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Abstract The modulus Spectroscopy of Lead Potas-

sium Titanium Niobate (Pb0.95K0.1Ti0.25Nb1.8O6,

PKTN) Ceramics was investigated in the frequency

range from 45 Hz to 5 MHz and the temperature, from

30 to 600 �C. XRD analysis in PKTN indicated a

orthorhombic structure with lattice parameters

a = 18.0809 Å, b = 18.1909 Å and c = 3.6002 Å. The

dielectric anomaly with a peak was observed at 510 �C.

Variation of eI and eII with frequency at different

temperatures exhibit high values, which reflects the

effect of space charge polarization and/or conduction

ion motion. The electrical relaxation in ionically con-

ducting PKTN ceramic analyzed in terms of Imped-

ance and Modulus formalism. The Cole–Cole plots of

impedance were drawn at different temperatures. The

dielectric modulus, which describes the dielectric

relaxation behaviour is fitted to the Kohlrausch expo-

nential function. Near the phase transition tempera-

ture, a stretched exponential parameter b indicating

the degree of distribution of the relaxation time has a

small value. From the AC conductivity measurements

the activation energy near phase transition tempera-

ture (TC�C) has been found to different from that of

the above and below TC. The temperature dependence

of electrical modulus has been studied and results are

discussed.

Introduction

Lead Potassium Niobate (Pb(1–x) K2xNb2O6, PKN at

x = 0.2 ) is a useful substrate material for surface

acoustic wave devices [1, 2] .It has a largest electro-

mechanical coupling factors K15 = 0.69 and K24 = 0.73

[3] . PKN belongs to the orthorhombic structure with

space group C2v
14–Cm2m at room temperature and

Curie temperature, 450 ± 10 �C. Substitution of Lead

by Gd in PKN (Pb2(1–x)GdxK1 + xNb5O15) and its

structural modification for different values of x have

been reported by Oualla et al. [4]. It has been reported

that the charge carriers in PKN ceramics were coupled

with the soft mode mechanism [5, 6].

Impedance spectroscopy has been widely used for

investigating the properties of electric materials and

electrochemical synthesis. The aims of impedance

measurements are the identification of physical pro-

cesses and the determination of various electrical

properties appropriate for the electrical system under

study. It requires the selection of a model suitable with

the measurement data. The commonly used models are

electrical equivalent circuits consisting of resistors,

capacitors, inductors, and specialized distributed ele-

ments. The basic information about the dielectric

properties of materials can be obtained from the

complex impedance analysis. The impedance analysis

allows the separation of several contributions of total

impedance, arising from the bulk conductance and

interfacial phenomenon viz. grain, grain boundary and

other electrode interface effects. The data may be

analyzed in terms of four possible complex formalisms,

the impedance Z*, the electrical modulus M*, the

admittance A* (or Y*) and the permittivity (e*). The

relation among the above properties are given by [7],
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M* ¼ JxC0Z*

e* ¼ (M*)�1

A* ¼ (Z*)�1

A* ¼ JxC0e*

where x = 2pf, is angular frequency, C0 is vacuum

capacitance of the measuring cell and electrodes with

air gap equal to the thickness of sample.

In this paper we measured the frequency depen-

dence of dielectric constant, impedance, electrical

modulus and AC conductivity at different tempera-

tures. Using the electric modulus representation the

conductivity behavior of PKTN ceramic has been

characterized over wide range of frequencies and

temperatures. The frequency dispersion of conductiv-

ity, conduction mechanism and electrical relaxation

processes at different temperatures are explained.

Experimental procedure

The ceramic specimen Pb0.95K0.1Ti0.25Nb1.8O6 (PKTN)

was prepared by the conventional technique of milling,

pre-firing, crushing and sintering. Analar grade PbO,

K2CO3, TiO2 and Nb2O5 were used as raw materials.

These raw materials were weighed according to the

formula given above. The weighed powders were

mixed in methanol and then calcined at about 900 �C/

4 h. This calcination procedure was repeated thrice to

achieve homogeneous with single-phase composition.

