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Dielectric properties of bismuth doped Ba;_ , Sr, TiO5 ceramics
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Abstract

The dielectric properties of bismuth (5 at.%) doped Ba;_,Sr,TiO5; (x=0, 0.2, 0.4, 0.6 and 0.8) ceramics are investigated. Bi
doping significantly decreases the dielectric permittivity maximum of ferroelectric—paraelectric phase transition of Ba;_.Sr,TiO3
solid solutions and shifts the ferroelectric—paraelectric phase transition temperature to lower temperatures for the x=0, 0.2, 0.4 and
0.6 compositions but to higher temperature for the x=0.8 composition. Bi doped BaTiOj still exhibits normal ferroelectric char-
acteristic while a relaxor behavior was observed in Bi doped Ba;_,Sr,TiO5 and the degree of the diffuseness and the relaxation
increases as x increases. A random electric field is suggested to be responsible for the relaxor behavior observations. © 2001

Elsevier Science Ltd. All rights reserved.
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1. Introduction

Barium titanate (BaTiO3) is known as a typical ferro-
electric material with three phase transtions: a ferro-
electric—paraelectric phase transition (cubic—tetragonal)
around 130°C (also called Curie temperature 7.), a
tetragonal-orthorhombic phase transition around 5°C
and an orthorhombic-thombohedral phase transition
around —80°C. BaTiO3 based solid solutions have been
a subject of extensive studies since the early 1950s.
Among them, many papers were devoted to BaTiO;—
SrTiO; solid solutions.!> Previous studies on the
dielectric properties of Ba;_,Sr,TiO; ceramic solid
solutions have shown that the compositions with x<0.8
exhibited normal ferroelectric behavior while a relaxor
characteristic was observed in the SrTiOj rich region
(x>0.8).34

SrTiO;5 is a quantum paraelectric which shows high
dielectric permittivity at low temperature.’> No ferro-
electric phase transition occurs down to almost 0 K.°
However, a low temperature relaxation behaviour,
similar to that observed in ferroelectric relaxors, has
been observed in doped SrTiO; such as Sr;_,Ca, TiO5°
and Sri_; s Bi, TiO3.” A widely accepted viewpoint is
that the relaxation of these systems is due to a random
field induced domain state.
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The present paper investigates the dielectric properties
of bismuth doped Ba;_,Sr, TiO5 ceramics for x<0.8. A
ferroelectric relaxor behavior is observed. The degree of
the diffuseness and the relaxation of the ferroelectric—
paraelectric phase transition increases as X increases.
The possible mechanism responsible for the relaxor
observation is discussed.

2. Experimental

Ceramic samples were prepared by the conventional
mixed oxide method. Reagent grade BaCOj;, SrCOs;,
TiO, and Bi,O3 were weighed according to the compo-
sition ((B31_xSrX)l_llsJ,,BiniO3 (.XZO, 02, 0.4, 0.6 and
0.8, y=0 and 0.05). After ball-milled in alcohol for 6 h
using agate pots and agate balls in a planetary mill, the
powders were dried, and then calcined between 1100
and 1200°C for 6 h. The calcined powders were milled
again for 8-10 h, to obtain powders of less than 5 um of
particle size. Pellets of 10 mm in diameter and 2-3 mm
in thickness were uniaxially pressed at 100 MPa and
then isostatically pressed at 250 MPa. For undoped
Ba;_,Sr, TiO; ceramics (i.e. y=0), the sintering was
conducted at 1300, 1300, 1320, 1350 and 1380°C corre-
sponding to x=0, 0.2, 0.4, 0.6 and 0.8 respectively for
4 h, followed by a furnace cooling. For 5 at.% Bi doped
Ba;_,Sr, TiO5 ceramics (i.e. y=0.05), the sintering tem-
perature was 1250, 1250, 1280, 1300 and 1300°C corre-
sponding to x=0, 0.2, 0.4, 0.6 and 0.8 respectively. The
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sintering conditions had to be adjusted for each sample
composition to obtain high relative densities (>95% of
theoretical density).

For X-ray diffraction (XRD) analysis, some of the
sintered samples were ground into powders in order to
avoid possible orientation effects. The XRD was con-
ducted at room temperature using CuKa radiation.

The microstructure of the samples was observed in
polished sections, using scanning electron microscopy
(SEM) with X-ray energy dispersive spectroscopy
(EDS), for chemical analysis.

