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Crystalline structure, microstructure and dielectric properties for Ba(Ti1−yCey )O3

(0 ≤ y ≤ 0.5) ceramics have been studied. Dense ceramics with the relative density higher
than 95% and grain size of 0.7–1.5 µm have been obtained. The limit of the solid solubility
is determined as y = ∼0.3 by the X-ray diffraction, SEM, and dielectric properties
measurements. The crystalline symmetry is tetragonal for the sample with y = 0.02 and
cubic for y ≥ 0.06 at room temperature, and the unit cell increases with increasing Ce
content in the solid solution range. Correspondingly, the dielectric response exhibits three
dielectric peaks for y = 0.02, and one pinched dielectric peak with ferroelectric relaxor
behavior for y ≥ 0.06. C© 2003 Kluwer Academic Publishers

1. Introduction
BaTiO3 is a typical ferroelectric material that has
been extensively studied both theoretically and ex-
perimentally on its dielectric, ferroelectric and piezo-
electric properties, phase transitions, etc [1]. One
of the interesting features in doped BaTiO3 is the
so-called ferroelectric-relaxor behavior. In the last
two decades, many efforts have been devoted to ex-
plore the physical nature of the ferroelectric-relaxor
behavior [2–5]. However, some details of the dy-
namics of dielectric response are still not clear.
Although the ferroelectric relaxor behavior was first
observed in Sn doped BaTiO3 by Smolenskii et al.
[6, 7] many studies on the ferroelectric-relaxor be-
havior are currently focused on Pb-based compounds,
such as Pb(Mg1/3Nb2/3)O3, Pb(Sc1/2Ta1/2)O3 and
(Pb,La)(Zr,Ti)O3 [2–5]. A reason for the difficulty
in understanding of the ferroelectric-relaxor behav-
ior was attributed to the complicated crystalline struc-
ture of the Pb-based compounds [8, 9]. In fact, many
doped BaTiO3 systems show an obvious ferroelectric-
relaxor behavior and possess simple crystalline struc-
ture. From this point view, the doped BaTiO3
system might be a good model material for explor-
ing the physical nature of the ferroelectric-relaxor
behavior.

On the other hand, through doping with different
elements in BaTiO3, the ferroelectric properties of
BaTiO3 can be greatly adjusted in order to meet dif-
ferent demands for applications [10], for example, as
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an important material for making ceramic capacitors
[11–14], and as a lead-free material for high actuator
applications [15–17]. Among BaTiO3-base materials,
the ferroelectric properties of Ce doped BaTiO3 have
recently received much attention due to both the fun-
damental and application interests [12–14]. In the
previous study of Ce doped BaTiO3 [18, 19], the
present authors briefly reported the synthesis and
ferroelectric-relaxor behavior of some compositions for
Ba(Ti1−yCey)O3 ceramics. In this paper, we extend the
compositions to lower Ce concentration, and report a
detail study of the phase assemblages, crystalline struc-
ture, microstructure, and ferroelectric-relaxor behavior
of the Ba(Ti1−yCey)O3 ceramics.

2. Experimental procedure
Ba(Ti1−yCey)O3 ceramics with y = 0, 0.02, 0.06, 0.1,
0.2, 0.3, 0.33, 0.4, and 0.5 were synthesized by the
mixed oxide method. Raw materials BaCO3(>99.5%,
May & Baker Ltd.), CeO2 (>99.99%, Johnson Matthey
GmbH) and TiO2 (>99.8%, Johnson Matthey GmbH)
were weighed according to the nominal composition.
The mixtures were wet mixed in alcohol on a planetary
mill with agate balls for 6 hours and calcined at 1200◦C
for 4 hours. The calcined powders were milled again for
6 hours. After drying, the powders were isostatically
pressed into disks under 300 MPa. Finally, the disks
were sintered in air at 1530◦C–1550◦C for 6 hrs and
furnace cooled.
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The X-ray diffraction (XRD) analysis was carried out
to determine the phase assemblage and lattice parame-
ters of the samples by using Cu Kα radiation (Rigaku) at
room temperature, with 2θ angles between 20◦ and 100◦
and the scanning speed of 1◦/min. The microstructure of
the polished and thermally etched sections of samples
was observed via scanning electron microscopy (SEM)
(Hitachi 4100).

The silver electrodes were pasted and then fired at
650◦C. The dielectric properties were measured with
a Keithley 3330 LCZ Meter and a Solartron 1260
Impedance Analyzer at 0.1, 1, 10, and 100 kHz in
the temperature range 12–500 K under an ac field of
1 V/mm.

