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Abstract

Bismuth-doped barium–strontium–titanate ceramics of the formula (Ba0.8Sr0.2)(1−1.5y)BiyTiO3 were prepared using a conventional solid-state
reaction method. The structure, dielectric properties, and ferroelectric relaxor behaviour of all compositions were thoroughly investigated. The
findings revealed a broad dielectric anomaly and a shift in dielectric maxima towards higher temperatures with increasing frequency. The
diffuseness degree indicator γ was about 1.68, and dielectric relaxation was noted to follow the Vogel–Fulcher relationship, with Tf¼185 K,
f0¼1.18� 1010 Hz, and Ea¼0.35 eV, which further supported the spin-glass-like properties of BBSTs. The latter were also noted to display
significant ferroelectric relaxor behaviour that could be attributed to the presence of Bi3þ doping ions. The degree of relaxation behaviour was
noted to increase with the increase in bismuth concentration. Raman spectra were investigated as a function of temperature, and the findings
confirmed the results from X-ray and dielectric measurements. Among the compositions assayed in this solid solution, 10% Bi-doped
Ba0.8Sr0.2TiO3 yielded promising relaxor properties that make it a strong candidate for future industrial application in the production of efficient
and eco-friendly relaxor ferroelectric materials.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

Keywords: C. Dielectric properties; C. Ferroelectric; C. Relaxors; D. Perovskite
1. Introduction

Due to their attractive physical properties, such as high
dielectric permittivity, diffuse phase transition and strong
electrostriction, relaxor ferroelectric materials have attracted
special attention during the last few decades. They have been
successfully applied in a wide range of systems and technol-
ogies, including sensors, actuators, transducers, and memory
elements [1–4]. Most of these materials belong to complex
lead-based perovskite compounds, such as PMN–PT and
PMN–PZT, whose superior dielectric properties and relaxor
behaviour have had considerable contributions in the develop-
ment of relaxor ferroelectric materials. These materials have,
however, often been reported to pose a number of environ-
mental and health concerns due to the volatility and toxicity
of lead.

These disadvantages have motivated the search for new,
efficient, and eco-friendly lead-free relaxor materials. Several
lead-free materials with perovskite structure, such as BaTiO3
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(BT) and SrTiO3 [5], have been investigated in terms of their
dielectric relaxation, ferroelectric phase transition and electri-
cal properties. Lead-free compositions belonging to BaTiO3

have often been reported to offer special candidate alternatives.
In fact, BaTiO3 presents a model lead-free ferroelectric
perovskite-type oxide (ABO3) that displays several poly-
morphic phase transitions and is, therefore, used to correlate
important dielectric/ferroelectric properties, such as variations
in polymorphic phase transition temperatures, permittivity, and
dielectric loss with chemical doping and ceramic microstruc-
ture. BaTiO3-based materials have also been reported to offer a
wide range of commercial applications. In several cases
involving the disappearance of orthorhombic and tetragonal
phases, doped BaTiO3 also presents a ferroelectric-Tc-
paraelectric transition, depending on both the substitution
and the compositions [6].
Recently, the quantum paraelectric material SrTiO3 has

attracted considerable attention for showing exceptional dielec-
tric and ferroelectric behavior, which is of interest for various
technological applications. Due to its high lattice polarizability,
SrTiO3 is very sensitive to doping. The substitution of Sr2þ by
Pb2þ , Ba2þ , Ca2þ , Cd2þ , Mn2þ , or Bi3þ ions has often been
ghts reserved.
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reported to exert strong effects on the dielectric properties of
SrTiO3 and to induce various types of polar phases (dipole
glass, ferroelectric) [7]. In Ba(1−x)SrxTiO3, the permittivity
maxima related to the cubic-to-tetragonal phase transition of
BaTiO3 was previously shown to display relaxor features for
x≥0.12 [8]. This relaxor behaviour has often been ascribed to a
random field-induced domain state wherein Bi3þ incorporates
into an ABO3-type structure such as that of BaTiO3.

