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Impedance Analysis and Low-Frequency Dispersion Behavior
of Bi4Ti3012 Glass
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We have studied the frequency- and the temperature-dependent dielectric relaxation for the
BisTi3sO12 glass. The frequency dependence of the electrical data has been analyzed in the frame-
works of the impedance Cole-Cole formalism and the universal power law. We have found that the
frequency-dependent dielectric properties exhibit low-frequency dispersion and that the relaxation
behavior is far from a Debye-type behavior. The similar values of the ac and the dc activation
energies of the electrical conduction from two different models, the complex impedance formula and
the power law, indicate that the activation energy is an appropriate parameter for explaining the
electrical relaxation and conduction mechanisms. The frequency-dependent conductivities overlap
on a single master curve, irrespective of temperature, in the glass region, implying the existence of
a universal ionic relaxation process in this glass system.
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I. INTRODUCTION

Recently, lead has been expelled from many commer-
cial applications and materials owing to concerns regard-
ing its toxicity. For this reason, much interest has been
shown toward research on lead-free materials that have
a large dielectric constant and ferroelectricity.

Bismuth titanate, BiyTizO12 (BIT), is one of the
most studied material among the bismuth layered ferro-
electrics SrBisTasOg and SrBiNbyO12 because of its ex-
cellent ferroelectric properties and lead-free nature. Gen-
erally, the bismuth layered structure can be represented
by the general formula (BizO2)** (A,,_1B1O3mi1)?",
where A is an alkali or an alkaline earth ion and B is a
transition metal ion such as Tior Nb. For BIT, A = Bi, B
= Ti, and m = 3. Namely, BIT has triple layers of TiOg
octahedral layers with Bi between (BizO2)?T. BIT is
monoclinic with the space group Blal at room tempera-
ture and tetragonal with I4/mmm symmetry in the para-
electric state at temperatures above the Curie tempera-
ture. It has a high Curie temperature (T, = 948 K) and a
large spontaneous polarization (Py = ~ 50 C/cm?) with
useful properties that can be applied for optical memo-
ries and for high-temperature piezoelectric and electro-
optic devices [1-5]. Nowadays, glass and glass-ceramics,
especially the dielectric relaxation and electrical conduc-
tion mechanism of those materials, are an increasing field
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of research in view of science and technology. It is ad-
vantageous to be able to fabricate BIT glass without a
glass former. The dielectric, optical, and structural prop-
erties, as well as the crystallization process from glass,
have been reported [6-8], but there has been a lack of
systematic study on the temperature- and the frequency-
dependent dielectric properties for BIT glass.

The aim of this study is to investigate the dielectric
relaxation and the electrical conduction mechanisms of
BisTizO14 glass. The experimental data have been ana-
lyzed using the complex impedance Cole-Cole formalism
and the Jonscher’s power law.

II. EXPERIMENT

To fabricate the BiyTi3O15 crystalline powder, BioOg
and TiOy were well mixed in a 2.4 : 3 mole ratio (20%
excess BizO3) and were synthesized for 6 hours at 873 K.
It was ground and synthesized for 12 hours at 1073 K.
The synthesized powder was confirmed to have a mono-
clinic BiyTi3O15 structure at room temperature from X-
ray diffraction (XRD) patterns. This powder was then
melted in a platinum tube in an electric furnace at 1473
K. The melt was quenched by using a twin-roller to form
a glass state. The obtained glass sample was ~ 25 um
thick with a light-yellow color and was transparent.

XRD and differential thermal analysis (DTA) mea-
surements were performed to insure the sample was glass



Impedance Analysis and Low-Frequency Dispersion Behavior of --- — C. H. SONG et al. -463-

3

2 K'min

= -
™ -

=
X

Heat Flow ( a.u.)
=
=

T 75K

-
=]

log €'

650 700 750 @00 B850 o

al 1 kHz e
o  10kHz o oe FJ
L & 100kHz AT 0o
b ¥ a- o A
w a2l 1 MHz LJEDD Oo@ﬂC@O \ Mﬂf\
%ﬂ o Doeooﬁ@- SO . i<
| 0D 0o QAN X
0 P ; KK ke
Bles
2L L 1 N 1 . 1
400 500 600 700

Temperature [K]

Fig. 1. Temperature dependence of the dielectric constant
for BisTizO12 glass. The inset is the DTA curve and is given
as a reference to show the crystallization temperature, T, =
725 K, and the exothermic behavior.

and to check the thermal and the structural behaviors
during the phase transition from glass to crystal phases.
The dielectric property of BiyTizO12 glass was measured
by using an impedance/gain-phase analyzer. Circular
golden electrodes of 2.25 mm? were put on both sides of
the sample, and gold leads were attached to them with
gold paste. The frequency was varied from 100 Hz to 15
MHz, and the highest temperature reached was 725 K at
a heating rate of 2 K/min.

