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(Ba0.68−xSr0.311Bi0.006Mgx)(Ti0.99Sn0.01)O3 ceramics were prepared by conventional solid state reaction
method. The influences of Mg2+ content on structure, dielectric and electric properties of the sintered
specimens were investigated. At lower Mg2+ concentrations (x ≤ 0.015), Mg2+ replaced Bi3+ at the A-site
in the perovskite structure, which made dielectric constant to obey the Curie–Weiss law above the phase
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transition temperature. The Bi3+ expelled from the lattice by Mg2+ were concentrated at grain surfaces,
which caused significant decrease in grain size and εmax. At higher Mg2+ concentrations (x > 0.015), Mg2+

acted as an acceptor dopant to replace Ti4+ at the B-site of the perovskite structure, leading to a deforma-
tion of the cubic lattice and making dielectric behavior to deviate from the Curie–Weiss law above the
phase transition temperature. In high temperature region, the conduction carriers of all samples were
hase transitions
rain size

controlled by VO
··.

. Introduction

Dielectric and ferroelectric materials have been widely
mployed in various industrial applications, such as dynamic
andom access memory, microwave filters, voltage controlled oscil-
ators and telecommunication technologies [1–4]. Conventional
ielectric and ferroelectric are mainly lead-based ceramic mate-
ial, which has been considered to be a serious threat to the
nvironment [5]. Therefore, there has been a strong demand to
evelop lead-free ceramics, whose dielectric properties should be
omparable to those of their lead-containing counterparts. Many
ttentions have been paid to improve the dielectric properties
f BaTiO3 ceramic via partial substitution of either Ba-ions (A-
ite doping) or Ti-ions (B-site doping) [6]. So far, many new solid
olutions with excellent properties have been developed, such as
a1−xSrxTiO3 [7], BaTi1−xSnxO3 [8–10] and (BaSr)(SnTi)O3 [11,12]
eramics. Among them, stannum-containing titanate ceramics (TS)
xhibited promising dielectric properties [8–19]. Aldica et al. [9]
repared dense Ba(Ti1−xSnx)O3 (x = 0.13) ceramic by spark plasma
intering and suggested that the influence of degree of compo-
itional disorder on the average transition temperature can be

ttributed to the disorder-related variation of the average diameter
f the oxygen octahedral surrounding ferroelectric ions in the per-
vskite structure. Du et al. [18] have studied dielectric properties
nd phase transition of Ba(SnxTi1−x)O3 solid solution and observed
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diffuse phase transitions at x ≥ 0.10. Liu et al.’s [19] study indicated
that relaxor ferroelectric behavior of Ba(SnxTi1−x)O3 ceramics at
high x was rather associated with the suppression of homogeneous
strain distortion below Tm induced by the inhomogeneous distri-
bution of the dopant Sn ions leading in turn to the suppression of
transverse correlation of the pre-existing 1 − d polar nano-regions
(below Tm). As known to all, when Mg is substituted for A site
in BaTiO3-based ferroelectric ceramics, the Curie peak of materi-
als may be pressed and broadened. In addition, dielectric relaxor
behavior was observed in Bi-doped (Ba1−xAx)(Ti1−yBy)O3 (A=Sr or
B=Zr) lead-free perovskite-type ceramics systems [20,21].

In this paper, the influences of Mg2+ content
on structure, dielectric and electric properties of
(Ba0.68−xSr0.311Bi0.006Mgx)(Ti0.99Sn0.01)O3 ceramics prepared
by conventional solid state reaction method were studied.
Furthermore, underlying mechanisms of the effect were also
discussed.

2. Experimental

Polycrystalline ceramic samples with a composition of
(Ba0.68−xSr0.311Bi0.006Mgx)(Ti0.99Sn0.01)O3 (B6M, x = 0.000, 0.005, 0.010, 0.015,
0.020, 0.025 and 0.030, abbreviated as B6M0, B6M5, B6M10, B6M15, B6M20,
B6M25 and B6M30, respectively) were prepared by solid-state reaction. Raw
materials used were high purity TiO2 (>98.0%), BaCO3 (>99.0%), SrCO3 (>99.0%),
SnO2 (>99.0%), Bi2O3 (>98.0%) and (MgCO3)4·Mg(OH)2·5H2O (>99.0%). They were

mixed by ball-milling. The mixtures were dried and then calcined at 1080 ◦C
for 2 h. All calcined powders were mixed with 0.2 at.% ZnO and 0.2 at.% MnO2,
reground, dried, granulated (with polyvinyl alcohol as a binder for granulation),
pressed into pellet (˚ × d = 15.00 mm × 2.00 mm) at 170 MPa. They were sintered at
1280–1340 ◦C for 2 h in the air. Silver paste was coated on both sides as electrodes
for dielectric measurements. The coated samples were fired at 850 ◦C for 20 min.
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Fig. 1. XRD patterns of all sintered samples.