After calcination the ceramic powder has been pressed

into pellets with 12 mm in diameter and 2 mm in

thickness and then sintered at 1110–1150 �C for

60 min. The ceramic was polished and electroded with

silver paste. The dielectric constant, dielectric loss,

impedance and modulus parameters were measured

using a computer interfaced HIOKI 3532-50 LCR Hi-

TESTER. The crystal structure of the material PKTN

has been determined from the Philips X-Ray diffrac-

tometer using Cu Ka radiation.

Results and discussion

Structure

Figure 1 shows the X-ray diffractogram of PKTN. The

100% intensity peak in PKN (Pb1–xK2xNb2O6) for

x = 0.20, 0.23, 0.26, 0.29 0.32 and 0.34 has been ob-

served at around 2h = 32�, which was found to be the

characteristic feature of the composition. In the pres-

ent PKTN material the 100% intensity peak is ob-

served at 2h = 29.635�. The shift in 2h of 100%

intensity peak may be attributed to the presence of, 2h
may be attributed to the presence of titanium.

The composition PKTN has been confirmed as a

single phase with Orthorhombic structure by indexing

all the peaks by Interpretation and Indexing program

by E. Wu, School of physical Sciences, Flinders Uni-

versity of South Australia, Bed ford park, Australia.

The lattice parameters a, b and c were computed.

The computed values of a, b, c, cell volume (Å3),

experimental density (dexpt.), X-Ray density (dtheo.),

percentage of density, porosity and orthorhombic

distortion were given in Table 1.

It is evident from the table that the lattice parame-

ters a = 18.080 Å, b = 18.190 Å and c = 3.600 Å were

found to be much higher when compared with PKN [8]

Fig. 1 X-ray diffractogram of
PKTN sample
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at x = 0.20–0.34. The enhancement in the lattice

parameters may be due to the higher content of Pb

present in PKTN. Also, the percentage of density

achieved in PKTN is more than 94% indicating the

material having a good density. The orthorhombic

distortion (b/a = 1.006) obtained in the material is very

small indicating a minute change in Pb content leads to

the tetragonal phase of PKN [9].

Dielectric

The real dielectric constant of PKTN as a function of

temperature at different frequencies is shown in Fig. 2.

The dielectric anomaly has been found at 510 �C. The

Curie point of Pb-K-Niobates shows strong depen-

dence on x. The dependence of x on TC can be rep-

resented by an empirical relationship as

TC ¼ 570� (97.488)x� (2498)x2

Here, the value of x = 0.05, then from the above

equation TC is found to be 558.88 �C. The experi-

mental value of TC found to be lower than the theo-

retical one. The reason being Niobium is partially

substituted with Titanium and the empirical relation is

not taken into account of B—cation substitutions. The

lower value of TC = 510 �C may be due to the presence

of Titanium.

It is observed that the room temperature dielectric

constant (eRT) be 82 and the dielectric constant at

transition temperature (eTC) as 152. Further, the Curie

temperature Tc is found to be independent of fre-

quencies, which reveals that PKTN belong to normal

ferroelectric material. The Curie–Weiss law has been

obeyed in para region and Curie–Weiss constant has

been calculated and found to be 1.20 · 105. From the

value of Curie constant (K) one can conclude that the

present material PKTN belongs to oxygenocatahedra

ferroelectric [10, 11]. The values eRT , eTC, K and Tc are

tabulated in Table 2.

Figure 3 shows the variation of real and imaginary

dielectric constant (eI and eII) with frequency at dif-

ferent temperatures (350–590 �C), which includes

ferroelectric and paraelectric region of PKTN material.

The value of eI and eII at 45 Hz is nearly same at

measured temperature of 350 �C. As the temperature

increases the values of eI and eII differs and intersects at

lower frequency. Further, increase in temperature the

intersection of eI and eII moves towards higher

frequency side i.e., 480 �C onwards. As the tempera-

ture increases the magnitude of eI with frequency also

decreases and flatten. Both eI and eII rise sharply

towards low frequencies and the shape of the raise is

changes as the temperature increases. The sharp raise

of eI and eII at low frequencies may be due to the

conducting ion motion. Also, eI and eII exhibit high

values, which reflects the effect of space charge

polarization and/or conduction ion motion. In the

conducting dielectric materials the high values of eI

may be interpreted as accumulation of charges at the

interface between sample and electrode i.e., space

charge polarization. Regarding the high value of eII at

low frequency may be due to free-charge motion with

in the material and/or related to AC conductivity

relaxation [12].

