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A series of compounds, CaBi4Ti4O15 �CBT�, SrBi4Ti4O15 �SBT�, and BaBi4Ti4O15 �BBT�,
belonging to the Aurivillus-type structure �four layers� has been prepared by a modified chemical
route. Different oxalates were precipitated from their respective nitrate solution onto the surface of
TiO2 powders. The room temperature x-ray diffraction study reveled that the compounds were
having orthorhombic symmetry. Considering the tolerance factor, a significant deformation of the
perovskite block is observed and that decreases with increase in ionic radius of A site atom.
Temperature dependent dielectric study showed normal ferroelectric to paraelectric transition well
above the room temperature except for BBT. The BBT ceramic showed a relaxorlike behavior near
phase transition. The quantitative characterization and comparison of relaxor behavior were based
on empirical parameters � and �Tres. The dielectric relaxation rate follows the Vogel–Fulcher
relation with activation energy=0.02 eV and freezing temperature=362 °C. All these
measurements confirmed its relaxorlike phase transition. © 2009 American Institute of Physics.
�DOI: 10.1063/1.3068344�

I. INTRODUCTION

On the basis of structure ferroelectric oxides may be
classified into four types: �1� perovskite �e.g., BaTiO3,
KNbO3�, �2� pyrochlore �e.g., Cd2Nb2O7�, �3� tungsten
bronze �e.g., PbNbO6, PbTaO6�, and �4� layer-type bismuth
compound �e.g., PbBi2Nb2O9�. A feature common to all
these four structures is the presence of ions of small size and
large charge �e.g., Ti4+, Nb5+, Ta5+, etc.� in oxygen octahe-
dra, which are linked through corners forming a continuous
chain of oxygen-metal-oxygen. Since bismuth layered struc-
ture ferroelectrics play an important role in the dielectric and
ferroelectric devices, its crystal structure and material prop-
erties have been widely investigated for the past several
decades.1–3 In its crystal structure perovskite blocks
�Am−1BmO3m+1� are sandwiched between Bi2O2 layers and
these perovskite blocks are composed of m layer BO6 octa-
hedra with A site cation. In this notation A represents mono-,
bi-, or trivalent ion and B denotes a tetra-, penta-, or hexava-
lent ion.

Aurivillus oxides, CaBi4Ti4O15 �CBT�, SrBi4Ti4O15

�SBT�, and BaBi4Ti4O15 �BBT� attracted much attention be-
cause of their low operating voltage, fast switching speed,
negligible fatigue up to 1012 switching cycles, excellent re-
tention characteristics, and low leakage current density on Pt
electrodes for integrated device applications in nonvolatile

ferroelectric random access memory �FRAM�.4–8 Large rem-
nant polarization, low coercive field, and high Curie tem-
perature are required for better performance and reliable op-
erations of FRAM devices. These physical properties of
ceramics are greatly affected by the characteristics of the
powder, such as particle size, morphology, purity, and chemi-
cal composition. Chemical methods, e.g., coprecipitation, sol
gel, and hydrothermal and colloid emulsion technique have
been confirmed to efficiently control the morphology and
chemical composition of prepared product. However, these
wet chemical techniques, sol gel, and hydrothermal and col-
loid emulsions are time consuming and involve highly un-
stable alkoxides and it is difficult to maintain reaction con-
ditions. Ceramics are usually prepared by grinding and
calcinations of oxides and carbonates. However, this method
has several disadvantages such as compositional inhomoge-
neity, nonuniformity of particle size and shape, high impurity
content, lack of reproducibility, and necessity of repeating
the process. The conventional way to synthesize Bi based
layer structure via solid-state reaction at high temperatures9

is also not suitable for ferroelectric applications since the
high-temperature synthesis can lead to the formation of an
unwanted nonferroelectric bismuth-deficient pyrochlore
phase resulting from the severe loss of the bismuth compo-
nent at high temperatures.10–12 The soft chemical method
presents many advantages, such as the possibility to work
with aqueous solution at high stochiometry control. Cost ef-
fectiveness such as low-temperature processing and inexpen-
sive precursors and equipments are some additional advan-

a�Author to whom correspondence should be addressed. Tel.: �91-94370-
85441. Electronic mails: skrout@bitmesra.ac.in and drskrout@gmail.com.

b�Electronic mail: siwoo@kaist.ac.kr.

