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The temperature and frequency dependences of the undoped BaTiOs; ceramics dielectric properties
were measured between 25°C and 700°C and 100Hz 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 BaTiO; ceramics was investigated. A relaxation function in the time domain
(@(t)) was determined from the frequency dependence of the dielectric modulus, using a relaxation
function in the frequency domain (F*(w)). In BaTiO3 ceramics context, the best relaxation functions
(F*(w)), 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
titanium liquid phase during the sintering process.
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1. Introduction

Barium titanate (BaTiO3 or BT) ferroelectric system is a well-
known ferroelectric and piezoelectric material below the Curie
temperature Tc ~ 120°C[1,2] and above this temperature it is cubic
and paraelectric [2]. This material is mainly used as a dielectric
multilayer ceramic capacitors, due to its high dielectric constant
(1000-5000, depending on the grain size) and low losses. Other
applications include: piezoelectric devices (such as: underwa-
ter transducers), resistors with positive temperature coefficient
of resistivity (PTCR), electroluminescent panels, and embedded
capacitance in printed circuit boards [1-3].

Some of the perovskite-type ferroelectric oxide materials, such
as: BaTiO3, show a diffuse dielectric anomaly in the temperature
range of 700-1000 K [4-11]. Different origins have been associated
to this dielectric anomaly (or relaxation process), however, it is not
well explained yet. Bidault et al. [7] have collected information for
several types of perovskite oxides, in order to clarify if the diffuse
dielectric anomaly observed in these materials is an intrinsic or
an extrinsic phenomenon. Although, they experimentally reported
that in perovskite-type ferroelectric oxides the activation energy of
dielectric relaxation in the diffuse dielectric anomaly is quantita-
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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 PbggLagTiO3 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
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require the calculation of the Fourier transforms. Moreover, the
relaxation dynamics of the conductive process will be investigated
using a temporal distribution function, which can be obtained by
the dielectric modulus formalism.

2. Experimental procedure

A polymeric synthesis method [13], already used in the
synthesis of nanosized powders and homogeneous ferroelectric
ceramics, was used for the preparation of the BaTiO; ceram-
ics. For this purpose, high purity precursors materials, such
as: barium acetate (BaC4HgO4, 99.9% - Synth), titanium tetra-
isopropoxide (Ti[OCH(CH3), |4, 97% - Alfa Aesar), glycol-ethylene
(HOCH,CH;,0H, 97.78% - Synth), nitric acid (HNO3, 65% — Dinamica)
and citric acid (CgHgO7, 99.5% - Synth), were used. Barium acetate
was dissolved in citric acid in a molar ratio (1:4) and heated at 80°C
during 1 h. Titanium tetra-isopropoxide was dissolved in citric acid
under the same above mentioned conditions, and afterward mixed,
keeping constant (1:1) the Ba:Ti molar ratio. In order to form the
polymeric chain ethylene-glycol was added to the BT solutions in
a 2:3 molar ratio.

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

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

3. Results and discussion

Fig. 1 shows the temperature dependence of the dielectric
constant (&’). In order to describe the temperature regions con-
veniently, there were denote two regions: (I) between 25°C
and 220°C, corresponding to the phase transition ferroelectric-
paraelectric region (Tc ~130°C) and (II) between 220°C and 650 °C,
corresponding to the high temperature region, where the dielec-
tric anomaly is observed. This anomaly is quite wide, with strong
frequency dependence and a shift in the maximum temperature,
typical characteristics of a relaxor process.
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Fig. 1. Dielectric constant (¢’) temperature dependence at different frequencies.
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Fig. 2. Frequency dependence of (a) real (¢’) and (b) imaginary (¢”) components of
the dielectric permittivity at different temperatures.

Fig. 2 shows the frequency dependence of the real (¢') and imag-
inary (&”) 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
defectsin the crystalline lattice [9,11].Itis also observed anincrease
in the values of ¢’ and &” 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/¢*) can be obtained
from the temperature dependence of the real, &, and imaginary,
&”, components of the dielectric permittivity (¢*=¢’ —je”). 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-
ulus for BTceramics. The solid lines represent the CC and DC fitting curves in the
temperature range selected (240°C, 320°C, 400°C, 480°C and 560 °C).

in ionic conductors [15], through the following equation:
M (@) = Moo(1 = F x (0)) (1)

where M*(w) is the complex electric modulus, My, is the electric
modulus at w — oo and F*(w) is a relaxation distribution function in
the frequency domain.

