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Abstract: A polycrystalline sample of KCa2Nb5O15 with tungsten bronze structure was prepared by a mixed oxide
method at high temperature. A preliminary structural analysis of the compound showed an orthorhombic
crystal structure at room temperature. Surface morphology of the compound shows a uniform grain dis-
tribution throughout the surface of the sample. Studies of temperature variation on dielectric response at
various frequencies show that the compound has a transition temperature well above the room temper-
ature (i.e., 1050C), which was confirmed by the polarization measurement. Electrical properties of the
material have been studied using a complex impedance spectroscopy (CIS) technique in a wide temper-
ature (31-5000C) and frequency (102-106 Hz) range that showed only bulk contribution and non-Debye
type relaxation processes in the material. The activation energy of the compound (calculated from both
the loss and modulus spectrum) is same, and hence the relaxation process may be attributed to the
same type of charge carriers. A possible ’hopping’ mechanism for electrical transport processes in the
system is evident from the modulus analysis. A plot of dc conductivity (bulk) with temperature variation
demonstrates that the compound exhibits Arrhenius type of electrical conductivity.
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1. Introduction

Although a large number of ferroelectric oxides are known
today, the oxygen octahedral type have been the subject of
extensive investigation for the past several years because
of their various industrial and technological applications.
The first compounds of the TB-type tungsten bronze struc-
ture reported to be ferroelectric were lead metaniobate

∗E-mail: crnpfl@phy.iitkgp.ernet.in

[1, 2] and lead metatantalate [3]. Since then there has
been rapid progress in search of new materials from this
family for different applications such as electro-optic [4],
piezoelectric [5, 6], pyroelectric and memory devices [7, 8],
and ferroelectric random access memory and display [9],
etc. The tungsten bronze structure has a general chemical
formula [(A1)2(A2)4(C)4][(B1)2(B2)8]O30, where the A site is
usually filled by di- or trivalent cations, and the B sites
by a pentavalent ion (Nb+5, Ta+5 or V+5). This type of
structure consists of three different interstitial sites. Gen-
erally, the smallest interstice C site is empty, and hence
general formula for a full TB structure can be written as

289

Cent. Eur. J. Phys. • 6(2) • 2008 • 289-295



Structural and electrical properties of KCa2Nb5O15 ceramics

A6B10O30 . There is still plenty of scope to develop many
new materials by substituting a variety of cations at dif-
ferent interstitial sites (i.e., A1, A2,B1, B2), and that can
tailor the physical properties significantly for applications
because of their high dielectric constant and low loss tan-
gent [10, 11]. Detailed literature surveys performed by the
authors show, that although a lot of work has been done
on TB structured compounds [12–16], no reports on struc-
tural, dielectric, and impedance properties of KCa2Nb5O15

were available.

Figure 1. XRD pattern and SEM micrographs (inset) of
KCa2Nb5O15.

2. Experiment
The polycrystalline sample of KCa2Nb5O15was prepared
by a mixed oxide method at high temperature using high-
purity (99.9%) ingredients; K2CO3 (M/s. M/s. Sarabhai M.
Chemicals Ltd., India),BaCO3 (M/s. Sarabhai M. Chem-
icals Ltd., India), and Nb2O5 (M/s. Loba Chemie Ltd.,
India) in a suitable stoichiometry. These carbonates and
oxide were thoroughly mixed; first in an air atmosphere for
1h, and then in alcohol for 1h. The mixed powders were
calcined at an optimized temperature (9000C) and time (7
h) in an alumina crucible in air atmosphere. The calcined
powder was cold pressed into cylindrical pellets of 10 mm
diameter and 1-2 mm of thickness at a pressure of 4x106

N/m2 using a hydraulic press. PVA (polyvinyl alcohol),
used as binder to reduce the brittleness of the pellet, was
burnt out during high-temperature sintering. The pellets
were sintered at an optimized temperature (10000C) and
time (7 h) in an air atmosphere. The preliminary struc-
tural study of the compound was carried out by XRD tech-
nique at room temperature with a powder diffractometer
(Rigaku Miniflex, Japan) using CuKα radiation (λ=1.5405

Å) and a wide range of Bragg’s angles 2θ (200 ≤ θ ≤800)
with a scanning rate of 30/minute. The microstructures
of the sintered pellet were recorded at room temperature
by a scanning electron microscope (SEM) (LEICA S440i).
To study the electrical properties of the compound, both
flat surfaces of the pellets were electroded with air-drying
conducting silver paste. After electroding, the pellets were
dried at 1500C for 4 h to remove moisture, if any, and then
cooled to room temperature before taking any measure-
ment. The electrical parameters (impedance, phase angle,
capacitance and dissipation factor) of the sample were
measured using a computer-controlled LCR meter (HIOKI
Model 3532) in a wide frequency range (102 -106 Hz) from
31-5000C.

