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bstract

he solid solutions of BiFeO3–BaTiO3 have been prepared via solid state with a view to obtaining magnetoelectric properties, i.e. ferroelectric
nd magnetic activity in the same range of temperatures. Optimum calcination and sintering strategy for obtaining pure perovskite phase, dense
eramics (>97% relative density) and homogeneous microstructures have been determined. The sample of composition 0.7BiFeO3–0.3BaTiO3

eported in the present work is pseudo-cubic at room temperature. The permittivity is εr ≈ 150 at the room temperature and shows a broad ferro-para
hase transition at around 175 ◦C where εr ≈ 1600. This diffuse maximum of the permittivity, similar to that in relaxors, is due to the chemical
nhomogeneity in both A and B sites of the perovskite unit cell ABO3. Higher losses, tan δ > 1, appear above 200 ◦C and other different conduction
echanisms start to be active particularly at temperatures higher than 400 ◦C, when the ceramic becomes conductive. The magnetic properties
how a succession of transitions from weak ferro/ferrimagnetism-to-antiferromagnetism and antiferromagnetism-to-paramagnetism at TN1 ≈ 10 K
nd TN2 ≈ 265 K. Below TN2 the ceramic 0.7BiFeO3–0.3BaTiO3 can present magnetoelectric coupling, due to the fact that is simultaneously
erroelectric and antiferromagnetic.

2006 Elsevier Ltd. All rights reserved.
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. Introduction

The ferroic systems have an order parameter reversible by
n adequate driving force and this switching process is accom-
anied by hysteresis. Ferroelectrics, ferromagnetics and ferroe-
astics are typical examples of ferroics: the electric polarization,

agnetic moment or strain can be reversed between two ordered
tates by means of electric, magnetic or stress fields, respec-
ively. The magnetoelectric (ME) multiferroics possess two
rder parameters (magnetic and electrical polarization) coex-
sting in the same temperature range.1–3 The conditions for
he occurrence of ferroelectric and magnetic order in the same
aterial require: (i) the presence of adequate structural build-
ng blocks permitting ferroelectric-type ionic movements, i.e.
ff-centre displacement associated with the spontaneous polar-
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zation in ferroelectrics, (ii) magnetic-interaction pathways for
he magnetic order, usually of the super-exchange type, and
iii) symmetry conditions.4 Although highly exciting for poten-
ial applications, the single-phase ME multiferroism is quite
are, being restricted to only few systems, due to the appar-
ntly opposite requirements concerning the d-orbital occupancy
or ferroelectric and magnetic order.5 Recently a few differ-
nt mechanisms have been proposed to explain this contradic-
ion and to find the possible compatibility of the two types of
rders.6,7

BiFeO3 is a single-phase ME, being ferroelectric (Curie
emperature TC ≈ 830 ◦C) and antiferromagnetic (Néel tem-
erature TN = 310 ◦C), also showing a weak ferro/ferri mag-
etic characteristic in some temperature ranges.8 In its bulk
tate, BiFeO3 has a rhombohedral-distorted perovskite struc-

ure R3c (a = b = c = 5.63 Å, α = β = γ = 59.4◦) at room temper-
ture. Although promising for its multiferroic character, only
oor dielectric and ferroelectric properties (low values of the
olarization and of the dielectric constant) were found at room

mailto:lmtsr@uaic.ro
dx.doi.org/10.1016/j.jeurceramsoc.2006.02.023
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emperature in the bulk ceramics, mainly due to the semi-
onducting character which does not allow proper electrical
oling and leads to high dielectric losses. Some better P(E)
oops (Ps = 8.9 �C/cm2, Pr = 4.0 �C/cm2, Ec = 39 kV/cm under
n applied field of 100 kV/cm) were observed recently at room
emperature in BiFeO3 ceramics obtained by rapid liquid phase
intering.9 Only in epitaxial or polycrystalline films of BiFeO3
btained by Pulsed Laser Deposition (PLD), were better dielec-
ric properties reported.10,11 Therefore, even these results and
heir interpretation are presently under debate between a few
roups of researchers.12,13

In order to reduce the problems mentioned above, the method
f forming binary solid solutions with other perovskites with
ood dielectric properties as BaTiO3,14 PbTiO3

15 or others16

as adopted. Therefore, even in solid solutions, the problems
f losses were only partially solved and the reported data are
ften “author dependent”. In the present work, the possibility of
btaining ferroelectric and magnetic activity in solid solutions
f xBiFeO3–(1 − x)BaTiO3 was investigated.

