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Abstract: A new tungsten bronze ceramic oxide, Pb,KLixNbsO;5 (PKLN) (x =0.15) was prepared by high
temperature solid-state reaction route. Structural and electrical properties are investigated using X-ray diffraction and
dielectric measurements. Room temperature XRD pattern confirms the formation of the compound with an
orthorhombic crystal system. The dielectric permittivity and the loss tangent of the sample have been measured in a
frequency range 1Hz—1MHz and a temperature range 35-550 °C.

Studies of dielectric properties show that the compound exhibits an anomaly at 425°C (usually called transition
temperature).The electrical parameters of the material were studied using complex impedance spectroscopy showing
that the compound exhibits non-Debye of relaxation process. In the paraeclectric phase, activation energy was
determined and the value is Et = 0.68 eV. The present ceramic is promising candidate for high dielectric constant and

low loss dielectric ceramic.
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l. Introduction

Tetragonal Tungsten—bronze (TTB) compounds
with general formula unit A,BC,NbsO;s belong to an
important family of dielectric materials, which display
interesting ferroelectric, pyroelectric, piezoelectric,
and nonlinear optic behaviors [1-4]. Fig.1 shows a
schematic representation of the TTB structure
projection along the [001] direction with general
formula A,BC,M50;5 (M = Nb, Ta). The network is
built up by NbO6 octahedra sharing corners which let
appear between them cavities of three types, A, B and
C, characterized by coordination numbers 15, 12 and
9, respectively . The pilling up of such cavities in the
[0 O 1] direction leads to the formation of square,
pentagonal and triangular tunnels where the several
ions fit perfectly [5]. In fact, only large ions, like K,
Rb’, Cs*, Pb*', Ba’" or Na', can be located in A or B
holes, while smaller ions, for example Li", must go to
the C-type cavity. The great variety of TTB-type
compounds is provided by the different choices of the
inserted ions.

Although the prototype paraelectric phase of the
whole family of A,BC,M;0;5 compounds has a
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tetragonal symmetry (4/mmm), the ferroelectric phase
can be either of the tetragonal or of the orthorhombic
symmetry. The tetragonal symmetry of ferroelectric
phase when polarization P is directed along the 4th-
fold symmetry axis z occurs mostly in the lead-free
TTB-type compounds such as K;Li)NbsO;s (Tc = 430
°C) [6]. The lead-containing compounds such as
Pb2KNb5015 (Tc =450 °C) [7-9] present generally an
orthorhombic distortion in the ferroelectric phase
provided by the strong polarizability of the Pb*" ion
that involves a structural anisotropy and distortion of
oxygen octahedra [10]. Polarization in this case is
perpendicular to the z-direction. Note, however, the
special case of compound PbK,LiNbsO;5 (Tc=366°C)
[11,12], in which the ferroelectric phase is
orthorhombic whereas the polarization P is directed
along z. Single crystal growth, structure and dielectric
properties of Pb; K,,Nb,Og (PKN), where x =0.20,
has been reported by Nakano and Yamada, and
Hossain [7,13].

One of the most known of these compounds is the
lead potassium lithium niobate with general formula
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Pb, <K «LiyNbsO;s (PKLN). In previous studies, we
have shown that PbK,LiNbsO;s single crystal presents
a dielectric anomaly at 366 °C and an unusual
behaviour associated with intermediate phases. The
ionic conduction related to lithium ions is evidenced in
this material [11,12].

Impedance spectroscopy has been widely used for
investigating the properties of electric materials and
electrochemistry systems. No report has been found on
these studies, dielectric, hysteresis, impedance and
conductivity properties on ceramics of
Pb, 55K, 15Lig,1sNbsO;s.

