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a b s t r a c t

The temperature and frequency dependences of the undoped BaTiO3 ceramics dielectric properties
were measured between 25 ◦C and 700 ◦C and 100 Hz to 10 MHz, respectively. A dielectric anomaly
was observed at low frequencies in the temperature range of 400–700 ◦C. This anomaly was associ-
ated to a low frequency dispersion process taking place at high temperature. The relaxation dynamics of
the conductive process in BaTiO3 ceramics was investigated. A relaxation function in the time domain
(˚(t)) was determined from the frequency dependence of the dielectric modulus, using a relaxation
onductive relaxation process
ielectric anomaly

function in the frequency domain (F*(ω)). In BaTiO3 ceramics context, the best relaxation functions
(F*(ω)), in the temperature ranges of 220–400 ◦C and 425 ◦C and 630 ◦C, were found to be a Cole–Cole and
Davidson–Cole distribution functions, respectively. The relaxation function (f(t)) obtained by the time
domain method was found to be a Kohlrausch–Williams–Watts (KWW) function type. The activation
energy values (0.72 eV and 0.8 eV) reveal a mechanism correlated with the movement of single ionized
oxygen vacancies and electrons of the second level of ionization, probably due to the formation of a

ing t
titanium liquid phase dur

. Introduction

Barium titanate (BaTiO3 or BT) ferroelectric system is a well-
nown ferroelectric and piezoelectric material below the Curie
emperature TC ≈ 120 ◦C [1,2] and above this temperature it is cubic
nd paraelectric [2]. This material is mainly used as a dielectric
ultilayer ceramic capacitors, due to its high dielectric constant

1000–5000, depending on the grain size) and low losses. Other
pplications include: piezoelectric devices (such as: underwa-
er transducers), resistors with positive temperature coefficient
f resistivity (PTCR), electroluminescent panels, and embedded
apacitance in printed circuit boards [1–3].

Some of the perovskite-type ferroelectric oxide materials, such
s: BaTiO3, show a diffuse dielectric anomaly in the temperature
ange of 700–1000 K [4–11]. Different origins have been associated
o this dielectric anomaly (or relaxation process), however, it is not
ell explained yet. Bidault et al. [7] have collected information for

everal types of perovskite oxides, in order to clarify if the diffuse

ielectric anomaly observed in these materials is an intrinsic or
n extrinsic phenomenon. Although, they experimentally reported
hat in perovskite-type ferroelectric oxides the activation energy of
ielectric relaxation in the diffuse dielectric anomaly is quantita-

∗ Corresponding author.
E-mail addresses: yuri@cnt.uo.edu.cu, yurileyet@yahoo.es (Y. Leyet).

921-5107/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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he sintering process.
© 2010 Elsevier B.V. All rights reserved.

tively similar to the conductivity activation energy of the sample,
they did not give a definitive explanation.

On the other hand, combined effects of bulk and surface elec-
trical properties [4,5] have been closely associated to the oxygen
vacancies [4–6]. Recently, it was reported that this anomaly is
a common feature of perovskite structures containing titanium,
where the dielectric relaxation takes place due to the thermal
motion of the oxygen vacancies [3].

The extrinsic nature of the diffuse dielectric anomaly in several
ferroelectric materials, such as: BaTiO3, and Pb0.9La0.1TiO3 single
crystals was confirmed experimentally by Choi et al. [12]. They
also found that the diffuse dielectric anomaly is a competitive phe-
nomenon between both the dielectric relaxation and the electrical
conduction of the relaxing species, which are extrinsically formed
in the lattice.

Taking into account the above mentioned considerations, it is
possible to identify the parameters that provide information about
the mechanisms that cause this anomaly. Parameters, such as: acti-
vation energy, dc conductivity, relaxation time, etc., determined by
distribution functions in frequency domains, can be used to obtain
information about the diffuse dielectric anomaly in pure BaTiO3

ceramics. Generally, this dielectric behavior has been studied by
distribution functions or Debye’s model modified [7–9,11].

The aim of this work is to investigate, in details, the conduction
mechanism of BaTiO3 ferroelectric ceramics in wide temperature
and frequency ranges, based on an analytical method that does not

http://www.sciencedirect.com/science/journal/09215107
http://www.elsevier.com/locate/mseb
mailto:yuri@cnt.uo.edu.cu
mailto:yurileyet@yahoo.es
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equire the calculation of the Fourier transforms. Moreover, the
elaxation dynamics of the conductive process will be investigated
sing a temporal distribution function, which can be obtained by
he dielectric modulus formalism.