Fig. 2. SEM images of fracture surface of the sintered samples: (a) B6M0, (b) B6M5, (c) B6M15, (d) B6M20, (e) B6M25 and (f) B6M30.
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ig. 3. Temperature dependences of relative dielectric constant for all sintered sam-
les.

Phase compositions of the samples were analyzed by using X-ray diffractometer
XRD; Model GIRAKU D/MAX 2500V/PC, Japan). Microstructures of the samples were
bserved with Scanning electron microscope (SEM Philips XL30ESEM).

Capacitance quantity (C) and loss factor (D) were measured by using a capac-
tance apparatus (Automatic LCR Meter 4225, China) at 1 kHz. Dielectric constant
εr) and dielectric loss tangent (tan ı) were calculated as follows:

r = 14.4Ch

�2

an ı = fD

1000

here C and D are the measured capacitance quantities (pF) and loss factors of the
amples, respectively. h, ϕ, and f are thickness (cm), diameter (cm) and frequency,
espectively. Temperature dependence of dielectric constant and dielectric loss tan-
ent (tan ı) were obtained at temperatures ranging from −25 ◦C to 90 ◦C. Curie
emperature (TC) was determined from the temperature dependence of dielectric
onstant.

. Results and discussion

.1. Crystal structure and microstructure

Fig. 1 shows XRD patterns of all sintered samples. It can be seen
hat all samples have a perovskite structure at room temperature.

hen x ≤ 0.015, crystalline symmetry of the ceramics is cubic. On
he other hand, when x > 0.015, the splitting of (2 1 1) peak indicates
hat there is a distortion in the cubic lattice. Especially, the slight
plitting of (2 0 0) peak in Fig. 1(b) indicates that tetragonal and
ubic phases coexist in B6M30. In previous works [22,23], Mg2+

as reported to act as an acceptor to replace Ti4+ of the B site of the
erovskite structure, because Mg2+ is similar to Ti4+ in radius. In this
ork, the deformation of cubic lattice implies that Mg2+ substituted

i4+ of B-site of the perovskite structure and then oxygen vacancies
VO

··) formed when x > 0.015.

gO(–TiO2) ⇔ Mg′′
Ti + VO

•• + O0 (1)

Fig. 2 shows SEM images of fracture surface of the sintered
amples. Grain size of B6M0 is 8–12 �m while grain size of the
g-doped samples is 0.5–1 �m.
.2. Dielectric and ferroelectric properties

Fig. 3 shows temperature dependences of relative dielectric con-
tant of all samples. It is obvious that dielectric constant peaks
εmax) of the Mg-doped ceramics are markedly broadened and
Fig. 4. Temperature dependences of dielectric loss for all sintered samples.

reduced as compared to B6M0. This behavior is attributed to the
small grain sizes of the doped samples. As is well known, a decrease
in the grain size causes an increase in fraction of grain boundary,
which is non-ferroelectric, and thus leads to the reduction of εmax.

Temperature dependences of dielectric loss of all samples are
shown in Fig. 4. Dielectric losses of B6M0 and B6M5 increase greatly
at above 25 ◦C. At x ≥ 0.010, the addition of Mg2+ reduces signif-
icantly dielectric losses of the samples over 20–90 ◦C. It has been
widely accepted that A-site vacancies (VA

′′) may appear in Bi-doped
perovskite-type ceramics to compensate for the charge imbalance
arising from the substitution of A-site ions by Bi3+ ions [20,21,24].
The presence of vacancies and defects would cause larger losses
at higher temperatures. Therefore, dielectric losses of B6M0 and
B6M5 above 25 ◦C are mainly related to A-site vacancies (VA

′′). The
obvious decrease in dielectric losses for the samples with x ≥ 0.010
over 20–90 ◦C implies that Mg2+ (0.72 Å) replaced Bi3+ (1.38 Å) at
A-site of the perovskite structure and thus reduced A-site vacancies
(VA

′′). At x ≥ 0.010, most Bi3+ was replaced by Mg2+ and there were
almost no A-site vacancies (VA

′′). Most likely, some Bi3+ ions were
from the lattice by Mg2+ and were concentrated at grain boundaries,
which caused grain-boundary pinning and thus led to the marked
decrease in grain size and thus the decrease in εmax. Dielectric
loss of B6M30 increases markedly at above 50 ◦C, which is related
mainly to the high concentration of oxygen vacancies (VO

··) caused
by the substitution of Mg2+ for Ti4+ (Eq. (1)).

