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Abstract: Praseodymium modified Lead Potassium
Niobate (Pb

1-x
K

2x-3y
M

y
Nb

2
O

6
 for x = 0.20, y = 0.10

and M =Pr) ferroelectric ceramic has been prepared
by a high temperature solid state reaction technique.
X-ray diffraction studies of the material at room tem-
perature revealed orthorhombic structure with lattice
parameters (a=17.7150A, b= 17.9730A, c=3.889
0A). The grain size of the sample has been found to
be 4.46µm by using Scanning Electron Microscopy

(SEM). Detailed dielectric study of sintered pellets
as a function of temperature at different frequencies
(500Hz, 1 KHz, 10 KHz, 20 KHz) and Curie tem-
perature is found to be 3400C. The impedance plots
are used as tool to analyze the sample behavior as a
function of frequency. The electrical process in the

sample has been modeled in the form of an electrical
equivalent circuit made up of a series combination of
two parallel RC circuits attributed grains and grain
boundaries. The Cole-Cole plots (Z� versus Z��) of

impedance were drawn at different temperatures and
showed non-Debye type relaxation. Modulus analy-
sis reveals the possibility of hopping mechanism for
electrical transport process in the systems. D.C and
A.C conductivities of the sample as a function of tem-
perature (from room temperature (RT) - 5900C) have
been studied. The frequency dependant ac conduc-
tivity at different temperatures showed the conduc-
tion process is thermally activated process.

Keywords: XRD; SEM; Dielectric; Impedance;
Electric modulus; Conductivity.
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INTRODUCTION

Ferroelectric oxides of tungsten bronze (TB) fer-
roelectric family are a class of important materials for
applications in various electronic devices such as
multilayer capacitors, transducers, actuators, ferro-
electric random access memory and display, micro-
wave dielectric resonators, pyroelectric detector, and
so forth, owing to their unique electro-optic, non lin-
ear optic, photo refractive index, pyroelectric effect,
and acoustic optic properties[1-7]. The TB structure
has a general chemical formula [(A

1
)

2
(A

2
)

4
(C)

4
]

[(B
1
)

2
(B

2
)

8
]O

30
, where the A site usually filled by di-

valent or trivalent cations, and the B sites by Ta5+, V5+

or Nb5+ atoms. This structure consists of an arrange-
ment of corner sharing BO

6
 octahedrons forming three

interstitial sites. The smallest interstice C site is empty,
so the general formula can be A

6
B

10
O

30
 for filled TB

structure. There is a scope for variety of cationic sub-
stitutions at the interstitial sites (i.e., A

1
, A

2
, B

1
, B

2
)

that can tailor the physical properties of the materials
for device applications[8]. One of the most known of
these compounds is the lead potassium niobate with
general formula Pb

1-x
K

2x
Nb

2
O

6
 (PKN)[9], when rare

earth ions doping then this formula have been reduces
to Pb

1-4x
K

2x
M³+

2y
Nb

2
O

6
 (M=rare-earth=Pr) and de-

rived compounds. The PKN has a large electrome-
chanical coupling factor of bulk waves, surface acous-
tic wave (SAW)�s and a small temperature coeffi-

cient of small fundamental frequencies, which was first
discovered by Yamada and et al.[10-13].

Impedance spectroscopy has been widely used
for investigating the properties of electric materials
and electrochemistry systems. No report has been
found on the studies, dielectric, impedance, and con-
ductivity properties on ceramics of praseodymium
doped lead potassium niobate Pb

0.8
K

0.1
Pr

0.1
Nb

2
O

6

(Pr-PKN)
. 
Present paper describes preparation, struc-

ture, dielectric, impedance, modulus and conductiv-
ity studies on Pr - PKN ceramic.

EXPERIMENTAL

A mixed high temperature solid-state reaction
oxide method was used for the preparation of Pr-
PKN ceramic:

0.80(PbO) + 0.05(K
2
CO

3)
 + 0.05(Pr

2
O

3
) + Nb

2
O

5

 Pb
0.8

K
0.1

Pr
0.1

Nb
2
O

6 
+ 0.05CO

2

Required amount of AR-grade powders of PbO,
K

2
CO

3
, Pr

2
O

3
 and Nb

2
O

5 
have been taken to yield

Pr � PKN compound grounded well in agate mortar

in methanol medium and calcined at 9000C/4h. The
calcination procedure has been repeated three times
to achieve homogeneous with single phase composi-
tion. The calcined powder is then mixed with required
amount of poly vinyl alcohol as a binder. The powder
obtained was compacted under hydraulic press with
580 Mpa pressure and made into pellets of 12mm in
diameter and 2mm in thickness. Then the pellets are
placed on a platinum foil and the calcined powder
was sprinkled on the surface of the sample to com-
pensate the loss of lead. The assembly was closed
with an inverted crucible then sintered at 11650 C for
1 hour. The sample has been glass polished and
electroded with conducting silver paste on both sur-
faces. The microstructure on the specimens of present
compound was obtained with a scanning electron
microscopy SEM, JEOL, JSM � 5400. The lattice

parameters were estimated using the interpretation and
indexing School of physical sciences, Flinders Uni-
versity of south Australia, Bedford Park, Australia.
The dielectric constant and impedance measurements
were performed on the material (from room tempera-
ture (RT) to 6000C) in frequency range 45Hz - 5MHz
using computer interfaced HIOKI 3532-50 LCR
HiTESER.