Table 1 Lattice parameters of PKTN

Composition Lattice parameters (Å) Cell volume (Å3) Ortho-rhombic
distortion (b/a)

Density (g/cm3) Porosity % Density

dtheo. dexpt.

PKTN a = 18.0809 1184.13 1.006 6.67 6.29 0.005 94.3
b = 8.1909
c = 3.6002

Table 2 Dielectric data

Composition PKTN

eI
RT 81.47

TC (�C) 510
eI

TC 152
K (·105) 1.20

100        200          300         400         500          600

60

80

100

120

140

160

180

R
ea

l D
ie

le
ct

ric
 c

on
st

an
t, 

ε1

Tempurature,0C 

Pb
0.95

K
0.1

Ti
0.25

Nb
1.8

O
6

  50Hz
  1KHz
  10KHz
  20KHz

Fig. 2 Real dielectric constant of PKTN ceramic as a function of
temperature
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Impedance characterization

Electrical properties of electroceramics at fixed fre-

quency don’t give a whole set of properties towards the

evaluation of the electric parameters as a function of

temperature. Electroceramic materials gives a variety

of frequency dependent phenomena associated with

grain boundaries region and intrinsic properties of

material [13–15]. Impedance spectroscopy studies al-

lowed us the measurements under wide range of fre-

quencies which will be useful to separate the

contributions of electroactive regions viz, grain

boundary and grain (bulk).

Argand diagrams, imaginary part of complex

impedance Z* versus its real part allow us the deter-

mination of the bulk ohmic resistance as a function of

temperature and there by temperature dependence of

the conductivity [16, 17]. A single arc approximating

a semicircle has been observed at low temperatures

in PKTN. Figure 4. shows variation of Z with log f

at 510 �C and corresponding Argand diagram. It is

evident from the Fig. 4a that ZI intersects ZII at a

particular frequency indicating the existence of relax-

ation phenomena. As the temperature increases the

intersection frequency of ZI with ZII shifts towards high

frequency side reveals the shift in relaxation frequency.

Figure 5 shows Cole–Cole plots of impedance in

PKTN at several (300–590 �C) temperatures. It is

evident from figures that at lower temperatures Zll

increase with increase of ZI indicating the insulating

behavior of the material. Below 400 �C a straight-line

response has been observed. As the temperature
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increases the slope of the line decreases and which

makes a curve towards real axis. Temperature above

400 �C the curve becomes almost semi-circle indicating

the increase in conductivity of the sample.

All the impedance plots in PKTN exhibits the phe-

nomena of decentralization, in which the centers of

semi-circles that compose the total electric response

centered below the real axis making an angle (F) with

x-axis. It has been observed that the value of F is found

to increase with increase in temperature at the transi-

tion temperature the value of F is maximum, further

increase in temperature results decrease in the value of

F. In addition, it has been observed that the shape of

the diagram (Fig. 6) suggests that the electrical

response is composed of overlapping of two semi-cir-

cles. Also, the high overlapping degree suggests that

each contribution presents very similar relaxation

frequency (x = 2pf). The small semi circles definition

is assigned to very similar values of most relaxation

frequency, with relation each relaxation phenomenon

detected, one to grain and other to grain boundary.

Therefore, the overlapping increases with decreasing

of magnitude of the difference between the most

relaxation frequencies.

The width of the overlapping decreases with in-

crease in temperature. The electric and dielectric

properties of PKTN are well represented by two par-

allel RC elements in series. The first relaxation phe-

nomenon was observed at lower frequencies represent

the grain boundary contribution to the electrical re-

sponse. The second one, in the high frequency range

was observed, corresponds to specific properties of

grain or bulk.

From the Cole–Cole plots, the grain and grain

boundary resistances and capacitances at various tem-

peratures have been calculated. Variation of resistance

(grain resistance, Rg and grain boundary resistance,

Rgb), capacitance (grain capacitance, Cg and grain

boundary capacitance, Cgb), grain relaxation time and

grain boundary relaxation time with temperature in

PKTN have been shown in fig 7(a–c). It is evident from

the fig. 7 (a) that the value of grain resistance is found

to be higher compare with grain boundary resistance.