. Experimental procedure

A polymeric synthesis method [13], already used in the
ynthesis of nanosized powders and homogeneous ferroelectric
eramics, was used for the preparation of the BaTiO3 ceram-
cs. For this purpose, high purity precursors materials, such
s: barium acetate (BaC4H6O4, 99.9% – Synth), titanium tetra-
sopropoxide (Ti[OCH(CH3)2]4, 97% – Alfa Aesar), glycol-ethylene
HOCH2CH2OH, 97.78% – Synth), nitric acid (HNO3, 65% – Dinamica)
nd citric acid (C6H8O7, 99.5% – Synth), were used. Barium acetate
as dissolved in citric acid in a molar ratio (1:4) and heated at 80 ◦C
uring 1 h. Titanium tetra-isopropoxide was dissolved in citric acid
nder the same above mentioned conditions, and afterward mixed,
eeping constant (1:1) the Ba:Ti molar ratio. In order to form the
olymeric chain ethylene-glycol was added to the BT solutions in
2:3 molar ratio.

The resulting solutions were heated at 80 ◦C and spun con-
tantly during 2 h, until a clear and transparent yellow solution was
btained. This process was maintained until a solidified dark brown
lassy resin results, without any visible precipitation formation.
he resins were heated at 5 ◦C/min up to 600 ◦C follow by a calcina-
ion process in air atmosphere at 600 ◦C during 5 h. The calcinated
pre-sintering) powders were palletized by uniaxial cold pressing.
fterward, the green pellet samples were sintered at 1275 ◦C during
h. Details of the preparation of this material have been reported
lsewhere [14].

The dielectric characterization was carried out by an HP-4194A
mpedance Gain Phase Analyzer over wide temperature and fre-
uency ranges (25–650 ◦C and 20 Hz to 10 MHz, respectively).

. Results and discussion

Fig. 1 shows the temperature dependence of the dielectric
onstant (ε′). In order to describe the temperature regions con-
eniently, there were denote two regions: (I) between 25 ◦C
nd 220 ◦C, corresponding to the phase transition ferroelectric-
araelectric region (TC ∼130 ◦C) and (II) between 220 ◦C and 650 ◦C,

orresponding to the high temperature region, where the dielec-
ric anomaly is observed. This anomaly is quite wide, with strong
requency dependence and a shift in the maximum temperature,
ypical characteristics of a relaxor process.

Fig. 1. Dielectric constant (ε′) temperature dependence at different frequencies.
Fig. 2. Frequency dependence of (a) real (ε′) and (b) imaginary (ε′′) components of
the dielectric permittivity at different temperatures.

Fig. 2 shows the frequency dependence of the real (ε′) and imag-
inary (ε′′) parts of the dielectric permittivity. The real part of the
permittivity shows a classic dielectric material behavior in region I
(dielectric permittivity constant up to 220 ◦C), as shown in Fig. 2(a).
However, above this temperature (220 ◦C) the dielectric response
changes to a typical relaxor behavior, as the temperature increases
(region II). Fig. 2(b) shows low frequency dispersion up to 10 KHz,
which have been associated with a conductive process due to point
defects in the crystalline lattice [9,11]. It is also observed an increase
in the values of ε′ and ε′′ as the temperature increase, which sug-
gests the presence of a thermally activated process.

This fact have been explained based on the presence of oxygen
vacancies that are created in the material during the sintering pro-
cess; since, the BT formation require sintering temperatures higher
than 1200 ◦C. In order to decrease the number of oxygen vacancies a
very slow cooling process has been carried out, allowing the grains
re-oxygenation through both material surface and grain bound-
aries. Nevertheless, it is always difficult to obtain oxygen vacancies
free materials, which under the action of the temperature and a
small electric field acquire enough energy to convert their self into
charge carriers, and as a consequence form part of the conduction
process [3].