Figure 2. (a) Variation of εr and tanδ at 10, 50 and 100 kHz and
(b) hysteresis loop of KCa2Nb5O15 at room temperature.

3. Results and discussion

3.1. Structural and microstructural studies

The room temperature XRD pattern of KCa2Nb5O15(KCN)
is shown in Fig. 1. The diffraction pattern show sharp and
well defined single diffraction peaks, which are different
from those of the ingredients. This confirms the good ho-
mogeneity and crystallization of the prepared compounds.
The diffraction peaks of the compound were indexed in
different crystal systems and unit cell configurations. An
orthorhombic unit cell was selected on the basis of good
agreement between observed (obs) and calculated (cal)
interplanar spacing d (i.e., Σ∆d=Σ(dobs-dcal) = minimum).
The lattice parameters of the selected unit cell were re-
fined using the least-squares sub-routine of a standard
computer program package “POWD” [17]. These refined
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Figure 3. Variation of σac with 103/T 10, 50 and 100 kHz (a) and
σdc with 103/T (b) of KCa2Nb5O15.

lattice parameters are: a = 16.9908(38) Å, b=17.4169(38)
Å, c=3.9121(38) Å and V=1157.69 Å3 (the number in
parenthesis is estimated standard deviation). These unit
cell parameters are consistent, and are in good agree-
ment with those reported for tungsten bronze structure
[18]. It is not possible to determine the space group with
the limited powder data. The coherently scattered crys-
tallite size (P) of KCN was roughly estimated from the
broadening of a few XRD peaks (in a wide 2θ range) us-
ing the Scherrer’s equation [19], P = Kλ/(β1/2 cosθhkl),
(where K = constant = 0.89, λ = 1.5405 Å and β1/2 =
peak width of the reflection at half intensity). The average
value of P was found to be 35 nm. The effect of strain, in-
struments, and other defects on this broadening has been
ignored for the calculation of P.
The SEM micrograph of KCa2Nb5O15 at room temperature
is shown in Fig. 1 (inset). It was found that the grains
are uniformly distributed over the entire surface of the
sample with less porosity and densely packed. The grain
size of the compound was found in the range of 3-8 µm.
The shape and distribution of grains in the microstructure
exhibit the polycrystalline nature of the sample.

3.2. Dielectric properties
Fig. 2 shows the variation of relative dielectric con-
stant (εr) and loss tangent (tanδ) as a function of tem-
perature at 10, 50 and 100 kHz. It is evident that the
value of εr increases gradually with rising temperature,
and reaches its maximum value at 1050C (may be associ-
ated to the phase transition temperature, Tc), above which
it decreases. At much higher temperatures, the dielectric

Figure 4. Variation of Z ′ and Z” at different temperatures (a) with
corresponding equivalent circuit (b) and M′′ and M′ (c)
of KCa2Nb5O15 at selected temperatures.

Figure 5. (a) and (b) Variation of Z’ and Z”with frequency at differ-
ent temperatures for KCa2Nb5O15.

constant increases again, which is due to the creation of
space charge polarization at these raised values. A similar
behaviour was observed in tanδ (as in εr). The dielectric
anomaly was found at all the frequencies. This dielectric
anomaly was assumed to be related to a ferroelectric-
paraelectric phase transition (this assumption was later
confirmed by the appearance of a hysteresis loop). The
maximum value of dielectric constant (i.e., εmax ) at Tc was
found to be 311, 186 and 159 at 10, 50 and 100 kHz re-
spectively. Fig. 2 (inset) shows the variation of polar-
ization as a function of electric field of the poled sample
at room temperature. Remanent polarization was found to
be very small (2Pr ≈ 0.048 µC/cm2) at an applied electric
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field of 18.87 kV/cm. However, even with smaller rema-
nent polarization and piezocoefficient d33 (4 pC/N), the
existence of ferroelectric properties in the material may
be considered. A similar nature of dielectric anomaly and
ferroelectric properties was observed in Pb5Ge3O11 [20].
Comparing the scientific and technological importance of
Pb5Ge3O11 material with that of KCN suggests that this
may be useful for some applications.

Figure 6. Variation of relaxation time with 103/T for KCa2Nb5O15
calculated from impedance and modulus plots.