JOURNAL OF APPLIED PHYSICS 105, 024105 �2009�

0021-8979/2009/105�2�/024105/6/$25.00 © 2009 American Institute of Physics105, 024105-1

Downloaded 13 Apr 2011 to 143.248.118.105. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions

http://dx.doi.org/10.1063/1.3068344
http://dx.doi.org/10.1063/1.3068344
http://dx.doi.org/10.1063/1.3068344


tages. In the present study, Aurivillius oxides ABi4Ti4O15

�A=Ca,Sr,Ba� ceramics have been prepared by a modified
chemical route and their temperature dependent dielectric
properties have been investigated. The obtained physical
properties were compared with earlier structural reports on
these compositions.

II. EXPERIMENTAL

The basic materials used in the synthesis were
Ca�NO3�2, Sr�NO3�2, Ba�NO3�2, Bi�NO2�3, TiO2 �d10

=027 �m, d50=0.35 �m, and d90=048 �m�, and oxalic
acid. An aqueous solution of 0.2M of the respective alkaline
earth metal nitrate and bismuth nitrate were prepared using
de-ionized water. An appropriate amount of TiO2 was added
to a 0.2M oxalic acid solution and was ultrasonicated for 10
min to break TiO2 agglomeration and then kept on the stirrer
for continuous stirring to ensure suspension. The solution
containing alkaline earth metal nitrate and bismuth nitrate
were added dropwise into the suspension of TiO2 in oxalic
acid solution under continuous stirring. Finally the pH of the
solution was maintained at 7 by adding ammonia solution.
All of the above experiments were carried out at room tem-
perature. This process precipitates alkaline earth metal ox-
alate on the surface of fine TiO2 particles by nucleation.
Similar types of ceramic synthesis have been reported earlier
by the same author for BaTi0.6Zr0.4O3 �Ref. 13� and
BaTiO3.14 The resulting precipitate was filtered out and
washed repeatedly with isopropyl alcohol and the powders
were calcined at 750 °C for 4 h and 950 °C for 4 h with
intermediate mixing and grinding. The synthesized powders
were characterized with respect to phase identification and
lattice parameter measurements using Cu K� x-ray diffrac-
tion �XRD� �Xpert MPD, Philips�. Surface morphologies
were studied by using a scanning electron microscope �SEM,
S-4200, Hitachi, Japan�. For electrical property measure-
ments, pellets were prepared with 2 wt % polyvinyl alcohol
solution added as binder and were sintered at 1050 °C for 4
h. The density and porosity were evaluated using
Archimedes’ principle and found to be nearly 97% of the
theoretical density. Silver electrodes were applied on the op-
posite disk faces by dc sputter �Cressington 108, Cressing-
ton. Inc., USA�. Dielectric measurements were carried out in
the frequency range from 50 Hz to 1 MHz using an imped-

ance analyzer �HP 4192A, USA� connected to a personal
computer. The dielectric data were collected at an interval of
2 °C while heating at a rate of 0.5 °C /min.

III. RESULTS AND DISCUSSION

Figures 1–3 show the room temperature powder XRD
patterns of CBT, SBT, and BBT ceramics recorded by using
Cu K� radiation. The preparation of Bi layered ceramics is
always troubled by the coexistence of a pyrochlore phase,
which is considered to be due to the thermal decomposition
reaction caused by the vaporization of bismuth species. In
the present work, there is no such evidence of the existence
of any impurity phase or its quantity is too small to be de-
tected. The XRD patterns were indexed in the orthorhombic
symmetry and cell parameters were refined by using the stan-
dard CCP-14 program CHEKCELL.15 The lattice parameters
are found to be a=5.461, b=5.4235, and c=40.550 Å for
CBT, a=5.4507, b=5.4376, and c=40.9841 Å for SBT, and
a=5.443, b=5.432, and c=41.694 Å for BBT ceramic.
These observed lattice parameters are in excellent agreement
with those reported elsewhere.16–18 Aurivillius originally de-
scribed BBT as tetragonal at room temperature, while re-
maining oxides �SBT, CBT� as orthorhombic.19 Irie et al.20