The complex dielectric modulus (M* = 1/ε*) can be obtained
from the temperature dependence of the real, ε′, and imaginary,

ε′′, components of the dielectric permittivity (ε* = ε′ − jε′′). The M*
is one of the most appropriate formalisms for the investigation of
conductive relaxation processes in many materials, fundamentally
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Fig. 3. Frequency dependence of the imaginary component of the dielectric mod-
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with the logarithm of the time for six values of temperature (as an
example), is shown in Fig. 5. In the first temperature region, ˚(t)
remains almost independent of time until 10−5 s; while, at times
higher than 10−5 s, the ˚(t) function decreases suddenly with the
increase of the time, remaining practically constant again below
lus for BTceramics. The solid lines represent the CC and DC fitting curves in the
emperature range selected (240 ◦C, 320 ◦C, 400 ◦C, 480 ◦C and 560 ◦C).

n ionic conductors [15], through the following equation:

∗ (ω) = M∞(1 − F ∗ (ω)) (1)

here M*(ω) is the complex electric modulus, M∞ is the electric
odulus at ω → ∞ and F*(ω) is a relaxation distribution function in

he frequency domain.
Fig. 3 shows the frequency dependence of the imaginary compo-

ent (M′′) at different temperatures. The evidence of the relaxation
rocess, characterized by a frequency shift towards higher values
ith the increase of the temperature, is shown in this figure. More-

ver, the maximum value of M′′ remains practically constant as
he working temperature increase, similar to the observed in some
onic conductors [16,17].

The analysis of the curves reveals two regions. The first region
s observed between 220 ◦C and 440 ◦C and corresponds to a
ole–Cole (CC) relaxation distribution function: F∗CC(ω) = 1/1 +
iω�CC)˛, where �CC is the characteristic relaxation time and ˛ is
mpiric parameter, that is between 0 and 1. Meanwhile, the second
egion (460–620 ◦C) is described by a Davison–Cole (DC) relaxation
istribution function: F∗DC(ω) = 1/(1 + iω�DC)�DC , where �DC is the
haracteristic relaxation time and �DC is a empiric parameter, that
s between 0 and 1. Both relaxation distributions functions were
stablished from statistical parameters, with a correlation coeffi-
ient (R2) of 0.99. This result could be associated with a conductive
rocess of different mechanisms.

The normalized frequency dependence of the normalized imag-
nary dielectric modulus is shown in Fig. 4 (M′′/Mm

′′ and f/fm, where
m and fm are the maximum imaginary dielectric modulus and its

espective frequency, respectively). As can be observed, in the tem-
erature range of 220–620 ◦C all curves are overlapped, indicating
hat both mechanisms are independent of the temperature.

The study of the dynamics of a conduction process could be also
arried out in the time domain [17]. In order to describe the tempo-
al response of these distribution functions, it is common to use an
nalytical distribution function of relaxation times [17–19], which
an be obtained using the relaxation parameters (�, ˛ and �) in the
requency domain [17].

In the first region (220–440 ◦C), characterized by a CC distribu-
ion function, the Fourier transform for CC distribution function

as been not establishments yet, being common to describe the
emporal response using the analytical distribution function of the
elaxation time [17–19], which can be expressed in the following
Fig. 4. Normalized frequency dependence (f/fm) of the imaginary component of the
dielectric modulus (M′′/Mm′′) for BT ceramics, in the 220–630 ◦C temperature range.

form:

gCC = 1
2�

sin(˛�)
cos h[˛ ln(�/�CC) + cos(˛�)]

(2)

The relaxation distribution function, in the time domain, can be
obtained from the analytical function distribution (Eq. (2)) and can
be expressed by Eq. (3) [17–19].

˚(t) =
∫ ∞

0

gCC(ln �)e−t/�d ln � (3)

In the second region (460–620 ◦C) (where the distribution func-
tion corresponds to a DC-type function) the analytical distribution
function in the frequency domain is given by [17]:

˚•(t)DC = 1
� (�DC)�DC

(
t

�DC

)�DC−1
e−t/�DC (4)

where ˚•(t)DC is the ˚(t)DC derivate, � (�DC) is the Euler’s gamma
function evaluated in the �DC relaxation parameter, �DC is the relax-
ation time corresponding to DC relaxation function in the frequency
domain.

The dependence of the relaxation distribution function ˚(t)
Fig. 5. Time dependence of the distribution function ˚(t) in the 220–420 ◦C temper-
ature range. The solid lines represent the fitting with the KWW relaxation function
in the time domain.
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Fig. 7. Temperature dependence of the average relaxation time (〈�〉) for BT ceramic
ig. 6. Temperature dependence of the ˇ parameter for BT ceramic sinterized at
275 ◦C for 2 h. (a) 220–400 ◦C temperature range and (b) 420–600 ◦C temperature
ange.