In the vicinity of transition temperature, dielectric constant
εr and Curie temperature TC corresponding to dielectric constant
peaks (εmax) of ferroelectric crystals can be described by the
Curie–Weiss law:

εr = C

T − T0
(2)

where C is Curie constant and T0 is Curie–Weiss temperature,
respectively. Fig. 5 shows plots of inverse dielectric constant versus
temperature for all samples. Ferroelectric–paraelectric phase tran-
sition is of first order at T0 < TC and of second order at T0 = TC. It
can be seen that inverse dielectric constant versus temperature
of B6M0 and B6M30 deviates from Curie–Weiss law above phase
transition temperature, which reveals a diffuse phase transition

[25]. This phenomenon may be ascribed to disordering caused by
compositional fluctuation and structural defects [26,27]. In addi-
tion, Zhou et al. [21] proposed that, Bi3+ ions substituting for Sr2+

in perovskite structure ABO3 can be located at off-center posi-
tions, and then a random electric field formed by off-center Bi3+
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Fig. 5. Temperature dependences of 1/εr for all sintered ceramics.
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Fig. 6. �T of the ceramics as a function of Mg2+ content.
ons and Bi3+–VA
′′ dipoles would increase diffuseness. For B6M0,

he diffuse phase transition may be associated with VA
′′ (struc-

ural defects) and the random electric field. According to above
nalysis, the off-center Bi3+ ions and Bi3+–VA

′′ dipoles were almost
onexistent in B6M30, but there were MgTi

′′ and VO
··, accordingly

Fig. 7. DC and AC conducti
pounds 509 (2011) 2496–2502

a random electric field were also formed by MgTi
′′–VO

··. Therefore,
random electric field and as well as VO

·· (structural defects) resulted
in the diffuse phase transition of B6M30. The samples with com-
positions of 0.005 ≤ x ≤ 0.025 abide the conventional Curie–Weiss
law above phase transition temperature. The phase transitions are
of first order. In order to describe the degree of obedience to the
Curie–Weiss law, �T is defined as

�T = TC − T0 (3)

The plot of �T versus x (Mg2+ content) is shown in Fig. 6. Obvi-
ously, �T increases with the increase of Mg2+ content at x ≤ 0.015,
but it decreases with increasing Mg2+ at x > 0.015. This again implies
that Mg2+ replaced Bi3+ at A-site in the perovskite structure and
the concentration of A-site vacancies (VA

′′) and the random elec-
tric field decreased at x ≤ 0.015, but at x > 0.015, Mg2+ substituted
Ti4+ at B-site of the perovskite structure and thus there were more
structural defects (VO

··) and the random electric field.
From the above, Mg2+ would counteract effect of Bi3+ on the

diffuse phase transition of (Ba0.68Sr0.311Bi0.006)(Ti0.99Sn0.01)O3.
3.3. Electric conduction

Fig. 7 shows temperature dependences of conductance of the
samples at DC, 10 kHz AC, 1 kHz AC, and 100 Hz AC. According to
Arrehenius relationship (Eq. (4)), we fitted the curves to obtain Ea

vities of all ceramics.
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Fig. 7.

t DC (200–450 ◦C) for all samples.

= �0 exp
(−Ea

kT

)
(4)

here �0 is a pre-exponential factor, Ea is the activation energy
nd k is the Boltzmann constant. The samples B6M0 and B6M5
ave strong frequency dependence and small Ea at DC (0.55 eV and
.34 eV) in region A. This observation may be related to vacancy
ransition (VA

′′) and hole (h
•
) for charge compensation of VA

′′.
n the other hand, all ceramics, except B6M0, demonstrate Ea of
.84–1.17 eV and frequency dispersions in the region Wei et al.
28] attributed this frequency dispersion to hopping of localized
ole (h

•
), which was formed via oxidation of oxygen vacancies.

1
2

O2 + V
••
O ⇔ O0 + 2h

•
(5)

In region B, for B6M0, Ea of 0.96 eV is close to those of other

amples. Therefore, it can be concluded that the conduction carriers
re also the holes (h·) controlled by VO

··, which were caused by
olatilization of Bi3+. But only when temperature is above 300 ◦C,
a of B6M0 is close to those of other samples. This may be related
o more VA

′′ which can trap the holes (h·).
inued)

4. Conclusions

Structure, dielectric and electric properties of
(Ba0.68−xSr0.311Bi0.006Mgx)(Ti0.99Sn0.01)O3 ceramics were influ-
enced by the content of Mg2+. At lower Mg2+ concentrations
(x ≤ 0.015), Mg2+ replaced Bi3+ at A-site in the perovskite struc-
ture, which made dielectric constant of the samples to obey the
Curie–Weiss law above phase transition temperature. The Bi3+ ions
were expelled from the lattice by Mg2+ and concentrated at grain
boundaries, which caused a significant decrease in grain size and
thus εmax. At higher Mg2+ concentrations (x > 0.015), Mg2+ acted
as an acceptor to replace Ti4+ at B-site of the perovskite structure,
leading to a deformation of the cubic lattice and thus making
dielectric constant of the samples to deviate from the Curie–Weiss
law above phase transition temperature. In high temperature
region, the conduction carriers of all samples were controlled by
VO

··.
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