In this paper, we explore a new composition
Pb, 45K 15110 15NbsO,5 of ferroelectric compounds of
TTB that is called further as PKLN. This family
contains an important amount of lead and therefore,
similar to Pb,KNbsO;s (PKN), the occurrence of
ferroelectric phase is expected. In the present study,
we confirm this symmetry by X-ray diffraction
measurements; investigate the ferroelectric transition
by dielectric measurements. The electrical parameters
of the material using complex impedance spectroscopy
are also examined and the activation energy is
estimated in paraelectric region. The present ceramic is
promising candidate for high dielectric constant and
low loss dielectric ceramic.

Figure 1: Schematic projection of the TTB crystalline network
along the c axis

I1. Sample preparation

The polycrystalline ceramic  samples of
Pb, §5K.15Lig15NbsOys were prepared by solid-state
synthesis. The starting materials were high-purity
(99.9%) powders of oxides (PbO, Nb,Os) and
carbonates (K,CO;, Li,CO;). All these materials were
weighed, mixed for 1 h.The above ingredient
(carbonates and oxides) was mixed in a desired
stoichiometry and grounded in methanol medium for
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an hour with agate mortar. The finely crushed mixture
was calcined at 900°C during 4 hours. The process has
been repeated three times to achieve homogenous with
single phase powder. The formation of the single
phase compound was confirmed via X-ray powder
diffraction (XRD) technique. The fine homogenous
calcined powder then added with required organic
binder poly ethylene glycol (PEG) which evaporates at
low temperature to provide strength and flow ability of
granules and to reduce the brittleness of sample.
Powders of these compounds were initially compacted
with a pressure of 2 tonnes/m” to obtain cylindrical
pastille sample having in the order of 8 mm of
diameter and 1mm of thickness. Finally, the obtained
pellet was placed into alumina crucible and sintered
during 2 h at 1150°C. The compactness value, C
(defined as the ratio between the experimental density
dexp, and theoretical density dtheor) obtained for
sintered specimen was approximately 90%.
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Fig. 2. X-ray diffraction patterns of ~ Pb, K, Li,NbsO;s
ceramic (x=0,15).

I11. Results and discussion

I11-1. X-ray Study

X-ray measurements were performed using a
Bruker AXS - D8 Advanced diffractometer with a
Cobalt radiations AKal= 1.788970 A and AKa2 =
1.792850 A. Working in transmission (Debye-
Scherrer) mode, this diffractometer is provided with a
cylindrical furnace which permits us to collect X-ray
diagrams versus temperatures. The sample powders
were sealed in a glass capillary and the transmitted
beam is focused to a punctual scintillation (Nal)
detector.

The formation of the desired compound
(PKLN) has been confirmed by preliminary X-ray
structural analysis. The XRD pattern of PKLN
compound is shown in Fig. 2. The structure was
refined based on the orthorhombic structure with a
space group of Cm2m. The lattice parameters has been
found to be a = 1.7919 nm, b = 1.8045 nm and ¢ =
0.3870 nm at room temperature which approximately
coincide with the reported values in Pb,KNbsO;;s
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(a=1.7721 nm, b = 1.7983 nm and ¢ = 0.3892 nm)
[14].
111-2. Dielectric measurements

Dielectric measurements were carried out by the
means of a SOLARTRON SI-1260 spectrometer in the
1-106 Hz frequency domain. A source of 1Vrms was
applied. The temperature variation was performed
using a Linkam TS 93 hot stage allowing a
temperature stability of + 0.1 K. Samples are pastilles
of ceramic. Before measurements, silver electrodes
were deposited on the circular faces of the ceramic to
get capacitor shaped samples.
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Fig. 3. (a) Temperature dependence of real dielectric constant, (b)
imaginary dielectric constant and (c) dielectric loss in PKLN.

