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a b s t r a c t

Based on the Debye theory, we have determined the evolution of the dielectric permittivity of the
ceramic with composition KTa0.6Nb0.4O3 as a function of temperature and frequency. This evolution
shows that this composition exhibits a ferroelectric–paraelectric phase transition at 360 K with disper-
sion at high frequencies (106–6 × 108 Hz). A comparison between experimental and numeric calculation
eywords:
eramics
erovskite
ielectric

of dielectric permittivity for this solid solution has been suggested using a Gaussian distribution of the
relaxation times, which was introduced in Debye relations. The numerical results were in agreement
with experimental data.

© 2010 Elsevier B.V. All rights reserved.
ebye theory
erroelectric

. Introduction

Perovskite ceramics of a general formula ABO3 are widely used
n various electronics and microelectronic devices. Among these
lectroceramics, complex perovskites, A(B′B′′)O3, are particularly
ttractive for various applications, such as microwave frequency
esonators, multilayer capacitors, piezo-electric sensors, detectors,
ctuators and ferroelectric random access memories (FRAM) and
lectro-optic devices [1–5].

The ferroelectric materials are divided into two different classes:
lassical or relaxor ferroelectrics [6–8]. In particular, relaxor ferro-
lectrics have been widely investigated. Thanks to their interesting
lectrical properties, which can be employed in different tech-
ological applications [9–11]. The ferroelectric classic ceramics
re much less complicated than relaxors so, several models have
een developed describing their dielectric properties [12–15]. The
olid solution KTa1-xNbxO3 that is one of the classical ferroelec-
ric ceramic can be obtained from the oxides: KTaO3 and KNbO3,
ransparent ferroelectric material, by solid-state reaction. Its fer-
oelectric properties and variation with Ta/Nb ratios have been

idely studied such as for x = 0.4 [16–18]. KTa0.6Nb0.4O3 compound

s denser than other compositions and presents ferroelectric and
iezo-electric characters at room temperature. In addition, the
Ta0.6Nb0.4O3 can be used in the fabrication of agile circuits [19].

∗ Corresponding author. Tel.: +216 74 274 390; fax: +216 74 274 437.
E-mail address: issa kriaa@yahoo.fr (I. Kriaa).

925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2010.08.092
The aim of this work is to present a numerical model calcu-
lating the complex dielectric constant of the classical ferroelectric
KTa0.6Nb0.4O3 ceramic.

2. Experimental study

KTa0.6Nb0.4O3 ceramic was prepared by solid-state reaction using the LiF addi-
tive. This method has been chosen because of the relative low sintering temperature
and thus to decrease K2O evaporation. The temperature sintered and the percent of
LiF addition were optimised as the densification was optimal, at 1105 ◦C for 2.5 h
and 1% of mass respectively.

The pellets have the shape of discs with dimensions 7 mm diameter and about
1 mm thickness. The compactness of the ceramic is close to 0.96 [17]. The dielectric
measurements were performed on ceramic discs after deposition of gold electrodes
on the circular faces by cathodic sputtering.

The permittivity ε′
r, shown in Fig. 1, was measured from 106 to 109 Hz using a

HP8753A experimental setup [18].
This ceramic material presents a ferroelectric-paraelectric phase transition from

tetragonal to cubic at TC = 360 K.

3. The estimation method of the Gaussian–logarithmic
distribution width of relaxation times

The Classic Debye theory of dispersion is valid for materials with

single relaxation time (�). In real materials such supposition is in
general not true. In such cases, we must take into consideration the
continuous distribution of relaxation times [20]. This distribution
can be due to chemical inhomogeneity of ceramics which can cause
an inhomogeneity in the distribution of ferroelectric microregion.

dx.doi.org/10.1016/j.jallcom.2010.08.092
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:issa_kriaa@yahoo.fr
dx.doi.org/10.1016/j.jallcom.2010.08.092
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The experimental data for KTa0.6Nb0.4O3 at various tempera-
tures have been taken from ref [18] and the diagram in Fig. 1 has
been constructed using this data. We have assumed that ε∞ = 608,
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ig. 1. Experimental obtained dependencies ε′(T) for KTa0.6Nb0.4O3, for various fre-
uencies.

As a rule, the temperature dependency of relaxation time is of
he Arrhenius type [21–22]

1
�

= 1
�0

exp
(−E0

kT

)
(1)

The other possible relation is the Vogel Fulcher relation [23–24].

1
�

= 1
�0

exp
( −E0

k(T − Tf)

)
(2)

here �0, E0, and Tf are constants.
Assuming that distribution (in logarithm scale) of relaxation

imes takes place, we must calculate the integral:

∗(T) =
∞∫

−∞

ε∗(T, �)y(�(T))d� (3)

here ε*(T, �) is complex dielectric permittivity dependent on the
emperature and the relaxation time �; y(�(T)) is the temperature
ependent distribution function of relaxation times.

ε*(T, �) is given by Debye relation with a single relaxation time
epending on temperature.

∗(T, �) = εs(T) + ε∞(T)i ω �0(T)
1 + iω�0(T)

(4)

here εs is the static permittivity, ε∞ is the permittivity at very
igh frequencies, ω is the angular frequency and �0 is the means
elaxation time.

We suggested that the distribution of relaxation times is a Gaus-
ian distribution (in logarithmic scale). Below, it will be shown
ow it is possible to estimate the width of Gaussian–logarithmic
istribution [25].