III. RESULT AND DISCUSSION

Figure 1 shows the temperature dependence of the real
(¢') and the imaginary (¢) parts of the dielectric con-
stant for BiyTizO12 glass. A linear-log scale is used to
present a clear view at a low value of the dielectric con-
stant. It is recognized, from the DTA curve in the inset
of the figure that the crystallization temperature (T.)
is 725 K. Our investigation of the dielectric properties
in this research is restricted to temperatures below T,
i.e., to the glass region. As can be seen in Fig. 1, both
¢’ and ¢” increase with increasing temperature, which
is caused by the activated movement of ionic charge
carriers. Interestingly, the rates of increase of £’ with
frequency and temperature are close each other. How-
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Fig. 2. (Color online) Frequency dependence of the real
and the imaginary parts of the dielectric constant on a log-log
scale at various temperatures for BisTizO12 glass. The figure
shows a typical low-frequency dispersion (LFD) relationship.

ever, the difference in &’ values at a given temperature
are more pronounced with decreasing frequencies from 1
MHz to 1 kHz, which indicates that the relaxation dis-
persion of the dielectric polarization at low frequency is
pronounced in the glass region. A further explanation of
this phenomenon is given in Fig. 2.

Figure 2 shows the frequency dependence of the di-
electric constants ¢’ and ¢” on a log-log scale at var-
ious temperatures in the glass region. The ¢’ has a
strong dispersion below some frequency; meanwhile ¢,
which is dominated by the conduction of mobile charge,
keeps the shape of a single slope. This behavior becomes
stronger with increasing temperature and is known as
low-frequency dispersion (LFD). LFD has been inten-
sively studied by Jonscher and is understood in that the
conducting process is due to ion hopping and to slowly
mobile charge carriers and can be written as [9]

e(w) o (iw)™ ! o (sinn?7r —3.coS %) W (1)

'w)  nm
) cot 5 (2)

where ¢ and w are the complex dielectric constant and
the frequency, respectively. In Eq. (2), for a fixed value
of n, the ratio of &” to &’ is constant, and the shapes of €
and ¢” as functions of frequency are the same (parallel)
with a constant offset on a log-log scale. In Fig. 2, as an
example, below log w ~ 3.5 at 633 K, the parallel behav-
ior between ¢’ and €” can be well recognized. However,
the parallelism between €’ and €” deviates, and the value
of n decreases with increasing temperature. In Fig. 2,
n decreases, and the rate of €’ (the slope of ') increases
at low frequency with increasing temperature. Thus, the
rate of increase of €’ is higher than that of £/, which also
explains the electrical conductivity and the increased tan
loss for a fixed frequency with increasing temperature.
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Fig. 3. Frequency dependence of the complex impedance
Cole-Cole plot and an equivalent circuit for Bi4TizO12 glass.
Symbols are the experimental data, and solid lines are the
results of the fit from the Cole-Cole impedance formalism of
Eq. (3). The inset is a magnification of the Cole-Cole plot
for the low impedance region.

Figure 3 represents the complex impedance Cole-Cole
plot to investigate the electric transport mechanism in
the glass region. The inset is simply a magnification of
the complex impedance Cole-Cole plot in the tempera-
ture range from 633 K to 713 K for a clear view. Dielec-
tric relaxation measurements are usually performed in
the frequency domain, and the data can be represented
on the complex impedance plane by using the Col-Cole
function. The impedance representation can also be ob-
tained from a model equivalent electrical circuit with re-
sistance R and capacitance C, as shown in Fig. 3. The
impedance function corresponding to the circuit in the
figure can be written by using the Cole-Cole formalism
10]

. R
7= T Y

where 7 = RC and the exponent « characterizes a weight
on the distribution of the relaxation time with 0< o <1.
The system has a Debye behavior in the case of a = 1.
For the BiyTi3O12 glass in this study, « varies from 0.89
to 0.9 in the temperature range from 573 K to 713 K.
This represents the fact that the system is a non-Debye
type systems and the behavior is known to originate from
ionic conduction of hopping among moderately random
free-energy barriers with a broad distribution of relax-
ation times [11]. In Fig. 3, the points are the exper-
imental data, and the lines are fits to Eq. (3). The
dc resistivity (Z, or R) is determined as the impedance
value at which the extrapolated line from the circle in-
tercepts the real axis as w — 0. The drastic decrease of
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Fig. 4. Arrhenius plot to obtain the dc and the ac activa-
tion energies of the conductivity for BisTizO12 glass by using
the impedance Cole-Cole formula. cq. (=1/Z,) and w, are
obtained from a fit of Eq. (3). The solid lines represent the
best fits with the Arrhenius relations.

Z, as temperature increases is understood to be due to
thermal agitation and to the increased hopping rates of
conducting ions.