Fig. 3 shows the frequency dependence of the imaginary compo-
nent (M") at different temperatures. The evidence of the relaxation
process, characterized by a frequency shift towards higher values
with the increase of the temperature, is shown in this figure. More-
over, the maximum value of M” remains practically constant as
the working temperature increase, similar to the observed in some
ionic conductors [16,17].

The analysis of the curves reveals two regions. The first region
is observed between 220°C and 440°C and corresponds to a
Cole-Cole (CC) relaxation distribution function: Fxcc(w) =1/1+
(iwtcc)”, where Tcc is the characteristic relaxation time and « is
empiric parameter, that is between 0 and 1. Meanwhile, the second
region (460-620°C) is described by a Davison-Cole (DC) relaxation
distribution function: Fspc(w) = 1/(1 + iwtpc)'P¢, where tpc is the
characteristic relaxation time and ypc is a empiric parameter, that
is between 0 and 1. Both relaxation distributions functions were
established from statistical parameters, with a correlation coeffi-
cient (R?) of 0.99. This result could be associated with a conductive
process of different mechanisms.

The normalized frequency dependence of the normalized imag-
inary dielectric modulus is shown in Fig. 4 (M”/Mp,"” and f/fm, where
M and fy, are the maximum imaginary dielectric modulus and its
respective frequency, respectively). As can be observed, in the tem-
perature range of 220-620°C all curves are overlapped, indicating
that both mechanisms are independent of the temperature.

The study of the dynamics of a conduction process could be also
carried out in the time domain [17]. In order to describe the tempo-
ral response of these distribution functions, it is common to use an
analytical distribution function of relaxation times [17-19], which
can be obtained using the relaxation parameters (7, & and y) in the
frequency domain [17].

In the first region (220-440 °C), characterized by a CC distribu-
tion function, the Fourier transform for CC distribution function
has been not establishments yet, being common to describe the
temporal response using the analytical distribution function of the
relaxation time [17-19], which can be expressed in the following
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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:
_ 1 sin(or)
~ 27 cos hlaIn(t/Tcc) + cos(am)]

8cc (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].

d(t) = / gee(ln T)e~/*dIn © (3)
0

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]:

1
1 ( t )VDC o-t/toc (@)

Pe(thoc = I'(¥pc)toe \ Toc

where @e(t)pc is the @(t)pc derivate, I'(ypc) is the Euler's gamma
function evaluated in the ypc relaxation parameter, tpc is the relax-
ation time corresponding to DCrelaxation function in the frequency
domain.

The dependence of the relaxation distribution function &(t)
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~>s; while, at times
higher than 10~ s, the @(t) function decreases suddenly with the
increase of the time, remaining practically constant again below
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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. 6. Temperature dependence of the B parameter for BT ceramic sinterized at
1275°C for 2 h. (a) 220-400 °C temperature range and (b) 420-600 °C temperature
range.

5 x 1073 5. On the other hand, in the second temperature region the
relaxation function &(t) remains constant until ~5 x 10~4s. After
that, the &(t) curves fall abruptly to ~0. Moreover, there is a shift
in the ®(t) curves to higher temperature values (from 1025 to
10-15s), as the working temperature is increased.

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

f(t)=e /™0 (5)

This function in the time domain is normally known as
‘stretched exponential’, where the 8 and t* are the exponents that
characterize the deformation and the characteristic relaxation time
of the f(t) function, respectively [16]. When the values of § are near
to 0, a strong correlation exists between the hopping ion (relaxing
ion) and its neighboring ions. Based on the 7* and § values involved
in Eq. (5), it is possible to determine the average relaxation times
(t) from Eq. (6), where I" is Euler’s gamma function [15].

b,

Fig. 6 shows the temperature dependence of the 8 parameter,
which characterizes the relaxation process in the time domain. In
Fig. 6(a), a slight decrease in the 8 values is observed with the
increase of the temperature up to 350°C. Afterwards a sudden fall
in the B parameter takes place at 375°C and 450°C, indicating an
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Fig. 7. Temperature dependence of the average relaxation time ((r)) for BT ceramic
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 B 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 g is observed (see Fig. 6(b)).
This behavior of B 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 the8 and t* 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 (t) with temperature
in the BT ceramic. It is observed a rapid decreases in the (7) val-
ues, from 6.0 x 10~3s to 1.5 x 10> s in the temperature range of
220-400°C and from 1.5 x 10~ s to 1.0 x 1076 s in the temperature
range of 425-630 °C, respectively. This exponential decrease of the
(t) values indicates the presence of a thermally activated process,
similar to the conductive process observed inionic conductors [15].