The temperature dependence of the real dielectric
constant €, imaginary dielectric constant €” and tand
in PKLN at various frequencies are shown in Figures
3a, 3b and 3c. From Figure 3a, ¢’, increases gradually
with increase in temperature and reaches a maximum
at Curie temperature, Tc = 425 °C. In general, the
ferroelectric phase transition for TTB structure
compounds  possessed not only displacive
characteristic but also order—disorder characteristics
[15]. Also, ionic size, polarizability and electronic
configuration of the ions participating in solid solution
are believed to be among the factors that determine the
magnitude and direction of the shift of the Tc [16]. It is
observed that the room temperature dielectric constant
(¢’RT) be 560 and there was no appreciable change in
its value for all frequencies studied. The value of
dielectric constant at transition temperature (¢’Tc) and
at 10 kHz was about 3740. Further, the Curie
temperature Tc is found to be independent of
frequencies, which reveals that PKLN belong to
normal ferroelectric material.

It is evident from the Fig. 3b and 3¢, €” and tand
versus temperature, a change in slope has been
observed at a particular temperature, 425 °C
corresponds to the Tc value and independent of
frequency. This again confirms that the material is
traditional ferroelectric.
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Fig. 4. Temperature dependence of the dielectric constant &’r
(a) and of the inverse dielectric constant 1/ €’r (b) for PKLN at 10
KHz on cooling and on heating.

Fig. 4a shows the temperature hysteresis of the
dielectric constant observed on the left ferroelectric
side of the peak in Pb1’35K1,15Li0,15Nb5015 after
cooling-heating cycle. The same type of hysteresis of
the width 12°C was observed for all frequencies
studied. We attribute this hysteresis to the first-order
phase transition. Absence of discontinuity in €’r and
spreading of the hysteresis along all the left shoulder
of the peak could signify the no uniform distribution of
transition temperatures in the ceramics. We noted that
a more careful study of transition in the single-crystal
of Pb; ssK; 15Lig15NbsO;s is required to confirm the
nature of hysteresis and confirmed the first-order
phase transition.

The thermal variation of 1/ € in the heating and
cooling modes, shown in Fig. 4b, demonstrates the
linear behavior in the paraelectric phase. Curie—Weiss
law has been fitted in this region: ’r= C/(T-T0) (T
>TC).

where C the Curie-Weiss constant and TO is the
Curie-Weiss temperature.

The Curie constant (C) has been found to be
4,8x105 K, which is a characteristic of oxygen
octahedra ferroelectrics [17, 18]. The small values of
TO (TC # TO) for all compositions, respect to transition
temperature Tc are the characteristic property of the
first-order ferroelectric phase transition. The large
value of C indicates that transition is mostly of
displacive type. All frequencies present the same
remarks.

111-3. Impedance spectroscopy analysis

Electrical properties of electroceramics at fixed
frequency don’t give a whole set of properties towards
the evaluation of the electric parameters as a function
of temperature. Electroceramic materials give a variety
of frequency dependent phenomena associated with
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grain boundaries region and intrinsic properties of
material [19-21].

Impedance spectroscopy studies allowed us the
measurements under wide range of frequencies which
will be useful to separate the contributions of
electroactive regions, grain boundary and grain (bulk).
Argand diagrams, imaginary part of complex
impedance Z* versus its real part allow us the
determination of the bulk ohmic resistance as a
function of temperature and there by temperature
dependence of the conductivity [22, 23].
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Fig. 5. (a) Frequency dependence of Zr and -Zi (b) corresponding
Argand diagram (inset) for PKLN.
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Fig. 6. Cole-Cole plots for PKLN at different temperatures.

Figures 5a and 5b show variation of Z with logf at
440 °C and corresponding Argand diagram. It is
evident from the Fig. 5a that Zr intersects Zi at a
particular frequency indicating the existence of
relaxation phenomena. As the temperature increases
the intersection frequency of Zr with Zi shifts towards
high frequency side reveals the shift in relaxation
frequency.