For the diclectric measurements, sintered samples
were polished and gold electrodes were sputtered on
both sides. Dielectric permittivity was measured, at dif-
ferent frequencies between 100 Hz and 1 MHz, as a
function of temperature, using a Solartron 1260 Impe-
dance/Gain-Phase Analyzer and a Displex APD-Cryo-
genics cryostat during heating up at a rate of 1 K/min in
the temperature range of 12-320 K. Measurements in
the range of 320-600 K were done in a furnace during
heating up at a rate of 1 K/min.

3. Results

It has been reported that the solubility limit of Bi in
BaTiO; is around 5 at.%?® and it is around 10 at.% in
Ba »Sr( s TiO5? at 1250°C. It is then possible to assume
that 5 at.% of Bi doping can be fully incorporated into
the perovskite lattice of Ba,_,Sr,TiO; (x<0.8). XRD
analysis confirmed this assumption. The XRD patterns
of all the compositions showed a single perovskite
phase. Fig. 1 shows the XRD patterns of 5 at.% Bi
doped Ba;_,Sr, TiO; for x=0 and 0.8 compositions.

The SEM micrographs of undoped and 5 at.% Bi
doped Ba;_,Sr, TiO3; samples showed a dense and
homogeneous microstructure, as can be seen in Fig. 2,
representatively for Bi doped x=0.8 composition. The
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Fig. 1. XRD patterns of 5 at.% Bi doped Ba;_,Sr, TiO; (x=0 and
0.8) ceramics.

grain size of the studied ceramics vary between 2.3 and
15 um with lower values for compositions with higher x-
values and Bi doping. The chemical nature of the grains
was checked by EDS analysis. No evident composition
difference was found between different grains.

Evident hysteresis loops were observed for all the com-
positions, indicative of a ferroelectric state. Fig. 3 shows
the hysteresis loop of 5 at.% Bi doped Bag ¢Srg4TiO;
composition.

Fig. 4 shows the temperature dependence of the
dielectric permittivity at various frequencies for the
Ba;_,Sr, TiO3 (x=0, 0.4, 0.6 and 0.8) compositions
undoped and doped with 5 at.% of Bi. Bi doped BaTiO;
still exhibits sharp ferroelectric—paraelectric transition
while the trasition is diffused and relaxed for Bi doped

Fig. 2. SEM micrograph of 5 at.% Bi doped Bag ,Sr( s TiO3 ceramics.
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Fig. 3. Hysteresis loops (50 Hz) of 5 at.% Bi doped Baj¢Sry4TiO3
ceramics at 210 K.
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Fig. 4. Temperature dependence of dielectric permittivity at various frequencies for undoped (left y-axis) and 5 at.% Bi doped (right y-axis)
Ba;_,Sr,TiOj; ceramics where x=0 (a), 0.4 (b), 0.6 (c) and 0.8 (d). Note the scale difference between the left y-axis and the right y-axis in (b), (c) and (d).

Ba;_,Sr, TiO;, this becoming more obvious as x increa-
ses. The low temperature phase transitions of BaTiO3
and Ba;_,Sr, TiO;5 solid solutions vanish after Bi dop-
ing. The reason is being explored.

The permittivity maximum, €.,,x, and the temperature
where the permittivity maximum occurs (transition
temperature), Tax, at 1 kHz, for all the studied com-
positions are shown in Table 1. €, of Ba;_,Sr, TiO3
significantly decreases after Bi doping. The temperature
of the permittivity maximum shifts by Bi doping to
lower temperatures for the x=0, 0.2, 0.4 and 0.6 com-
positions but to higher temperature for the x=0.8
composition.

The diffuseness of the phase transition can be empiri-
cally described by the parameter AT} = T 9emax(100 Hz)
—Temax(100 Hz), 1.€. the difference between the tempera-
ture corresponding to 90% of the permittivity max-
imum €,y in the high temperature side and Temaxcioo
Hz)- The AT values for Bi doped samples are shown in
Table 1. AT, increases as x increases.

In order to quantify the frequency dispersion of Ty,
i.e. the relaxation degree, a parameter A7, defined as
ATzZ Tmax(l MHZ)_Tmax(IOO Hz) Was used. ATz for the
Bi doped samples are also shown in Table 1. AT; also
increases as x increases.