Figure 4 is an Arrhenius plot to calculate the dc and
the ac activation energies. In using the Arrhenius equa-
tion, we assumed that charge carriers were thermally ac-
tivated and that the ac and the dc conductivities changed
monotonically with temperature. The dc conductivity
(1/Z,) and wp, the frequency at the maximum value of
Z'"" in Fig. 3, with the corresponding dc and ac activation
energies (Eq4. and E,.) can be written as follows [12-14]:

04T = o, exp(fEdc/kBT), (4)

wp = we exp(—Eqc/kpT). (5)

The activation energies of the dc and the ac conduction
calculated from the straight lines in Fig. 4 by using Eqgs.
(4) and (5) are 1.07 eV and 1.02 eV, respectively. The
similar values of the dc and the ac activation energies for
electrical conduction show that the heights of the random
energy barriers for short and long distance movements of
charge carriers are not so different from each other.
Figure 5 shows the frequency dependence of the real
conductivity o(w) for various temperatures. The solid
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Fig. 5. Frequency dependence of the real conductivity o(w)
for BisTizO12 glass at several temperatures. Symbols are
data, and lines are the fitting results using the Jonscher’s
power law.

lines are obtained from the fit of the Jonscher’s power
law of the ac conductivity, which in disordered system
can be written as [13,14].

o) = a1+ (7] ©)

Wh

where o4, is the dc conductivity, wy, is the hopping fre-
quency of the charge carriers, and s is a frequency expo-
nent parameter in the range 0 < s < 1, characterizing
the deviation from Debye behavior and measuring the
inter-ionic-environmental coupling strength [15]. For the
BisTizO1o glass in this study, s varies from 0.6 to 0.76
at several temperatures, and these values indicate that
the system is in a state far away from a Debye-type state
(s = 1). It is seen in the figure that the dc conductiv-
ity (o(w) for w — 0 is obtained from the limiting value
of the conductivity plateau region at low frequency) in-
creases and that the hopping frequency wy, which is de-
fined to satisfy the relationship of o(wy) = 204, shifts to
higher frequency with increasing temperature. It should
be noticed that the simple power law is applicable to
BisTizOq2 glass for demonstrating the conductivity and
the relaxation mechanisms.

Figure 6 is an Arrhenius plot with the symbols ob-
tained from the fit of the Jonscher’s power law, Eq. (6).
The straight lines in the figure enable us to obtain the
conductivity activation energies Eg. = 1.07 €V and E,.
= 1.02 eV, which are very close to the values E4. = 1.07
eV and E,. = 1.01 eV from the impedance analysis. The
similarities of the ac and the dc activation energies calcu-
lated from the complex impedance Cole-Cole formalism
and from the universal power law imply that the acti-
vation energy is an appropriate parameter for describing
the electrical relaxation and conduction mechanisms.

Figure 7 shows the conductivity master curves for sev-
eral temperatures in the glass region. For this master
curve, the non-dimensional ac conductivity can be ex-
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Fig. 6. Arrhenius plot to obtain the dc and the ac activa-
tion energies of the conductivity for BisTizO12 glass by using
the Jonscher’s power law.
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Fig. 7. Frequency-dependent conductivity master curves
at several temperatures for BisTizO12 glass.

pressed as a function with a non-dimensional frequency
in the following scaling form [16]:

"(“’)F(”) (7)

Odc Wh

As one can be seen in Fig. 7, the individual curves, by
introducing a scaling factor, overlap on a single master
curve. This indicates that although the electrical con-
duction increases due to the increased hopping rate of
charge carriers with increasing temperature, the electri-
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cal conductivity mechanism is independent of tempera-
ture: namely, the production of a master curve implies
the existence of a universal ionic relaxation process in
this glass system.

IV. CONCLUSION

The electrical conduction and dielectric relaxation of
BisTizOq2 glass have been investigated. The real and
the imaginary parts of the dielectric constant increase
due to the increased hopping rate of ionic charge carri-
ers with increasing temperature in the glass region. The
frequency-dependent dielectric constants &' and &” ex-
hibit low-frequency dispersion.

The values of the exponent parameters o and s, ob-
tained from a complex impedance and power law anal-
ysis, imply that the dielectric relaxation of BigTizOqo
glass has a non-Debye behavior, which is thought to orig-
inate from ionic conduction of hopping among random
free-energy barriers with a broad distribution of relax-
ation times. We have obtained ac and dc activation
energies of electrical conduction by using two different
models, the complex impedance formula and the univer-
sal power law, and found those values to be close to each
other for both models, which indicates that the activa-
tion energy is an appropriate parameter for explaining
the dielectric relaxation and conduction mechanisms. In
the frequency-dependent conductivity at several temper-
atures, the individual curves overlap on a single master
curve, indicating the existence of a universal ionic relax-
ation process in this glass system.
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