Figure 6 shows Cole—Cole plots of impedance in
PKLN at several (310-510°C) temperatures in the
frequency range (1-1MHz). It is evident from figure
that at lower temperatures Zi increase with increase of
Zr (linear response in Zi). This trend indicates the
insulating behavior in the material. Below 360 °C a
straight-line response has been observed. As the
temperature increases the slope of the line decreases

Dielectric Properties Of Lead Potassium Lithium Niobate ... 89

and which makes a curve towards real axis. As the
temperature increases all the semicircles become
smaller and shifts towards lower Z values, indicating a
reduction of grain, grain boundary resistance, and
negative temperature coefficient of resistance (NTCR)
behavior like semi conducting materials [19-21].

All the impedance plots in PKLN exhibits the
phenomena of decentralization, in which the centers of
semi-circles that compose the total electric response
centered below the real axis making an angle (®) with
x-axis indicating non — Debye type relaxation process.
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Figures 7a,b show the wvariation of real and
imaginary parts of the impedance (Zr and Zi) as a
function of frequency (I Hz-1 MHz) at different
temperatures (310 °C-510 °C) in PKLN. From the
figures, the magnitude of Zr as well as Zi decreases
with increase in frequency. This trend in Zr indicates
the increase in ac conductivity of the material, where
as Zi reveals the dependence of relaxation time in the
composition. Higher impedance value of Zr at lower
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frequency side indicates the presence of space charge
polarization.

As temperature increases the magnitude of Zi
decreases and the peak (Zi max) shifts towards higher
frequency side. This trend indicates increasing of
relaxation time (t), loss in the material and dependence
of space charge. The value of t has been calculated
from the peak of Zi and the asymmetric broadening of
the peak suggests the spread of t at a temperature.
From the Figure 7, irrespective of the temperatures
under study the Zr as well as Zi curves merges above
10 KHz. This is due to the reduction of space charge
effect as at higher frequencies the contribution of
impedance from the grain predominates over grain
boundary [24].
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Figure 8 shows the normalized imaginary parts Zi
/ Zi max of impedance as a function of frequency in
PKLN at several temperatures. The Zi / Zi max
parameter exhibits a peak in slightly asymmetric
degree at each temperature. The plot at high
temperatures indicates the triggering of another
relaxation process. At the peak, the relaxation is
defined by the condition, omtm = 1, where, tm is
relaxation time at the peak. The relaxation frequency
plotted against inverse of temperature shown in Fig. 9,
obeys the Arrhenius relation given by :

om =0 exp[-ET/KBT] (1)

where w0 and Et are pre-exponential factor and
activation energy, respectively

The relaxation frequency is a thermally activated
process and the activation energy values deduced from
the fit using the equation 1. From the om—1/T plot, the
value of ET = 0.68 eV has been found in para region (T
> 440 °C). In previous studies, we have estimated the
activation energies in PbK,LiNbsO,s single crystal for
paraelectric phase as 1.03eV respectively. This can be
explained by fact that the ions need much more energy

for jumping in low temperature phase. The logom
versus inverse of temperature reponse exhibited also
Arrhenius behavior (Fig. 9 (b) inset). The slope
calculated from the log wm—1/T data, gave the same
activation energies (Et) in this region.

1VV. Conclusion

Ferroelectric compound of TTB structure
Pb1,85K1’15Li0’15Nb5015 (PKLN) was SyntheSiZCd. The
phase is prepared by solid state reaction and is
characterized by diffraction of X-rays and dielectric
measurements. XRD analysis on ferroelectric (PKLN)
ceramics confirmed homogeneous, single phase with
orthorhombic structure. Phase transition temperature
425 °C in PKLN has been found from real dielectric
constant versus temperature response.

All the impedance plots in PKLN exhibits the
phenomena of decentralization, in which the centers of
semi-circles that compose the total electric response
centered below the real axis indicating non — Debye
type relaxation process.

Zi/Zi max peak frequencies showed Arrhenius
behavior and estimated activation energy 0.68 eV in
para region.

This work anticipates our future investigation of
ferroelectric TTB family Pb, K;+LixNbsO;s that will
allow to study the dielectric dispersion and electric
modulus method to understand the mechanism of
conduction in this ceramics over wide range of
frequencies and temperatures.
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