0.2 < x < 0.4.
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Figure 3. Field dependences of magnetization obtained for Bii-xBaxFe@-x TixO3 compounds
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Figure 4. Temperature evolution of characteristic diffraction peaks obtained by neutron diffraction
for the compounds BiixBaxFe1xTixOs with 0.20 < x < 0.40. The diffraction reflections ascribed to magnetic
scattering are marked and highlighted by dashed areas.

It should also be noted that the parameter a-
gradually increases with the dopant content up to
X 0.40, while c parameter begins to
significantly decrease only in the compounds with
X = 0.27. It should be noted that the c / a ratio
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which denotes polar distortion of the lattice
decreases down to unity in the compound with x =
0.33.

Magnetization measurements have allowed to
reveal a close correlation between the crystal
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structure and magnetic properties of the
compounds. The M(H) dependence obtained for
the compound with x = 0.15 has a residual
magnetization of about 0.011 emu/g (Fig. 3, inset)
and has slightly non-linear character distinctly
observed at low temperature which points at a
disruption of spatially modulated spin structure at
high magnetic fields. The M(H) dependences
obtained for compounds with the dopant content
x>0.15 are characterized by nearly linear
character of magnetization denoting dominant
antiferromagnetic structure. At x = 0.25, the
compound is characterized by a mixture of
dominant rhombohedral phase and minor pseudo-
cubic phase and the remanent magnetization is
still present with a value of about 0.014 emu/g.
Increase in the concentration of the dopant ions
up to x = 0.30 leads to a complete collapse of
remanent magnetization which is valid for the
compounds with x<0.4. Such evolution of
magnetization is caused by a change in symmetry
of the crystal structure from the rhombohedral to
the (pseudo)cubic phase. Magnetization data
obtained at room temperature indicate the stability
of the antiferromagnetic structure in the studied
temperature range and the data are in good
agreement with the results obtained by the
neutron diffraction measurements.

The results of the magnetization
measurements performed for the compounds Bi-
xyBaxFe@x TixOs indicate predominantly
antiferromagnetic character of the magnetic
structure, which is confirmed by the results of
neutron diffraction measurements which indicate
the G-type antiferromagnetic structure. Analyzing
the data of the neutron diffraction measurements
(Fig. 4), it can be stated that the G-type
antiferromagnetic structure is stable in the
compounds with 0.15 < x < 0.4 in the temperature
range 5 K <T < Tn. At temperatures above room
temperature the diffraction peaks attributed to
magnetic scattering become to decrease rapidly
till they disappear completely at Tn ~ 500 K for the
compounds with x = 0.25 — 0.30. Increase in the
dopant concentration up to x=0.40 leads a
reduction of the magnetic transition temperature
down to Tn ~ 450 K.

Neutron diffraction data points at G-type
antiferromagnetic structure which is stable in the
compounds BigxBaxFeauxTixOz x<0.40. The
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magnetic moment calculated per iron ion of the
compound with x = 0.15 at room temperature is
about 4.5 ys which is only a bit lower than “spin
only” value of the magnetic moment estimated for
the iron ions being in 3+ oxidative state (tzg°). The
nearly collinear antiferromagnetic  structure
remains in the compounds upon increase in the
dopant content while the magnetic moment
associated with the iron ions gradually decreases
with X. The compound with the dopant content
x=0.25 is characterized by the magnetic moment
of ~ 4.2 ps, for the compound with x = 0.35 the
calculated value of the magnetic moment is ~ 2.9
us. The obtained results are in accordance with
the model of diamagnetic dilution of the
magnetically active sublattice formed by the iron
ions being in 3+ oxidative state, while non-
magnetic titanium ions are characterized by the
oxidative state of 4+. It should be noted that the
remanent magnetization observed in the
compounds having dominant rhombohedral phase
diminishes in the compounds having dominant
(pseudo) cubic phase. This observation is in
accordance with the symmetry restrictions, as
antisymmetric exchange interactions leading to
nonzero remanent magnetization in the
compounds with rhombohedral structure are
forbidden in the compounds having cubic phase
[27-29].

4. CONCLUSIONS

The results of diffraction measurements indicate
that the single-phase rhombohedral structure is
stable in the compounds up to x = 0.2. An
increase in the concentration of the dopant
content leads to a gradual reduction of the
rhombohedral distortion, the structure of the
compounds with x = 0.25 - 0.33 can be refined
assuming a coexistence of the rhombohedral and
pseudocubic phases, further increase in the
dopant content leads to the phase transition to
single phase cubic structure. Analysis of the
isothermal dependences of the magnetization as
well as neutron diffraction measurements points at
G-type antiferromagnetic structure which is stable
in the compounds with 0.15 £ x < 0.4 in the wide
temperature range in spite of magnetic dilution
caused by Ti ions residing in the B-site of
perovskite lattice. The obtained results point at
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strong correlation between the presence of
remanent magnetization and structural state of the
compounds, thus confirming weak
ferromagnetism specific for the compounds
having rhombohedral structure; the absence of
remanent magnetization in the compounds having
(pseudo) cubic structure is in accordance with
symmetry restrictions.
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