suggested that BBT is in fact orthorhombic, although they
did not present any detailed structural information. Recently,
Kennedy et al.21 studied the structure of the four oxides
ABi4Ti4O15 �A=Ca,Sr,Ba,Pb� using a combination of pow-
der synchrotron x-ray and neutron diffraction data. They sug-
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FIG. 1. Room temperature powder XRD pattern of CaBi4Ti4O15 ceramic.
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FIG. 2. Room temperature powder XRD pattern of SrBi4Ti4O15 ceramic.
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FIG. 3. Room temperature powder XRD pattern of BaBi4Ti4O15 ceramic.
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gested that this orthorhombic structure is due to the combi-
nation of rotation of TiO6, resulting from less than optimal
size of the A-type cation, and displacement of the Ti atoms
toward the Bi2O2 layers. They also observed a partial disor-
der of the Bi and A-type cations in two out of the three
available sites, which increases with the increase in the ra-
dius of the A site cation.

Figure 4 shows the SEM micrograph of different ceram-
ics prepared through this modified chemical route. The figure
shows a platelike grain structure. It is also found from the
SEM micrograph that the grains of different sizes are homo-
geneously distributed.

Figures 5–7 show the temperature dependent dielectric
properties �permittivity and dielectric loss� of ceramics in a
fixed frequency format. It was found that the compounds
CBT �Fig. 5� and SBT �Fig. 6� have frequency independent
transition temperatures at 787 and at 525 °C, respectively,
indicating the occurrence of normal ferroelectric–paraelectric
phase transitions. Above the transition temperature permittiv-
ity follows the Curie–Weiss law. For the BBT compound,
�Fig. 7� the dielectric anomaly is quite broad, covering the
temperature range over 250 °C. This compound exhibits dif-
fuse dielectric constant anomalies around Tm. It can be also
noticed that, for BBT ceramic, the maximum of dielectric
permittivity �m and the corresponding temperature maxi-
mum, Tm, depend on the measurement frequencies. The mag-

nitude of the dielectric constant decreases with an increase in
frequency, and the maximum shifts toward higher tempera-
ture. This indicates that the dielectric polarization is of relax-
ation type in nature. The empirical relaxation strength de-
scribing the frequency dispersion of Tm, defined as �Tres

=Tm�1 MHz�−Tm�10 kHz�, is found to be 16.01 for BBT ce-
ramic. Similar ferroelectric phase transitions have been re-

FIG. 4. Microstructure of �a� CBT, �b� SBT, and �c� BBT powders calcined at 950 °C.
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FIG. 5. Variation of dielectric constant ���� of CBT ceramic as a function
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ported in these compounds prepared by standard ceramic
process.22–24 The observed dielectric constants are in the
same range as that observed by Subbarao.25 Usually ferro-
electrics with a large ionic displacement have a high Curie
temperature, a large spontaneous polarization, and a large
coercive field. The ionic displacements are influenced by
several factors including the ionic size, tolerance factor, and
ionic polarizability. Considering the average ionic radii of
the A site cation, the perovskite tolerance factors, t= �RA

+RO� / �2�RB+RO�, are found to be 0.957, 0.968, and 0.989
for CBT, SBT, and BBT, respectively, which supports the
cation disorder and phase transitions study by synchrotron
x-ray and neutron powder diffraction data.21 The increase in
transition temperature by decreasing A site cationic size
�Ba2+�Sr2+�Ca2+� is consistent with Subbarao’s
suggestion.25 When in a lattice, which is restricted by rigid
Bi2O2 layers, the substitution of A site ion with larger radii
reduces the rattle space for B site ion is reduced. This result
may reduce the transition temperature. On the other side, in
CBT ceramic, when smaller radius Ca is placed in 12 coor-
dination sites, it traps eight near neighbor oxygen and four

more distant ones. This modification suggests a possible dis-
placement of Ca2+ out of the oxygen dodecahedron center to
induce a dipolar moment whose occurrence may lead to in-
crease in transition temperature.