× 10−3 s. On the other hand, in the second temperature region the
elaxation function ˚(t) remains constant until ∼5 × 10−4 s. After
hat, the ˚(t) curves fall abruptly to ∼0. Moreover, there is a shift
n the ˚(t) curves to higher temperature values (from 10−2 s to
0−1 s), as the working temperature is increased.

In order to analyze the resulting behavior, it is necessary to
nvestigate the thermal evolution of the parameters of the relax-
tion distribution function, which can be obtained from the fitting
f the distribution functions, as reported in the literature [17,18].
mong them, the Kohlrausch–Williams–Watts (KWW) function,
xpressed by the Eq. (5), was found to be the best adjustment
istribution function.

(t) = e−(t/�∗)ˇ (5)

This function in the time domain is normally known as
stretched exponential’, where the ˇ and �* are the exponents that
haracterize the deformation and the characteristic relaxation time
f the f(t) function, respectively [16]. When the values of ˇ are near
o 0, a strong correlation exists between the hopping ion (relaxing
on) and its neighboring ions. Based on the �* and ˇ values involved
n Eq. (5), it is possible to determine the average relaxation times
�〉 from Eq. (6), where � is Euler’s gamma function [15].

�〉 = � (1/ˇ)
ˇ

�∗ (6)
Fig. 6 shows the temperature dependence of the ˇ parameter,
hich characterizes the relaxation process in the time domain. In

ig. 6(a), a slight decrease in the ˇ values is observed with the
ncrease of the temperature up to 350 ◦C. Afterwards a sudden fall
n the ˇ parameter takes place at 375 ◦C and 450 ◦C, indicating an
sinterized at 1275 ◦C for 2 h. (a) 220–400 ◦C temperature range and (b) 420–600 ◦C
temperature range.

increase in the correlation between the charge carrier and its vicin-
ity. An inverse analysis (from 425 ◦C to 200 ◦C) shows an increase
of ˇ values until 0.93, which indicates a decrease in the correlation
between the charge carriers and its vicinity and a change of the
possible conductive mechanisms (associated with the change of the
distribution functions) as the temperature decrease. At higher tem-
peratures (region II), a new decrease of ˇ is observed (see Fig. 6(b)).
This behavior of ˇ could be associated to an ions interchange pro-
cess that occurs among the different planes of the crystalline lattice,
suggesting a regimen where the interactions between the charge
carriers should be reduced as the temperature is increased. It could
be explained due to the start of conduction processes among the
planes in the structure, and hence to a higher three-dimensional
movement of the mobile ions. Rivera-Calzada et al. [20] have also
reported a similar result in the LLTO system by using a RMN tech-
nique.

With theˇ and �* parameters obtained from the fitting of the f(t)
curves, it is possible to calculate the average relaxation time, which
is associated to the ions jumping time (average delay of time spent
by the ions to ‘jump’ from one site to another following a conduc-
tion path [19]). Fig. 7 shows the dependence of 〈�〉 with temperature
in the BT ceramic. It is observed a rapid decreases in the 〈�〉 val-
ues, from 6.0 × 10−3 s to 1.5 × 10−5 s in the temperature range of
220–400 ◦C and from 1.5 × 10−5 s to 1.0 × 10−6 s in the temperature
range of 425–630 ◦C, respectively. This exponential decrease of the

〈�〉 values indicates the presence of a thermally activated process,
similar to the conductive process observed in ionic conductors [15].

The dc conductivity (�0) was determined based on the Eq. (7)
and taking into account the equivalence between the frequency and
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ig. 8. The dependence of the dc conductivity as function of the inverse of the tem-
erature and the activation energy values for the BT ceramic sinterized at 1275 ◦C
or 2 h.

ime domains.

0 = ε∞
〈�〉 (7)

here ε∞ is the ε(ω) at ω → ∞.
The mechanism that causes the dc conductivity in the fer-

oelectrics material, in the low frequency and high temperature
egion, can be explained by the percolation model applied to the
harge carrier diffusion. Considering that, the crystallographic sites
ssociated with the moving of the ions are empties (participating
n the ionic diffusion) and the rest of the crystallographic sites are
ccupied (blocking the diffusion of the moving ions); then, we can
xpect the formation of a cubic crystalline lattice of atomic posi-
ions, where the material stoichiometric is defined by the atomic
ositions blocked. On the other hand, the empties atomic positions
re packing randomly, forming conduction lines and allowing the
otion of the ions through the crystalline structure [20].
The temperature dependence of the dc conductivity is shown in

ig. 8. There are two regions, which follow the Arrhenius relation
ver the wide temperature range analyzed. This fact is associated
ith the two local conduction mechanisms and described by differ-

nt distribution functions. These relatively high conductivity values
an be associated with the existence of oxygen vacancies in the
aterial, due to the electrical compensation in the crystalline lat-

ice, caused by the Ti liquid phase formation during the preparation
rocess. The above mentioned is the main source of the conduction
y oxygen vacancies.