The Gaussian distribution of relaxation times can be described
y the function:

(�(T)) = 1√
2��(T)

exp(
−[ln(�) − ln(�0)]2

[2�(T)]2
(5)

here �0 is the value around which the distribution takes place,
(T) is the temperature dependent half-width of the Gauss dis-

ribution. So, it is necessary to estimate this half-width from

he experimental data. The method of estimating the width of
aussian–logarithmic distribution of relaxation times was based
n the diagrams (ε′ − ε∞)/(εs − ε∞) vs log (ω�0) (Fig. 2). The �0
alue has been taken from the frequency at which the expression
ε′ − ε∞)/(εs − ε∞) is equal to 0.5.
Fig. 2. Normalized plots of (ε′ − ε∞)/(εs − ε∞) vs log (ω�0) for various widths of
Gaussian distribution � = 0.1, 1, 2, 3, . . ., 10.

From Debye theory, it is well known that the plot (ε′ − ε∞)/(εs −
ε∞) vs log (ω�0) for all materials should be the same if we assume
the single relaxation time. The distribution of relaxation times leads
to deviation from such model plot. So, it is possible to estimate the
width of Gaussian distribution (�) using such normalized plots; the
procedure based on comparing the experimental of (ε′ − ε∞)/(εs −
ε∞) vs log (ω�0) with the theoretical ones can be used.

Then it is possible to find the relation between the value of
� and the shape of normalized plot. For this purpose in the last
figure (Fig. 2) the horizontal line has been plotted. The value 0.8
has been chosen arbitrarily, intersection of this line with plots
gives us the relation between � and the value of log(ω�) for which
(ε′ − ε∞)/(εs − ε∞) = 0.8. We can obtain in such way the relation as:

log(ω�) = a + b� (6)

with: a = −0.27069 and b = −0.74139.
The obtained dependency between log(ω�) and � is linear which

permits us to determine the dependency �(T) for real materials as
well.

4. Results for KTN-(KTa0.6Nb0.4O3)
450400350300250
0

T(K)

Fig. 3. Numerical obtained dependencies έ (T) for KTa0.6Nb0.4O3, in the frequency
range 106–6 × 108 Hz.
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ig. 4. Comparison between numerical and experimental obtained dependencies ε
d) 3 × 107 Hz.

hile εs fulfils the generalized Curie–Weiss law in the form:

1
εs

= A + B|T − Tm|� (7)

here: A = 0.17 × 10−3, B = 3.2659 × 10−7 K−1, Tm = 360 K, � = 1.65.
At every temperature, the frequency has been found at which

ε′ − ε∞)/(εs − ε∞) = 0.8. Next, we can obtain the dependency of
he logarithm of the mean relaxation time at the temperature.
he dependency obtained in such a way is well described by Eq.
1) with: �0 = 2,995 × 10−12 s and E0 = 0.231 eV (the dependency is
rrhenius type).

As a result, the construction of the diagram
ε′ − ε∞)/(εs − ε∞) = f(log(ω�0)) for KTa0.6Nb0.4O3 becomes possi-
le. Next, we can find the �(T) dependency using the procedure
escribed above. The obtained relation can be expressed as:

(T) = a + bT + cT2 + dT3 (8)

ith a = 30.580, b = −0.229 K−1, c = 5.889 × 10−4 K−2 and
= −5.116 × 10−7 K−3.

Similar calculation for SBN and PMN compound was presented

y Skulski [25]. It has been shown that �(T) dependency in PMN
ollows the equation:

(T) = �∞
(T − T�)n (�∞, T�, and n are constants), (9)
T(K)

or KTa0.6Nb0.4O3, for various frequencies: (a) 106 Hz, (b) 3 × 106 Hz, (c) 107 Hz and

and for SBN, this variation is polynomial as:

�(T) = a + bT + cT2(a, b and c are constants). (10)

Compared to these studies, the �(T) variation in KTa0.6Nb0.4O3
is like BSN with third degree polynomial (Eq. (8)).

Figs. 3 and 4 show the spectrum of the theoretical dielectric
permittivity calculated with the relaxation times obtained from the
Gaussian distribution function in the frequency range 106–6.108 Hz
(Eq. (3)). These dielectric permittivity spectrums have approx-
imately the same evolution that obtained experimentally [17].
In fact, like the experimental dielectric permittivity a dispersion
behavior was observed at different frequency (Fig. 4).

Fig. 4 presents a comparison between numerical and experi-
mental dielectric permittivity for some frequencies (1, 3, 10 and
30 MHz). In these spectrums, we notice that the difference between
experimental and numerical result becomes more important with
increasing frequency.

5. Conclusions
Ferroelectric KTa0.6Nb0.4O3 ceramic, synthesized by a solid-
state reaction technique was investigated. The frequency depen-
dence of the dielectric loss peak was found to obey an Arrhenius law
with activation energy of 0.231 eV. This result is in agreement with
experimental data as the solid solution KTa0.6Nb0.4O3 is a classical
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erroelectric. Analyses of the real part of the dielectric permittivity
ith frequency were performed, assuming a Gaussian distribution

f relaxation times. The width of the Gaussian distribution of relax-
tion times fulfills a polynomial form. In the present work, we have
resented a study of dielectric permittivity for a classical perovskite
erroelectric. We intend in the future to continue our study for other
lassical and relaxor ferroelectric and to find an explanation for
elaxor phenomena.
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