Also, an anomaly in Rgb has been found at 565–570 �C.

From Fig. 7b the value of grain capacitance has been

found to be higher when compare with grain boundary

capacitance. A similar anomaly in grain boundary

capacitance has also been observed at 565 �C. It is

evident from Fig. 7c that the grain relaxation time is

higher than the grain boundary relaxation time.

Variation of grain, grain boundary conduction and

relaxation time with inverse temperature shows

Arrhenius behavior, and the corresponding grain

(Eg eV), grain boundary (Egb eV) conduction, grain

relaxation activation energy (eg eV) and grain bound-

ary relaxation activation energy (egb eV) values have

been calculated. These values are tabulated in Table 3.

From the above discussion one can conclude that the

conducting parameter in PKTN is probably due to

grain boundary.

Modulus characterization

Dielectric relaxation studies in PKTN have been car-

ried out at temperatures between 240 and 595 �C in the

complex modulus M* formulation. Figure 8a, b shows

the real and imaginary parts of the electrical modulus,

MI and MII as a function of frequency at various

temperatures. At 240 �C the value of MI shows

1.7 · 10–3 at 45 Hz. This value has been decreased

with increase in temperature. As frequency increases

value of MI increases and reaches a constant value at

higher frequencies, this trend is nearly the same at all

temperatures under study. At low frequency MI

approaches zero (Fig. 8a) confirming the presence of
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Fig. 5 Cole–Cole Plots of PKTN

Fig. 6 Impedance diagram of PKTN and its equivalent circuit
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an appreciable electrode and/or ionic polarization in

the temperature range under investigation. The real

part of modulus MI has a value of zero at low

frequency and increases with increase in frequency,

and the dispersion shifts towards high frequency as

temperature increases (Table 4).

It is evident from the Fig. 8b that there is a shift in

the peak frequencies of MII to high frequency side as

temperature increases. Increasing temperature, the dc

conduction is attributed to long-range motion of ions

that are thermally activated. The low frequency side of

the peak represents the range of frequency in which

the ions can move long ranges i.e., ions can perform

successfully hopping from one site to the neighboring

site. The high frequency side of the MII represents the

range of frequencies in which the ions are separately
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Table 3 Conduction and relaxation activation energy values (eV) for grain and grain boundary

Temperature
range (�C) PKTN

Grain conduction activa-
tion energy, Eg (eV)

Grain boundary conduction
activation energy, Egb (eV)

Grain relaxation activa-
tion energy, eg (eV)

Grain boundary relaxation
activation energy, egb (eV)

580–515 0.16 0.14 0.82 0.69
510–430 0.45 0.50 0.31 0.57
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confined to their potential wells, and the ion can make

only the localized motion within the wells [18–21].

Also, MII peak frequencies increases with increase in

temperature and the shift in frequency of MII peaks

corresponds to the so called conductivity relaxation.

The activation energy of dc conduction can be ob-

tained from Arrhenius plots of MII peak frequencies.

The reciprocal of frequency of the MII peak represents

the time scale of the transition from the long-range

mobility and is identified as the characteristics relaxa-

tion time. Above and below the phase transition tem-

perature of PKTN two distinct slopes of activation

energy (1.50 eV, 0.43 eV) obtained from the Arrhenius

plot were found, which corresponds the dc activation

energy i.e., the ionic hopping mechanism.

Figure 9 shows the dc conductivity obtained from

impedance Cole–Cole plot in the temperature range

400–595 �C, which covers the transition temperature of

the sample. The dc conductivity was estimated from

bulk resistance, which was derived from the equivalent

circuit model in the complex impedance plots of a

resistor and capacitor in parallel. It is evident from the

figure that near the phase transition temperature, two

activation energies (1.60 eV, 0.45 eV) were obtained

from Arrhenius plots.