Considering the promising opportunities that lead-free
materials, such as BaTiO3 (BT) and SrTiO3 might open with
regards to the development of improved and eco-friendly
ferroelectric materials, the present study was undertaken to
investigate the relaxor behaviour, dielectric properties, and
Raman spectroscopy of the Bismuth-doped barium–strontium–

titanate ceramics of the formula (Ba0.8Sr0.2)(1−1.5y)BiyTiO3.
The latter have strong diffuse phase transition with frequency
dispersion, a valuable property for lead-free ferroelectric
applications.
2. Experimental procedures

(Ba0.8Sr0.2)(1−3/2y)BiyTiO3 ceramic compositions were pre-
pared using the solid state reaction method. The starting
materials, BaCO3 (99.9%), TiO2 (99.9%), SrCO3 (99.9%),
and Bi2O3 (99.9) (Aldrich chemical) were weighed according
to the following reaction:

0:8 1−
3
2
y

� �
BaCO3 þ0:2 1−

3
2
y

� �
SrCO3þ 1

2
yBi2O3þTiO2

↓
ðBa0:8Sr0:2Þð1−3=2yÞBiyTiO3þð1−yÞCO2

After drying, the powders were calcined at 850 1C for 12 h
and then mixed, dried, and pressed into disks. The pellets were
sintered at 1220 1C for 2 h and cooled in a furnace. The phase
purity of the sample compounds was confirmed by the X-ray
diffraction (XRD) technique using a PW-3020 Philips dif-
fractometer with Cu–Kα (λ¼1.5418 Å) radiation in a wide
range of 2θ (51o2θo901) and a scanning rate of 21 min−1.
Fig. 1. X-ray diffraction patterns of BBST for different
Gold electrodes were sputtered on the samples for dielectric
measurements. The relative dielectric permittivity (ε′r) and loss
tan(δ) of the compounds were measured in a cryogenic system
and high temperature oven using an HP4284 LCR meter at
a frequency range of 100 Hz–1 MHz, temperature range of
85–500 K, and heating rate of 2 1C min−1. Raman spectra were
collected by means of a Raman spectrometer (HORIBA Jobin-
Yvon Labram, HR 800) using the He–Ne laser excitation line
of 632.8 nm (1.96 eV). All spectra were obtained in normal
and side-view backscattering geometries using a microprobe
device that allows the incident light to be focused on the
sample as a spot with a diameter of about 2 μm.
3. Results and discussion

Fig. 1, shows the XRD patterns of BBSTs recorded at room
temperature for Bi doping concentrations of 5%, 10%, and
15%. The findings revealed that 10% Bi doped in Ba0.8Sr0.2-
TiO3 was the limit for pure phase formation. In fact, when the
Bi doping concentration was lower than 10%, all peaks
belonged to the pure tetragonal perovskite phase, with a space
group of P4mm as determined with the FullProf program. This
indicated that Bi3þ ions occupied the BST perovskite lattice.
The composition y¼15% showed more than one perovskite
phase structure.
Fig. 2, shows the temperature dependence of the dielectric

permittivity of BBST doped with 5% Bi as a function of
temperature at different frequencies (0.1–1000 kHz). The
variation of ε′r as a function of temperature showed a relatively
broad peak with a low dispersion of permittivity in the
ferroelectric phase. This behaviour can be attributed to the
early onset of the relaxor feature in this composition.
Fig. 3(a and b) shows the dielectric permittivity (ε′r) and

loss tan (δ) of the BBST doped with 10% Bi as a function of
temperature at different frequencies (0.1–1000 kHz). Fig. 3(a)
illustrates that while the temperature Tm corresponding to the
maximum value of the dielectric permittivity increased with
the increase in frequency, the maximum value of the dielectric
permittivity decreased with the increase in frequency. This
Bi2O3 concentrations recorded at room temperature.



Fig. 2. The temperature dependence of the dielectric permittivity of BBST 5%
Bi ceramic at different frequencies.

Fig. 3. Temperature dependence of dielectric constant (ε′r) and tan(δ) at
various frequencies for BBST 10 at%.