Table 1

Dielectric permittivity maximum (€q,,x) (I kHz), transition temperature
(Timax) (1 kHZ), AT} = T 9emax(100 Hz— Temax(100 Hz) and AT> = Trnax1 MHz)
— T'max(100 1) for undoped and Bi (5 at.%) doped Ba,_,Sr, TiO5 ceramics

Composition €max Trnax AT, AT
x=0 Undoped 10 670 400 - -
5 at.% Bi doped 3400 385 - -
x=0.2 Undoped 19 750 342 - -
5 at.% Bi doped 5400 328 10 0
x=0.4 Undoped 20 310 285 - -
5 at.% Bi doped 5630 273 24 3
x=0.6 Undoped 30 590 211 - -
5 at.% Bi doped 4030 200 28 21
x=0.8 Undoped 23 310 127 - -
5 at.% Bi doped 3480 154 33 33

4. Discussion

As can be seen in Fig. 4, Bi doped BaTiOj still shows
a sharp dielectric permittivity peak with no frequency
dispersion of the peak temperature at the ferroelectric—
paraelectric phase transition. However, in Bi doped
Ba;_, Sr,TiO;5 solid solutions, a relaxor type behavior
was observed, characterized by a diffuse dielectric peak
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with frequency dependence. The degree of the diffuse-
ness (characterized by AT;) and the relaxation (char-
acterized by AT5) significantly increases as the Sr?™
concentration increases (Table 1). These indicate that
the relaxor behavior of Bi doped Ba;_,Sr,TiOs is rela-
ted to the Sr>™ concentration.

In pure SrTiO; no ferroelectric phase transition
occurs at temperature down to almost 0 K.°> However,
evident hysteresis loops were observed in Bi doped
SrTiO; ceramics’, indicating that the ferroelectricity was
induced by Bi doping. A ferroelectric relaxor behavior
was observed in heavily Bi doped SrTiO5 ceramics.” It
was suggested that Bi ions were located at off center
positions of Sr?™ sites,” similarly as suggested for Ca?™*
doped SrTiO;® and Li doped KTaO;.!%!! It was also
suggested that strontium vacancies (V”s,) may occur in
Bi doped SrTiOj3 in order to balance the charge misfit
caused by trivalent Bi* " ions substituting divalent Sr?*
ions.” Off-center Bi** ions and Bi* " —J"g, centers form
dipoles and thus set up local electric fields. The ferro-
electric relaxor behavior of Bi doped SrTiO; was then
attributed to the random field induced domain state.”

According to the suggestions for Bi doped SrTiOs,’
the Bi*" ions substituting for Sr** in Ba,_.Sr,TiO;
solid solutions can also be located at off-center positions
and A site (strontium and/or barium) vacancies (V" 4)
may also appear to compensate the charge imbalance
arising from the substitution of A sites by Bi*" ions. A
random electric field formed by off-center Bi** ions and
Bi’* -V, dipoles would then suppress the ferroelec-
tricity of Ba;_,Sr, TiO; solid solutions, resulting in the
relaxor behavior of Bi doped Ba;_,Sr,TiOz ceramics.
Following this idea, the Bi** ions substituting for Ba?™*
ions should not be at off-center positions since Bi doped
BaTiO3 does not show dielectric diffuseness and fre-
quency dispersion. The ionic radius of Bi** is smaller
than the ionic radius of Sr?>* and Ba?*'? and the cal-
culated polarizabilities'3 of Ba>* (6.40x 10724 cm?), Sr2*
(4.24x1072* cm?) and Bi*" (6.12x1072* c¢m?) indicate
that the polarizability of Bi’* will be between those of
Sr>* and Ba’?*. Vugmeister et al.!' have suggested that
the substituting ions with smaller ionic radius and
greater polarization forces than the lattice ions will
favor off-center location. This can offer an explanation
for the effect above described i.e. that the degree of the
diffuseness and the relaxation of Bi doped Ba;_,
Sr, TiOs increases as x increases since the tendency of
Bi* " to be off-center located in the Ba,_,Sr, TiO; lattice
should increase as the Sr>" concentration increases.

5. Conclusions
The dielectric properties of bismuth (5 at.%) doped

Ba,_,Sr, TiO; (x=0, 0.2, 0.4, 0.6 and 0.8) ceramics are
investigated.

Bi doping significantly decreases the dielectric per-
mittivity maximum of Ba;_,Sr, TiO; and shifts the
maximum temperature to lower temperatures for the
x=0,0.2,0.4 and 0.6 compositions but to higher tem-
perature for the x=0.8 composition.

Undoped Ba;_,Sr,TiO; compositions (x<0.8) are
normal ferroelectrics. Bi doped BaTiOj still exhibited a
sharp paraelectric—ferroelectric phase transition while a
relaxor behavior was observed in Bi doped Ba;_,Sr,.
TiOs3, becoming more obvious as x increases. The
relaxor behavior was characterized. It was shown that
the degree of the diffuseness and the relaxation of the
phase transition increases as x increases. A random
electric field is suggested to be responsible for the
relaxor behavior observations.
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