Figure 10 shows the temperature dependency of AC

conductivity at various frequencies. Activation ener-

gies are calculated and are given in table. Near phase

transition temperature, two activation energies ob-

tained from electrical modulus spectroscopy studies

are similar to that of DC conductivity of impedance

plots or AC conductivity at 1 kHz. The activation

energies obtained in three different studies are typical

value for ionic conductors.

b-Parameter

The electric field relaxation due to ion motion is gen-

erally well described by the empirical Kohlrausch

function F(t) = exp [-(t/ı̃r)b] (0 £ b £ 1) [22–25]. The ı̃r
and b parameters of the stretched exponential function

are respectively the conductivity relaxation time and

Kohlrausch exponential function. The smaller the

value of b, the greater the deviation with respect to

Debye-type relaxation. The b parameter is most often

interpreted as a result of correlated motions between

ions i.e. the jump of a mobile ion in a material can not

be treated as an isolated event. It results in a time-

dependent motion of other charge carriers in the sur-

roundings. The value of the b parameter becomes

smaller as the cooperation between charge carriers is

more extended. For very small charge carrier concen-

trations, the conductivity is essentially characterized by

independent jumps, where as when the mobile ion

concentration increases, the coupling between charge

carriers is more extended.

In both glasses and ionic crystalline ionic conduc-

tors, the coupling of charge carriers is reflected by a

value b close to 0.5 [25, 26]. It was determined by

fitting the circular arc [ZII = f (ZI)], the center of

Table 4 Activation energy (eV) values for PKTN

Composition PKTN

Temperature
Range (�C)

Activation energy (eV)

20 K 10 K 1 K 500 Hz

250–410 0.075 0.081 0.2 0.19
420–520 0.24 0.23 0.42 0.42
525–590 0.12 0.12 1.58 1.58
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Fig. 9 DC conductivity obtained from impedance Cole–Cole
plot as a function of 1/T
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which is displaced below the real axis. The split allows

the determination of the angle F and thus b as

F = (1–b) p/2. Variation of b parameter with tem-

perature in PKTN has been shown in Fig. 11, which

covers the transition temperature of the material. The

value of b obtained from ZII was 0.79–0.94. Near

phase transition temperature, a stretched exponential

parameter b as a minimum value 0.79. It implies that

distribution of relaxation time in the temperature

region has a large width of F. From the results of the

variation of activation energy and parameter b near

phase transition temperature, dynamic process is

different from that of apart from phase transition

temperature. One can say, according to the lattice

dynamics theory, one of the transverse modes (soft-

mode) is weakened and the restoring force tends to

become zero at the ferroelectric–paraelectric transi-

tion [27]. Therefore, if one assumes that the charge

carriers couple with the soft-mode, one may expect

that the charge carriers become mobile at the phase

transition temperature.

Conclusion

(1) The frequency dependency of dielectric, imped-

ance, modulus, and ac conductivity has been

studied as a function of temperature. Phase

transition temperature 510 �C in PKTN has been

found from real dielectric constant versus tem-

perature response.

(2) It is observed that eI and eII intersecting only from

350 �C in low frequency (45 Hz) range. There is a

sharp raise in eI and eII towards low frequency

side may be due to conducting ion motion. High

value of eI may be interpreted as accumulation of

charge at interface between sample and electrode

i.e., space charge polarization.

(3) From Cole–Cole plots high overlapping degree of

semi circles suggests that each contribution due to

grain and grain boundary presents very similar

relaxation frequency.

(4) From the grain resistance, grain boundary resis-

tance and the conduction activation energies of

grain and grain boundary, it is concluded that the

conducting parameter in PKTN is probably due

to grain boundary.

(5) It is evident from the variation of MII with fre-

quency at various temperatures; there is a shift in

peak frequencies of MII to higher frequency side

as temperature increases. The low frequency side

of the peak represents the long-range motion i.e.,

ions make successful hopping from one site to

neighboring site. The high frequency side of MII

represents the localized motion of the ions con-

fined to their potential wells.

(6) It is observed that the activation energies ob-

tained from impedance and modulus and ac

conductivity studies at 1 kHz in para and ferro

regions are typical values for ionic conductors.

(7) From lattice dynamic theory the restoring force

tends to become zero at ferro-para electric phase

transition due to weakening of soft modes. There

fore it is expected that charge carriers become

mobile at phase transition temperature.
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