The dielectric losses of the samples �insets of Figs. 5–7�
at low temperature appear to be stable but sensitive at high
temperatures. The higher value of tan � at high temperatures
may be due to transport of ions with higher thermal energy.
The sharp increase in tan � may be due to the scattering of
thermally activated charge carriers and some defects in the
samples. At higher temperature the conductivity begins to
dominate, which in turn is responsible for the rise in tan �
�that is associated with the loss by conduction �i.e., 	

 tan ��. Also at high temperature �paraelectric phase� the
contribution of ferroelectric domain walls to tan � decreases,
which is responsible for the rise in tan �. These types of
dielectric behavior were also observed in some similar types
of compounds.26 The observed dielectric loss in BBT ce-
ramic are less than that observed by Hou et al.24 This may be
due to the lower defect in the crystals, synthesized by this
modified chemical route.

A generalized semiempirical relation has been applied to
describe the phase transition modes of a relaxor-type BBT
compound as

1

��
−

1

�m
= �T − Tm��/C ,

where � and C� are assumed to be constant. The parameter �
gives information on the character of the phase transition.
�=1, a normal ferroelectric–paraelectric phase transition,
and �=2 refers to ideal relaxors with a complete diffuse
phase transition. The plots of log�1 /��−1 /�m� versus log�T
−Tm� at three different frequencies are shown in Fig. 8. The
slopes of the fitting curves are used to determine the value of
the parameter �. The observed values of � refer to the medial
state between relaxor and normal ferroelectrics.

In order to analyze the relaxation feature of the ceramic
frequency dependent Tm is shown in Fig. 9. The experimental
curves were fitted �solid line� using the Vogel–Fulcher �VF�
formula27

100 200 300 400 500 600 700
0

75

150

225

300

SrBi4Ti4O15

200 400 600 800 1000
0.0

2.5

5.0

7.5

10 kHz
100 kHz
1 MHz

ta
n

δ

Temperature (oC)

ε'

Temperature (OC)

FIG. 6. Variation of dielectric constant ���� of SBT ceramic as a function
temperature; inset shows the temperature dependency of dielectric loss
�tan ��.

100 200 300 400 500

250

500

750

1000

1250

1500

BaBi4Ti4O15

100 200 300 400 500

0.0

0.5

1.0

1.5

ta
n

δ

Temperature (OC)

1 kHz
10kHz
100 kHz
1 MHz

ε
'

Temperature (OC)

FIG. 7. Variation of �a� dielectric constant ���� and �b� dielectric loss �tan ��
of BBT ceramic as a function temperature.

1 2 3 4 5
-14

-12

-10

-8

-6
BaBi4Ti4O15

γ=1.69
γ=1.67
γ=1.72

ln
(1
/ε'
-ε
m
)

ln(T-Tm) (
oC)

10 kHz
100 kHz
1 MHz

FIG. 8. log�1 /��−1 /�m� vs log�T−Tm� for BaBi4Ti4O15 at different
frequencies.

024105-4 Rout et al. J. Appl. Phys. 105, 024105 �2009�

Downloaded 13 Apr 2011 to 143.248.118.105. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions



� = �o exp� − Ea

kB�Tm − Tf�
� ,

where �o is the attempt frequency, Ea is the measure of av-
erage activation energy, kB is the Boltzmann constant, and Tf

is the freezing temperature. Tf is regarded as the temperature
where the dynamic reorientation of the dipolar cluster polar-
ization can no longer be thermally activated. The fitting pa-
rameters are Ea=0.02 eV, �o=5.79�1011 Hz, and Tf

=362 °C. The close agreement of the data with the VF rela-
tionship suggests the relaxor behavior in the system. The
observed freezing temperature Tf below the Curie tempera-
ture, being dictated by random bond fluctuations, indicates a
transformation into the ferroelectric long range order state on
cooling. Here the activation energy and pre-exponential fac-
tor are both consistent with thermally activated polarization
fluctuations.

The relaxor behavior as observed in this ceramic can be
induced by many reasons, such as microscopic composition
fluctuation, the merging of micropolar regions into macropo-
lar regions, or a coupling of order parameter and local disor-
der mode through the local strain. Vugmeister and Glinchuk
reported that the randomly distributed electrical strain field
in a mixed oxide system is the main reason leading to the
relaxor behavior.28 As no macroscopic phase separation ex-
ists in the studied ceramic, we cannot exclude chemical het-
erogeneity in nanoscale. The distortion arising in the oxygen
octahedra, a redistribution of the charge, and local formation
of charge center result may be the sources of random field.
This kind of random field is much weaker than that stem-
ming from heterovalent cation substitution as in conventional
relaxors. Hence, at high temperature, the strength of random
field-fluctuating dipole moments of the individual unit cell
can give rise to polar nanoregions. Here the polar correla-
tions are strongly diminished and polar domains are less
likely to nucleate.