Fig. 4. The plot of the inverse dielectric constant vs. temperature at 10 kHz for
BBST [Symbols: experimental data; the solid line: fitting to Eq. (1).].
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phenomenon indicated that the BBST sample doped with 10%
Bi exhibited typical relaxor behaviour. Another exterior
indication of relaxor behaviour is that the dielectric permittiv-
ity curves of different frequencies merge at high temperature,
which is usually observed in Pb-based relaxors [9]. The loss
tangent (Fig. 3(b)) peak was also noted to shift to higher
temperatures with the increase in frequency.
For a classical ferroelectric, the dielectric permittivity above

the Curie temperature follows the well known Curie–Weiss law:

ε¼ C

T−TC
ðT4TCÞ ð1Þ

where TC refers to the Curie temperature and C to the Curie–
Weiss permittivity.
Fig. 4 shows the plot of inverse dielectric permittivity versus

temperature at 10 kHz for the BBST doped with 10% Bi. The
deviation from the Curie–Weiss law for relaxor ferroelectrics
can be defined by ΔTm as follows:

ΔTm ¼ Tcm–Tm; ð2Þ
where Tcm refers to the temperature from which dielectric
permittivity starts to deviate from the Curie–Weiss law and Tm
to the temperature at which dielectric permittivity reaches the
maximum. The ΔTm value calculated at 10 kHz was 75 K and
was noted to be almost invariable with the increase in
frequency. The dielectric characteristics of relaxor ferroelec-
trics are known to deviate from the typical Curie–Weiss
behaviour and can be well described by the Uchino and
Nomura function, a modified Curie–Weiss relationship:

1
ε
−

1
εm

¼ ðT−TmÞγ
C

1oγo2 ð3Þ

where εm refers to the maximum value of dielectric permittiv-
ity, ε to the dielectric permittivity at temperature T, Tm to the
temperature at the peak of the dielectric permittivity, C to the
Curie constant, and γ to the diffuseness degree indicator, taking
the value between 1 (for a normal ferroelectric) and 2 (for a
complete diffuse phase transition). The value of γ can, there-
fore, be used to characterize the relaxor behaviour. The plot of
log (1/ε−1/εm) as a function of log (T−Tm) is shown in Fig. 5.
By fitting the Uchino equation, the exponent γ which
determines the diffuseness degree of the phase transition,
was obtained from the slope of log (1/ε−1/εm)-vs-log (T
−Tm) plot. The value obtained for the parameter was 1.68,
suggesting that the prepared ceramic (BBST 10% Bi) was a



Fig. 5. ln (1/ε−1/εm) as a function of ln (T−Tm) at 10 kHz for BBST 10% Bi.
[Symbols: experimental data; the solid line: fitting to Eq. (3).].

Fig. 6. Raman spectra of the BBST 5% and 10% Bi ceramics at room
temperature.
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relaxor ferroelectric with strong diffuse phase transition
[10,11].

The ΔTrelax and ΔTdiffuse(1 kHz) parameters were also intro-
duced to investigate the relaxor feature of BBST 10% Bi. The
degrees of relaxation behaviour and diffuseness were defined
as [12].

ΔT relax ¼ T=εmð100 kHzÞ−T=εmð100 HzÞ; ð4Þ

ΔTdiffuseð 1kHzÞ ¼ T 0:9=εmð1kHzÞ−T=εmð1kHzÞ: ð5Þ
Based on the experimental data, the values calculated for

ΔTrelax and ΔTdiffuse(1 kHz) of the sample under investigation
were 34 and 51 K, respectively. The characterization per-
formed on the basis of the Curie–Weiss law mentioned above
and the values calculated for empirical parameters, such as
ΔTm, γ, ΔTdiffuse(1 kHz) and ΔTrelax, provided evidence that the
BBST 10% Bi is a relaxor ferroelectric with strong diffuse
phase transition and frequency dispersion.

Relaxors have often been reported to behave like spin-glass
systems in magnetism, and the relaxation effects to follow an
empirical Vogel–Fulcher relationship [13,14]. In this model,
the dielectric relaxation appears as a result from thermally
activated polarization reversals between two equivalent var-
iants, and the polarization flipping frequency f0 is related to the
activation energy Ea (the barrier between two equivalent
polarization states) as follows:

f ¼ f 0exp −
Ea

kðTm−Tf Þ

� �
ð6Þ

where f0 refers to the Debye frequency, k to the Boltzmann
constant, and Tf to the static freezing temperature. The
parameters obtained by fitting were Tf=185 K, f0=1.18� 1010