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

time domains.

Eoo
% = (7)
where ¢, is the g(w) at @ — co.

The mechanism that causes the dc conductivity in the fer-
roelectrics material, in the low frequency and high temperature
region, can be explained by the percolation model applied to the
charge carrier diffusion. Considering that, the crystallographic sites
associated with the moving of the ions are empties (participating
in the ionic diffusion) and the rest of the crystallographic sites are
occupied (blocking the diffusion of the moving ions); then, we can
expect the formation of a cubic crystalline lattice of atomic posi-
tions, where the material stoichiometric is defined by the atomic
positions blocked. On the other hand, the empties atomic positions
are packing randomly, forming conduction lines and allowing the
motion of the ions through the crystalline structure [20].

The temperature dependence of the dc conductivity is shown in
Fig. 8. There are two regions, which follow the Arrhenius relation
over the wide temperature range analyzed. This fact is associated
with the two local conduction mechanisms and described by differ-
ent distribution functions. These relatively high conductivity values
can be associated with the existence of oxygen vacancies in the
material, due to the electrical compensation in the crystalline lat-
tice, caused by the Ti liquid phase formation during the preparation
process. The above mentioned is the main source of the conduction
by oxygen vacancies.

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

Voo V3 +e (8)
Vo Vg +e (9)
or these electrons might be bonded to Ti#* in the form of

Ti*" +¢ © Ti* (10)

Nevertheless, it is difficult to determine whether the weakly
bonded electrons are located, near V; or near Ti ions [8]. The exact
location of the electrons depends on the shape of the structure, tem-
peraturerange, etc. Nevertheless, it has been shown that the oxygen
vacancies lead to superficial electron levels. These electrons may be
trapped by Ti** ions or oxygen vacancies, which can be easily acti-
vated thermally, becoming conducting electrons. The aforesaid fact
indicates that there is close correlation among the oxygen vacan-
cies, the electrons, and the dielectric relaxation process.

(a) 0,70
LS =
l\.__.\.\.
0,68 1 ot TV
--.‘._.---.
- 0,664
-
L
= 0,644 \-\
| ]
0,624 \
| ]
0,60 T T T T
200 250 300 350 400 450
Temperature (°C)

(b)0,78

0,764

|
0,744 \.‘
-
L
" 0,724 \“.
.
II..‘. .y
.
0,70 .
0,68 T T T T
400 450 500 550 600 650
Temperature (°C)

Fig. 9. Temperature dependence of the Ey, 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 (E;) are also shown in
Fig. 8. The dc conductivity increases and the E, 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;* is around 1.4eV [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;=0.724+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 (7*) activation energy is similar to
the dc conductivity activation energy (Es). 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 = BEs (11)

The temperature dependence of the Ey, is shown in Fig. 9. It
is observed that the short-range microscopic activation energy is
lower than the dc conductivity activation energy (En <Ey) for each
region. Moreover, the E,(T) behavior is similar to the reported for
B(T). The higher values of the dc conductivity activation energy
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could be explained based on the higher energy level that should be
surpassed by the ions during their motion, which result from their
mutual interaction.

4. Conclusions

The BT system shows a conductive relaxation process in the
low frequencies-high temperatures region. In the 220-400°C and
425-630°C temperature ranges, Cole-Cole and Davidson-Cole dis-
tribution functions were found to be the best frequency domain
relaxation functions, respectively. Meanwhile, KWW distribution
function was found to be the best time domain relaxation func-
tion. The thermal evolution of the relaxation parameters reveals
that there is the not influence on the paraelectric-ferroelectric
phase transition and viceverse. The values of the activation energy
(Ea~0.72eV and 0.8 eV) in the investigated temperature interval
suggest the existence of two conductive relaxation mechanisms,
corresponding to the movement of single ionized oxygen vacan-
cies and the combination of single ionized oxygen vacancies and
electrons of the oxygen vacancies second ionization state.
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