The study of BBT crystal has proved a stable spontane-
ous polarization and orthorhombic structure below Tm.18,29

On the other hand, the observed shift of Tm �Fig. 7�a�� with
measuring frequency suggests the existence of polar clusters
in BBT. To explain this, one must understand the cation dis-
order in the Ba based bismuth layered structure compounds.
At the first glance on the formula, one could expect that the
BBT has no cation disorder, as each site seems to be occu-
pied by only one kind of cation. A site bismuth has proved to

contribute much to the ferroelectricity in Bi layered structure
compounds.30,31 Regarding the BaBi4Ti4O15 phase, most of
the previous crystallographic studies32,33,18 have demon-
strated the necessity to partially substitute Bi for Ba in the
�Bi2O2� slabs to account for the experimental diffraction
data. Actually most of the Aurivillius phases possess atomic
positions with a mixed occupancy �on the A and/or B site of
the perovskite blocks� without being associated with a re-
laxor behavior. Kennedy et al.21 observed a partial disorder
of the Bi and A-type cations over two out of the three avail-
able sites, which is maximum for Ba and minimum for Ca in
ABi4Ti4O15 ceramics. Tellier et al.34 showed a distinct posi-
tional �among Ba and Bi ions� and static disorder in the BBT
composition. Such disorder may associate with the ferroelec-
tric relaxor behavior through the formation of local charge
center in the microdomains of BBT ceramics. In addition, the
cation redistribution also leaves positive point charges on
perovskite slabs where Bi3+ replaces Ba2+ and negative point
charges in �Bi2O2�2+ layers where Ba2+ replaces Bi3+. These
point charges result in an inner electric field along the c axis,
which would destroy the long range polar ordering in BBT.
Thus there are only short range polar clusters with a low
concentration existing in the paraelectric matrix. In such a
case, the interaction among these polar clusters is very weak,
and the growth of polar clusters would be difficult on cooling
or under an external electric field, which leads to relaxor
behavior in the BBT ceramic. The random field caused by
the cation redistribution can result in some polar clusters
existing in the macrodomain of BBT, but it is not strong
enough compared with the mean electric field to destroy
completely the long range electric ordering in the composi-
tion. Thus, a real paraelectric-ferroelectric transition occurs
on zero field cooling, although weak relaxor behaviors can
be found in BBT.

IV. CONCLUSIONS

Aurivillius phase compounds, ABi4Ti4O15 �A=Ca, Sr,
and Ba�, were synthesized by a modified chemical route,
precipitating respective nitrate onto the surface of TiO2 par-
ticles. XRD study showed that all compounds have ortho-
rhombic symmetry at room temperature. SEM micrographs
confirmed the platelike grain. Temperature dependent dielec-
tric study revealed that the CBT and SBT ceramics exhibit
sharp transition �normal ferroelectric behavior� at 787 and
525 °C, respectively, whereas BBT showed a broad phase
transition �relaxorlike ferroelectric behavior�. Regarding the
normal phase transition in CBT and SBT, in agreement with
tolerance factor, a significant deformation of the perovskite
block was observed. For BBT ceramics, the quantitative
characterization and comparison of relaxor behavior based
on empirical parameters �� and �Tres� confirmed its relaxor-
like phase transition. The presence of a significant amount of
foreign cations into the �Bi2O2� slabs such as Ba2+ for
BaBi4Ti4O15, the incompatibility between the Ba2+ anionic
environment, and the configuration of the �Bi2O2� slabs be-
come more subtle, and at a local scale the continuity of the
�Bi2O2� slabs cannot be ensured. Existences of such faults or
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FIG. 9. Frequency dependency of 1 /Tm for BBT ceramic. The circles are the
experimental points and the line fits to the VF relationship.
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mismatch in the layers stacking within the crystal may be the
major cause for the observed relaxor behavior in BBT ce-
ramic.
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