3. Results and discussion
3.1. Phase assemblage and

crystalline structure
The XRD patterns of the Ba(Ti1−yCey)O3(0 ≤
y ≤ 0.5) samples are shown in Fig. 1. Single phase
Ba(Ti1−yCey)O3 solid solutions were identified for
y ≤ 0.3, within the XRD resolution. For the sample
with y = 0.33, besides the main phase BaTiO3, an ad-
ditional weak peak appeared, which was identified to

Figure 1 XRD patterns of the Ba(Ti1−yCey )O3 (0 ≤ y ≤ 0.33) ceramics.
∗ main phase; ◦ extra phase.

Figure 2 The lattice parameters (a and c) versus y for the
Ba(Ti1−yCey )O3 ceramics.

be probably CeO2 phase. The samples with y = 0.4 and
0.5 were found to be composed of multiphases BaTiO3,
BaCeO3 and CeO2. These XRD results give the first
evidence that the solid solubility of Ce4+ at Ti ions in
BaTiO3 lattice is at about 30 at.%.

Lattice parameters were calculated by the least
square method. The variation of the lattice parameters
as a function of Ce concentrations is shown in Fig. 2.
In the present work, the sample with y = 0.02 can be
well indexed with a tetragonal symmetry. However, the
samples with y ≥ 0.06 are better indexed by a cubic
symmetry. The lattice parameter of the samples with
y ≥ 0.06 increases monotonically with increasing Ce
content in the range 0.06 ≤ y ≤ 0.3, but almost constant
for y ≥ 0.3, which confirms that the solid solubility of
Ce4+ at Ti sites in BaTiO3 is about 0.3.

It should be pointed out that Ce ions can also substi-
tute for Ba sites. Whether Ce ions enter Ba sites or
Ti sites depends mainly on two facts: (1) the Ba/Ti
ratio, and (2) the sintering temperature and atmosphere.
In our study it was found that it is difficult to control
which sites Ce will be located at for the Ce content be-
low 1 at.%. However, above 1 at.% doping level, the
substitution site of Ce ions can be controlled well by
adjusting Ba/Ti ratio and sintering temperatures in air.
For example, as Ba/Ti <1 and sintering the samples be-
low 1480◦C in air, Ce substitutes for Ba sites, and the
solubility is 8 at.%, which is consistent with the report
in the literature [20]. As Ba/Ti > 1 and the samples were
sintered above 1530◦C in air, Ce ions mainly substitute
for Ti sites, as we observed in this work.

3.2. Microstructure and grain size
The microphotographs of the polished and thermally
etched sections of the Ba(Ti1−yCey)O3 samples are
shown in Fig. 3a–h. The microstructure of the ceram-
ics is uniform and dense. Single-phase solid solutions
have been obtained for the samples with y ≤ 0.3. For
y = 0.4 and 0.5, the ceramic samples are clearly mul-
tiphasic. However, for y = 0.33, only a small amount
of second phase was occasionally identified (probably
being CeO2 as determined by XRD in Fig. 1a), which
was more clearly shown by the combination of the back
scattered and secondary electron images (as shown in
Fig. 4). Thus, the SEM microphotographs also show
that the solid solubility of Ce4+ at Ti sites in BaTiO3
is about 30 at.%, which is in agreement with the re-
sults of XRD patterns analysis and lattice parameter
calculation.
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Figure 3 SEM micrographs of the polished sections of the Ba(Ti1−yCey )O3 ceramics with (a) y = 0.02, (b) y = 0.06, (c) y = 0.1, (d) y = 0.2, (e) y =
0.3, (f ) y = 0.33, (g) y = 0.4 and (h) y = 0.2 sintered at 1530–1550◦C for 6 hours.

The average grain size of the samples was calcu-
lated from the SEM microphotographs. Fig. 5 shows
the average grain size as a function of Ce content for
the Ba(Ti1−yCey)O3 solid solutions. The average grain
size ranges from 0.7 to 1.5 µm.

4. Dielectric properties and discussion
The temperature dependence of the dielectric constant
(ε) at 10 kHz for the Ba(Ti1−yCey)O3 system with
y = 0–0.3 is shown in Fig. 6. For undoped BaTiO3
(y = 0), sharp phase transitions are observed at 402 K,
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Figure 4 The back scattered and secondary electron images of the polished sections of the Ba(Ti1−yCey )O3 sample with y = 0.33.

Figure 5 The average grain size versus y for the Ba(Ti1−yCey )O3

ceramics.