It is known that in perovskite structure materials containing
itanate, the ionization of the oxygen vacancy will create the con-
ucting electrons, rewritten as:

0 ↔ V •
0 + e′ (8)

•
0 ↔ V ••

0 + e′′ (9)

r these electrons might be bonded to Ti4+ in the form of

i4+ + e′ ↔ Ti3+ (10)

Nevertheless, it is difficult to determine whether the weakly
onded electrons are located, near V0 or near Ti ions [8]. The exact

ocation of the electrons depends on the shape of the structure, tem-
erature range, etc. Nevertheless, it has been shown that the oxygen

acancies lead to superficial electron levels. These electrons may be
rapped by Ti4+ ions or oxygen vacancies, which can be easily acti-
ated thermally, becoming conducting electrons. The aforesaid fact
ndicates that there is close correlation among the oxygen vacan-
ies, the electrons, and the dielectric relaxation process.
Fig. 9. Temperature dependence of the Em for the BT ceramic sinterized at 1275 ◦C
for 2 h. (a) 220–400 ◦C temperature range, (b) 420–600 ◦C temperature range.

The macroscopic activation energy values (Ea) are also shown in
Fig. 8. The dc conductivity increases and the Ea decrease as the tem-
perature increases, corroborating that the conductivity relaxation
process is a thermally activated process.

It has been reported in the literature that the activation energy
of the double ionized oxygen vacancies V ••

0 is around 1.4 eV [8].
Moreover, if the electrical conductivity is governed by the thermal
excitation of the charge carriers of single ionized oxygen vacancies,
activation energy of ∼0.7 eV could be obtained [8]. The activation
energies reported in this work (E� = 0.72 ± 0.01 and 0.8 ± 0.03 eV),
indicate the existence of two conduction mechanisms. The first
one, where the charge carriers responsible by the conduction are
the single ionized oxygen vacancies, and the second mechanism,
caused by the combination of single ionized oxygen vacancies with
electrons of the second ionization state of the oxygen vacancies [8].

The resulting relaxation time (�*) activation energy is similar to
the dc conductivity activation energy (E�). This activation energy
represents the potential barrier that should be exceeded by the
ions during the long-range conduction process, resulting from the
correlated movement of the ions. On the other hand, the activation
energy associated with the jumping of the ions from a site to its
vicinity is called short-range microscopic activation energy (Em),
and can be determined by the expression (11).

Em = ˇE� (11)

The temperature dependence of the E is shown in Fig. 9. It
m

is observed that the short-range microscopic activation energy is
lower than the dc conductivity activation energy (Em < E�) for each
region. Moreover, the Em(T) behavior is similar to the reported for
ˇ(T). The higher values of the dc conductivity activation energy



1 and En

c
s
m

4

l
4
t
r
f
t
t
p
(
s
c
c
e

R

[

[
[

[
[

[

[
[

[18] J.S. Kin, T.K. Song, J. Phys. Soc. Japan 70 (2001) 3419–3423.
32 Y. Leyet et al. / Materials Science

ould be explained based on the higher energy level that should be
urpassed by the ions during their motion, which result from their
utual interaction.

. Conclusions

The BT system shows a conductive relaxation process in the
ow frequencies-high temperatures region. In the 220–400 ◦C and
25–630 ◦C temperature ranges, Cole–Cole and Davidson–Cole dis-
ribution functions were found to be the best frequency domain
elaxation functions, respectively. Meanwhile, KWW distribution
unction was found to be the best time domain relaxation func-
ion. The thermal evolution of the relaxation parameters reveals
hat there is the not influence on the paraelectric-ferroelectric
hase transition and viceverse. The values of the activation energy
Ea ≈ 0.72 eV and 0.8 eV) in the investigated temperature interval
uggest the existence of two conductive relaxation mechanisms,
orresponding to the movement of single ionized oxygen vacan-
ies and the combination of single ionized oxygen vacancies and
lectrons of the oxygen vacancies second ionization state.
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