. Sample preparation and experiment

Ceramics with compositions (1 − x)BiFeO3–xBaTiO3 were
repared via solid state using Bi2O3, Fe2O3, TiO2 (99.9%
ldrich) and BaCO3 (99.9%, Solvay Bario Derivati) in appro-
riate proportions. The precursors were mixed, milled for 24 h
nd calcined at various temperatures in the range (600–750 ◦C)
or 4–8 h with intermediate milling steps. Optimum calcinations
arameters to obtain the pure perovskite phase were found for
ach composition. The calcined powders were milled, isostati-
ally pressed at 2 × 108 Pa and then sintered at 900 ◦C for 2 h
n oxygen. Phase composition and crystal structures at differ-
nt calcinations steps and after sintering were checked by X-ray
iffraction (XRD, Co K� radiation, Philips PW1710, Philips,
indhoven, The Netherlands). The microstructures were char-
cterized by scanning electron microscopy (SEM, LEO 1450VP,
EO Electron Microscopy Ltd., Cambridge, UK). The dielectric
easurements, in the frequency range 10−1 to 107 Hz, were per-

ormed at temperatures of 30–400 ◦C with a heating/cooling rate
f 0.5 ◦C/min using an impedance analyzer Solartron SI1260.
ifferential scanning calorimetry (DSC) measurements were
erformed on samples of ≈100 mg (cut from the sintered disks)
n the range 20–250 ◦C at a heating/cooling rate of 10 ◦C/min.
he enthalpy of transition was estimated from the area of

he DSC peaks. The magnetic moments of ceramic samples
ere measured using a superconducting quantum interferomet-

ic device SQUID magnetometer (Quantum Design) in the range
f temperatures 5–350 K. The results presented below concen-
rate on ceramics with the composition x = 0.7.

. Results and discussions

The X-ray diffraction patterns of Fig. 1 show phase

ormation of the solid solution with the composition
.7BiFeO3–0.3BaTiO3. The pure perovskite phase, not yet
ormed after the calcinations at 600 ◦C for 2 h, is completely
ormed by calcination at 750 ◦C for 8 h and it is preserved after

f
t
a
s

ig. 1. X-ray diffractograms of the 0.70BiFeO3–0.30BaTiO3 solid solutions at
elected processing steps: (1) calcination at 600 ◦C for 2 h, (2) calcination at
50 ◦C for 8 h and (3) sintering at 900 ◦C for 2 h.

he sintering at 900 ◦C for 2 h. The possible secondary phases are
elow the XRD detection limit (≈1 wt.%). The phase symmetry
s very close to cubic (pseudo-cubic), Rietveld refinement gave
imilar results, with either rhombohedral symmetry or a very low
hombohedral distortion of cubic with a = 3.9945 Å. Therefore,
he presence of some Raman modes, not allowed for a cen-
rosymmetric state, clearly showed that 0.7BiFeO3–0.3BaTiO3
s not really cubic, but slightly distorted, as in the case of the
elaxor systems.17 This result agrees with the phase diagram of
BiFeO3–(1 − x)BaTiO3 proposed in ref. [14] in which the com-
osition x = 0.7 should be in the range of the morphotropic phase
oundary, rhombohedral-to-cubic.14 The particle size of the cal-
ined powders is around 200–300 nm (Fig. 2a). The ceramic
hows a homogeneous microstructure (Fig. 2b, where a SEM
mage obtained inside a macro-pore, without any etching is pre-
ented), having the average grain size of around 2 �m and a good
ensification (97% relative density).

The dielectric data were obtained on Au-electroded samples
n plan-parallel configuration. At room temperature, the imagi-
ary part of the impedance exhibits a continuous reduction with
ncreasing frequency and a few relaxations around the frequen-
ies of 1 Hz, 0.6 kHz and 60 kHz (Fig. 3). The Cole–Cole plot
epresented in the inset of Fig. 3 shows more than one compo-
ent, indicating inhomogeneities of the electrical properties at
icroscopic level, grain-boundary or/and interface effects. The

ielectric constant measured at f = 4 kHz shows a broad maxi-
um at the temperature of around 175 ◦C (Fig. 4) accompanied

y a maximum of the dielectric losses tan δ in the same range
f temperatures (shown in the inset of Fig. 4). This maximum
orresponds to the ferro-para phase transition. The losses are
educed at high frequency (considering the particularities of the
resent system), for example at f = 4 kHz they are below 20%

◦
or temperatures lower than 200 C. Therefore, by increasing
he temperature, tan δ increases and presents also other stronger
nomalies associated with mechanisms other than the phase tran-
ition, as for example one visible in the inset of Fig. 4 around
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Fig. 2. SEM micrographs of the 0.70BiFeO3–0.30BaTiO3 solid solution: (a)
after calcination at 750 ◦C for 8 h (bar: 200 nm) and (b) after sintering at 900 ◦C
for 2 h (bar: 1 �m).