285 K and 204 K, corresponding to the paraelec-
tric (cubic)—ferroelectric (tetragonal) phase transition
(denoted as Tc), ferroelectric phase transitions from
tetragonal to orthorhombic structure (T1) and from
orthorhombic to rhombohedral structure (T2), respec-
tively. For the sample with y = 0.02, which shows a
tetragonal symmetry at room temperature, the three

Figure 6 The temperature dependence of the dielectric constant at
10 kHz for the Ba(Ti1−yCey )O3 solid solutions.

Figure 7 The dielectric constant maximum (εm) at 10 kHz versus y for
the Ba(Ti1−yCey )O3 samples.

phase transitions are observed, similar to that of pure
BaTiO3, however ε peaks are shifted with Tc to a lower
temperature and T1 and T2 to higher temperatures. The
samples are cubic symmetry when y ≥ 0.06, and only
one rounded ε peak is observed. Obviously, the varia-
tion of the dielectric behavior is closely related to the
change in the crystalline structure, which was modified
by Ce doping.

The variation of the dielectric constant maximum
(εm) at 10 kHz as a function of Ce concentration y
is shown in Fig. 7. εm decreases continuously with
increasing Ce concentration until y = 0.3 and keeps
almost constant for y > 0.3. This is due to the solid
solubility of Ce4+ at Ti-sites of BaTiO3 being at about
y = 0.3. However, it should be pointed out that ε is gen-
erally sensitive to the grain size and density of doped
BaTiO3 ceramics. The relative density for the ceramic
samples with y ≤ 0.3 was higher than 95%.

The temperature dependence of ε for the samples
as a function of frequency has been also measured.
For the samples doped with low Ce concentration, al-
most no frequency dependence was observed. However,
rounded ε peaks are observed with obvious frequency
dispersion for the samples with y ≥ 0.1. The repre-
sentative temperature dependence of ε as a function
of frequency for the sample with y = 0.2 is shown in
Fig. 8. The rounded ε peak with frequency dispersion
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Figure 8 The temperature dependence of the dielectric constant for the
Ba(Ti1−yCey )O3 sample with y = 0.2 at 1, 10, and 100 kHz (from top
to bottom). Inset: the relaxational times τ versus temperatures (circles:
experimental data; solid curve: fit to the Vogel–Fulcher relation).

is well developed. The relaxational times (τ ) were ob-
tained from the frequency dependence of the imaginary
part of the complex-permittivity. The temperature de-
pendence of τ is plotted in the inset of Fig. 8. The result
shows that τ follows the Vogel–Fulcher relation [21],

τ = τ0 exp[U/kB(T − TVF)] (1)

where τ0 is the pre-exponential term, E is the hin-
dering barrier, TVF is the Vogel-Fulcher temperature
and kB is the Boltzmann constant. The fitting curve is
shown in the inset of Fig. 8, with the fitting parameters
τ0 = 9.24 × 10−9 s and TVF = 139 K. It is known that
the relaxation rate following the Vogel–Fulcher relation
is a typical characteristic of ferroelectric relaxor. The
result indicates that the sample with y = 0.2 exhibits a
typical ferroelectric-relaxor behavior. The similar be-
havior for the samples with y = 0.1 and 0.3 was also
observed.

5. Conclusions
In this work, detailed results on the crystalline struc-
ture, microstructure and dielectric behavior of the
Ba(Ti1−yCey)O3 system have been reported. The main
results are,

1. The solid solubility of Ce4+ at Ti sites in
Ba(Ti1−yCey)O3 is ∼30 at.%. At room temperature,
the crystal symmetry changes from tetragonal to cu-
bic with increasing Ce within the solubility limit. The
Ba(Ti1−yCey)O3 ceramics with the relative density
higher than 95% have been obtained. The average grain
size is in the range of 0.75 µm to 1.5 µm.

2. With partially substitution of Ce4+ at Ti ions, the
crystalline structure of BaTiO3 is changed from a tetrag-
onal symmetry for y = 0.02 to a cubic symmetry for
y ≥ 0.06 at room temperature, and the unit cell increases

with increasing Ce concentration within the solid so-
lution range. Correspondingly, the dielectric response
exhibits three dielectric peaks for y = 0.02, and one
pinched dielectric peak with ferroelectric-relaxor be-
havior for y ≥ 0.06. That is, a crossover from the ferro-
electric to ferroelectric-relaxor behavior occurred with
increasing Ce concentration in the Ba(Ti1−yCey)O3
solid solutions.
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