3.3. Electrical conductivity
The ac electrical conductivity (σac) was calculated using
an empirical relation; σac = ωεrε0tanδ where ε0 is the
permittivity in free space, and ω the angular frequency.
Fig. 3 shows the variation of σac with inverse of abso-
lute temperature (103/T ) of KCNat different frequencies.
The nature of variation of σac over a wide temperature
range supports the thermally activated transport prop-
erties of the material obeying the Arrhenius equation:
σac = σ0 exp(−Ea/KBT ), where the symbols have their
usual meanings. It is observed that the ac conductivity of
the material increases with rise in temperature, and shows
the negative coefficient of resistance behaviour. The value
of activation energy of the compound is found to be 0.45,
0.37 and 0.34 eV (≤ Tc) and 0.29, 0.25 and 0.24 eV (≥ Tc)
at 10, 50 and 100 kHz. This behavior suggests that the
conduction mechanism in the sample may be due to the
hopping of charge carriers.
As the electrical conductivity (σ ) is a thermally activated
process, it obeys Arrhenius law σ = σ0 exp(−Ea/KBT )
where the symbols have their usual meanings. Fig. 3 (in-
set) shows the variation of σdc (bulk conductivity) against
103/T . The activation energy can be calculated from the

Figure 7. Plot of M” and M′ with frequency of KCa2Nb5O15 at se-
lected temperatures.

slope of the straight line, and the corresponding value of
Eais found to be 1.1 eV. It is observed that the dc conduc-
tivity increases with rise in temperature showing a typical
characteristic of a semiconductor (i.e., negative temper-
ature coefficient of resistance). At higher temperatures
singly ionized oxygen vacancies dominate the conduction
process in the material.

3.4. Impedance studies

The complex impedance (CI) technique [21] is used to an-
alyze the electrical response (i.e., transport properties) of
the polycrystalline sample in a wide range of frequen-
cies (102 − 106 Hz). Electrical properties of a material
is often represented in terms of complex dielectric con-
stant ε∗, complex impedance Z ∗, electric modulus M∗ and
loss tangent (tanδ), which are related to each other as:
Z ∗ = Z ′ − jZ” = Rs − −1/jωCS , M∗ = 1

ε(ω)= M ′+ jM”,
ε∗ = ε′ - jε” and tanδ = ε”

ε′ , where (Z ’, M’, ε’) and (Z”, M”,
ε”) are the real and imaginary components of impedance,
modulus and permittivity respectively, j =

√
−1 the imag-

inary factor, C0 = vacuum capacitance, subscripts s for se-
ries and p for parallel combinations of the circuit elements.
The complex impedance of the electrode/sample/electrode
configuration can be explained as the sum of a single RC
circuit with parallel combination. The results obtained
using impedance analysis are basically unambiguous and
provide a true picture of the sample electrical behavior.
Fig. 4 shows the complex impedance spectrum (Z ′ vs. Z”)
of KCN at 275-3750C, with only a semicircular arc being
observed across this temperature range. This indicates
that the electrical properties of the material arise mainly
due to the bulk effect. As the temperature increases, the
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Figure 8. Variation of σac with frequency of KCa2Nb5O15 at selected
temperatures.

intercept point on the real axis shifts towards the origin
indicating the decrease in the resistive property of the ma-
terial. This gives the bulk resistance (Rb) of the material.
This type of electrical behavior can be explained in terms
of an equivalent circuit comprising of a parallel combina-
tion of RC circuits (inset). In order to confirm the ambigu-
ity arising in connection with the presence of grain/grain
boundary effect [22] at elevated temperatures (i.e., 275-
3750C), the impedance data were re-plotted in the mod-
ulus formalism at high temperatures (i.e., 325-4250C) as
shown in Fig. 4 (inset). It is clear that the modulus plane
shows a single semicircle. The intercept on the real axis
indicates the total capacitance contributed by the grain.
Further, the modulus spectrum shows a marked change in
its shape with rise in temperature suggesting a proba-
ble change in the capacitance values of the material as a
function of temperature.
Fig. 5(a) shows the variation of Z’ as a function of fre-
quency at different temperatures (i.e., 275-3750C) of KCN.
It is observed that the magnitude of Z’ (bulk resistance)
decreases on increasing temperature in the low frequency
ranges (up to a certain frequency), and appears to merge
in the high-frequency region. This may possibly be due to
the release of space charge with rise in temperature. Fig.
5(b) shows the variation of Z” as a function of frequency
at different temperatures. It is also observed that the peak
values of Z”are shifted towards the higher frequencies side
on increasing temperature. The change in the peak broad-
ening on changing temperature, suggests the presence of
temperature dependent relaxation processes in the com-
pound [23]. This may be due to the presence of immobile
species (electrons) at low temperature and defects (vacan-
cies) at higher temperatures [24]. The merging of all the