Hz, and Ea=0.35 eV.
All the optically active Raman modes in the tetragonal phase

of BT can be represented as follows: ΓOPtet=3[A1 (TO)þA1

(LO)]þB1þ 4[E (TO)þE (LO)]. The Raman spectra of the
BT tetragonal phase are known to consist of four dominant
bands with positions at 250 (A1 (TO)), 307 (B1, E (TOþLO)),
515 (A1 (TO), E (TO)), and 715 cm−1 (A1 (LO), E (LO))
[15,16]. These Raman bands have been assigned to more than
one phonon mode because the wavenumbers of some A1 and E
modes are so close that the observable modes become mixed
[16]. The Raman spectra of the tetragonal BT phase could also
contain weak bands at 185 cm−1 (A1 (TO)) and a negative dip
at 180 cm−1 (E (TO), E (LO)).
The Raman spectra recorded for the BBST ceramics under

investigation at room temperature are shown in Fig. 6. The
characteristic bands observed for two samples at about 250,
300, 518, and 725 cm−1 were typical to the tetragonal
structure. Since Raman scattering can be observed at around
250 and 518 cm−1 for both the tetragonal and cubic symme-
tries of BT [17], the tetragonal phase can be determined by
observing the relative intensity of the bands at 300 and
725 cm−1. The band at 300 cm−1 was assigned to the B1

mode, indicating asymmetry within the [TiO6] octahedral,
while the band at 725 cm−1 was ascribed to the highest
wavenumber of the longitudinal optical mode (LO) of A1

symmetry. Although the two observed bands clearly confirmed
the presence of the tetragonal phase, possible phase coex-
istence could not be excluded. The development of the
ferroelectric phase transition with temperature was monitored
by observing the intensity ratio of the band at 725 cm−1 and
518 cm−1. The gradual decrease of the intensity and the
sharpness of the tetragonal band at 307 cm−1 indicated a
diffuse phase transition from the tetragonal to the cubic phase
(Fig. 7).
For nearly half a century since the discovery of relaxors,

several theoretical models, including the superparaelectricity,
dipolar glass, and random-field models, have been proposed to
explain relaxor behaviour. A common point between these
models relates to the local order–disorder of the crystal
structure that gives rise to polar clusters embedded in the
matrix. The relaxor behaviour may exist irrespective of
whether the matrix is ferroelectric or paraelectric, which is
the dynamic response of the polar clusters induced in the
system [18,19]. According to the electronic configurations of
Xe 4f145d106s26p3 for Bi, the Bi3þ with the 6s2 single ion pair
can be deduced to have a large stereochemical activity similar



Fig. 7. Raman spectra of BBST 10% Bi at various temperatures.

F. Bahri, H. Khemakhem / Ceramics International 39 (2013) 7571–7575 7575
to the neighbour element of Ba2þ . Considering the stereo-
chemical activity of the Bi single pair and the large difference
of ionic radii between the host Ba2þ ion and the added Bi3þ

ion, Bi impurity can drive the large displacement at the off-
centered A position, resulting in the formation of the polar
clusters, which induced the transformation from normal ferro-
electrics to relaxors.

4. Conclusions

(Ba0.8Sr0.2)(1−1.5y)BiyTiO3 ceramic compositions were pre-
pared by the conventional solid-state method. Bi3þ ions
entered the unit cell and substituted for A-site ions up to
y¼10%, maintaining the perovskite structure of the solid
solution. The incorporation of Bi2O3 induced the ferroelectric
relaxor behaviour in the Ba0.8Sr0.2TiO3 system. The quantita-
tive characterization and comparison of the relaxor behaviour
based on empirical parameters (ΔTm,γ, ΔTrelax, ΔTdiffuse (1 kHz))
confirmed its relaxor behaviour with strong diffuse phase
transition. The relaxor behaviour originated from the micro-
polar clusters, which stemmed from the heterovalent substitu-
tions of Bi3þ at Ba2þ and/or Sr2þ site. The findings from
Raman spectroscopic analysis confirmed the results from
dielectric and RX measurements. Overall, this work presents
a simple composition-controlled perovskite system for the
study of relaxors and provides ample evidence for the potential
candidacy of BBST ceramics as alternative sources for the
development of new and eco-friendly lead-free ferroelectric
materials.
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