Fig. 3. Imaginary part of the impedance vs. frequency spectrum for 0.70BiFeO3-
0.30BaTiO3 ceramic showing a few relaxations. Inset: plot of the imaginary vs.
the real part of the impedance for the same sample.
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ig. 4. The temperature dependence of the dielectric constant and losses at the
requency f = 4 kHz for 0.70BiFeO3–0.30BaTiO3.

80 ◦C. Moreover, repeated cycles heating/cooling over 400 ◦C
ctivate other loss mechanisms giving rise to very high losses
tan δ of hundreds, the ceramic being no longer a dielectric) and
ow reproducibility of dielectric properties even at room tem-
eratures. Our results are similar to ones reported for similar
eramic systems as BiFeO3–PbTiO3, for which dielectric con-
tant versus temperature with a few maxima and tan δ � 20 for
> 300 ◦C were reported.15 This high conductivity and leakage,

specially at higher temperatures in BiFeO3-based ceramics,
ere considered to be caused in part by the difficulty of pro-
ucing this material in its single phase, so that even very small
mpurities segregated to boundaries can have a doping effect
nd transform the dielectric into a semiconductor.9 Therefore,
he problem persists even in very pure BiFeO3 ceramics and it
as explained as originating from the spontaneous change of

he oxidation state of Fe3+/Fe2+. This results in the formation of
xygen vacancies for preserving the local electrical neutrality
nd causes thermally activated hoping conduction. In addition,
n important contribution to the losses is given in bulk ceramics
y defects associated with the grain boundaries.18 All these phe-
omena often make difficult the detection of the ferro-para phase
ransition by electrical investigations. Therefore, in the case
f 0.7BiFeO3–0.3BaTiO3 ceramic, the phase transition around
75 ◦C was also confirmed by a non-electrical method (by the
resence of a small DSC peak with an enthalpy of the transition
f 0.25 J/g at the same temperature). According to the present
ata, this ceramic has a ferroelectric character (most probably
elaxor-like) at temperatures below 175 ◦C. The diffuse char-
cter of the phase transition can be understood in terms of the
nhomogeneous composition both in A and B sites of the ABO3

erovskite cell. Thus, the composition 0.7BiFeO3–0.3BaTiO3
an be a candidate for magnetoelectric effect, if showing mag-
etic activity.
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Potential and impedance imaging of polycrystalline BiFeO3 ceramics. J.
ig. 5. Temperature dependence of the magnetization for the ceramic 0.70BF–
.30BT, indicating two magnetic transitions at TN1 ≈ 10 K and TN2 ≈ 265 K.
nset: M(H) curves at a few temperatures: T = 5, 100, 200 and 300 K.

The results of the magnetic measurements obtained by
QUID are presented in Fig. 5, where the evolution of the mag-
etization M(T) with temperature is shown. From anomalies in
he M(T) dependence, two magnetic transitions at TN1 ≈ 10 K
nd TN2 ≈ 265 K were identified, in spite of the apparent linear-
ty of the M(H) loops at different temperatures, represented in
he inset of Fig. 5. Pure BiFeO3 was classified as antiferromag-
etic with the Néel temperature TN = 310 ◦C, but some other
eatures like weak ferro/ferrimagnetic characteristic in some
emperature ranges were also found.8,19 The present data for
he solid solution show that the presence of the non-magnetic
aTiO3 phase causes a reduction of the magnetic interaction by
iminishing the Neel temperature below room temperature. A
uccession of transitions takes place with increasing temper-
ture, from weak ferro/ferrimagnetism-to-antiferromagnetism
nd antiferro-magnetism-to-paramagnetism at TN1 and TN2,
espectively. Thus, the ceramic xBiFeO3–(1 − x)BaTiO3 with
he composition x = 0.7 should present magnetoelectric coupling
elow TN2, where it is expected to be simultaneously ferroelec-
ric and antiferromagnetic.

. Conclusions

In the present work, the possibility of producing bulk mag-
etoelectric ceramics of xBiFeO3–(1 − x)BaTiO3 with pure per-
vskite phase, homogeneous microstructure and high density
as been investigated. The composition x = 0.7 was found to be
seudo-cubic at room temperature, with high permittivity and a
road ferro-para phase transition at around 175 ◦C (relaxor-like
haracter). Losses above unity, at temperatures above 200 ◦C,

nd strong conduction particularly at temperatures higher than
00 ◦C were found. A succession of magnetic transitions were
etected: weak ferro/ferrimagnetism-to-antiferromagnetism and
ntiferro- magnetism-to-paramagnetism at TN1 ≈ 10 K and

1

n Ceramic Society 26 (2006) 3027–3030

N2 ≈ 265 K. The solid solution 0.7BiFeO3–0.3BaTiO3 is
xpected to show magnetoelectric coupling below TN2, since
n this temperature range it was shown to be simultaneously
erroelectric and antiferromagnetic.
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