curves at higher frequencies indicates a possible release
of space charge [25].
The variation of relaxation time (τ) as a function of recip-
rocal of temperature 1/T of KCa2Nb5O15 at high temper-
ature region is shown in Fig. 6 (calculated from the loss
and modulus spectrum). This graph follows the Arrhe-
nius relation, τ = τo exp(−Ea/KBT ) where the symbols
have their usual meanings and thermally activated pro-
cess. The value of activation energy of the compound is
found to be 1.2 eV (from the impedance plot). With the
help of the modulus plot, variation of τ with temperature
is shown in Fig. 6. The value of the activation energy is
found to be 1.5 eV.
Fig. 7 shows the variation of real and imaginary part of
electric modulus with frequency for KCN at selected tem-
peratures. The maxima M”

max shifts towards the higher
frequencies side with rise in temperature, ascribing cor-
relation between motions of mobile ions [26]. The asym-
metric peak broadening indicates the spread of relaxation
times with different time constant, and hence relaxation is
of non-Debye type [27, 28]. The low frequency peaks show
that the ions can move over long distances (i.e., charge car-
riers can perform successful hopping from one site to the
neighboring site), whereas high-frequency peaks merge
to spatial confinement of ions in their potential well. The
nature of the modulus spectrum suggests the existence of
a hopping mechanism for electrical conduction in the ma-
terial. It is also seen that the angular frequency of M”
peak (ωmax ) does not exactly scale with 1/τ. Furthermore,
the height of M”max increases slightly with rise in tem-
perature. It also shows that M ′ approaches zero in the
low frequency region, and a continuous dispersion on in-
creasing frequency may be contributed to the conduction
phenomena due to short range mobility of charge carri-
ers. This implies the lack of a restoring force for flow of
charge under the influence of a steady electric field [29].
This confirms elimination of the electrode effect in the ma-
terials.
Fig. 8 shows the variation of σac of KCN with frequency
at various temperatures. A convenient formalism to in-
vestigate the frequency dependence of conductivity in a
material is based on the power law relation proposed by
Jonscher [30], σ (ω) = σ0 + Aωn where σ0 is the frequency
independent conductivity and the coefficient A and expo-
nent n are temperature and material dependent param-
eters. The term Aωn comprises the ac dependence and
characterizes all dispersion phenomena. The exponent n
can vary differently from material to material, depending
on temperature, but in general it can have values between
0 to 1 (0 ≤ n ≤ 1). This is confirmed by a typical fit of
the above equation to the experimental data. The black
solid lines of Fig. 8 are the fitted lines. The values of fit-
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Table 1. Fitting parameters obtained from Jonscher’s power law at
different temperatures. Comparison between the dc con-
ductivity obtained from fitted parameters and from Fig. 3
(in parenthesis).

T [0C] σdc A n Goodness
of fit (R2)

275 2.3527E-6 (2.46793E-6) 3.4344E-8 0.6395 0.999
300 4.9164E-6 (5.15286E-6) 4.2377E-8 0.6392 0.999
325 9.8939E-6 (9.87171E-6) 6.5168E-8 0.6190 0.999
350 0.00003 (3.94868E-5) 3.2888E-7 0.5217 0.999
375 0.0001 (1.11218E-4) 5.3295E-7 0.5177 0.999

ted parameters are shown in Table 1. The value of n lies
in the range of 0.51-0.63 (275-3750C). According to Jon-
scher, the origin of frequency dependence of conductivity
lies in the relaxation phenomenon arising due to mobile
charge carriers. The low frequency dispersion attributes
to the ac conductivity, whereas the frequency independent
plateau region of the conductivity pattern corresponds to
dc conductivity of the material. The frequency at which
the change of slope takes place is known as the hopping
frequency. This typical behavior suggests the presence of
hopping mechanism between the allowed sites. The con-
ductivity at 350 and 3750C exhibit a step-like decrease
on lowering frequency between 0.1 and 1 kHz, may be
due to the transition from the bulk to a contact resistance.
Moreover, the values of dc conductivity obtained from the
fitted parameters are nearly equal to the values obtained
from Fig. 3 (shown in Table 1).

4. Conclusion

The polycrystalline sample of KCa2Nb5O15 was prepared
by a high-temperature solid-state reaction technique. X-
ray analysis exhibits the orthorhombic crystal structure of
the compound at room temperature. The surface morphol-
ogy of the compound, studied by SEM, gives the average
grain size of the order of 3-8 µm. The compound has
a dielectric anomaly at 1050C suggesting ferroelectric-
paraelectric phase transition, which is supported by the
appearance of a hysteresis loop at room temperature. The
complex impedance plots reveal the main contribution of
bulk effects in it. The activation energy (dc) of the com-
pound was found to be ∼1.1 eV in the high temperature
region. Variation of ac/dc conductivity (bulk) as a function
of temperature demonstrates that the conduction mecha-
nism in the sample may be due to the hopping of charge
carriers.
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