RESULTS AND DISCUSSION

Structure

Figure 1 shows the X-ray diffractogram on the ma-
terial of praseodymium doped lead potassium niobate
Pb

0.8
K

0.1
Pr

0.1
Nb

2
O

6 
(Pr-PKN). The calcined powder

has been taken for X-ray diffraction studies (2è=10-

900) using CuK
á
 radiation. All the peaks have been

indexed by using an interactive powder diffraction data
interpretation and indexing program revealing the ma-
terial has single phase with orthorhombic structure. The
lattice parameters a, b and c are calculated. The 100%
intensity peak in Pb

1-x
K

2x
Nb

2
O

6
 (PKN) with x = 0.20

has been reported at 2è = 32O 223'[9] which is found to
be the characteristic feature of the composition. The



.40

Original Article
ChemXpress 2(1), 2013

same has been fpund to be at300 068'. The shift in due
to the substitution of praseodymium. The substitution
of Pr3+ in PKN reduces the lattice parameters of PKN
(a=17.723 Å, b=17.987 Å, c=3.895 Å[14]) to
a=17.715 Å, b=17.973 Å and c=3.889 Å. The ex-

perimental density (d
exp

) has been found to be 77.5%
to that of the theoretical value (d

the
) in the materials Pr-

PKN. The values of lattice parameters, orthorhombic
distortion (b/a), d

the
, d

exp
, porosity and %density have

been given in TABLE 1.

Figure 1 : X�ray diffractogram of Pr-PKN. (Inset. SEM micrograph of Pb
0.8

K
0.1

Pr
0.1

Nb
2
O

6
).

Composition Lattice Parameters(Å) Cell volume(Å3) Orthorhombic Distortion(b/a) Density(g/cm3) Porosity Density (%) 

a=17.715Å dthe dexp 

b=17.973Å Pr-PKN 

c=3.889 Å 

1238.22 1.014 
6.24 4.84 

0.22 77.56 

TABLE 1 : Lattice parameters of Pr-PKN.

Temperature and frequency dependence of di-
electric constant

Variation of real (å�) and imaginary part of di-

electric constant (å��) with temperature (from room

temperature to 6000C) at 500Hz, 1KHz, 10KHz and
20KHz have been shown in Figure 2(a,b). The val-
ues of å� and å�� increase with decreasing frequency,

which is the characteristic feature of polar dielectric
materials. A maximum of real dielectric constant (å�)
related to the paraelectric-ferroelectric transition
(T

c
,°C), which is observed at 340°C which is much

lower than that of PKN (T
c
=500°C)[9].

This may be due to the ferroelectric phase transi-
tion for TB structure compounds possessing not only
displacive characteristic but also order disorder char-
acteristics[15]. Also, ionic size polarizability and elec-
tronic configuration of the ions participating in solid
solution are believed to be among the factors that de-
termine the magnitude and direction of the shift of T

c
.

The T
c
 is sharp and fits to the Curie-Weiss law (å =C/

T-è) in Para region. The curie constant has been found

to be 0.6x105 K, which is the characteristic of oxy-
gen octahedra ferroelectrics[16,17]. Further, the T

c
 is

found to be the same for different frequencies. It indi-
cates that Pr: PKN belongs to traditional ferroelec-
tric but not relaxor. The peak values of the real di-
electric constant (å�

Tc
) and room temperature dielec-

tric constant (å�
RT

) have been found to be 1124.3 and
148.2 respectively at the frequency 1KHz.

Inset of Figure 1 shows the SEM micrograph of
Pr:PKN. It is clear from the figure that the grains
are clearly visible, indicating the existence of poly-
crystalline microstructure. Linear intercept method
has been used to determine the average grain size in
present composition. The value of grain size is 4.46
µm.

From Figure 2(b), a shift in the value of (å��) has

been observed at a particular temperature 3400C. The
temperature at which shift is observed exactly coin-
cides with the value of T

c
. This again confirms that the

material is traditional ferroelectric. The shift has been
showed in inset figure (c) at frequency 10 KHz.
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Figure 3(a-c) shows the variation of real and imagi-
nary parts of dielectric constants, å� and å��, as a func-

tion of frequency at various temperatures (3600C,
4600C and 5900C). At 3600C and 45Hz, å� and å��

shows 1174 and 992 respectively and both intersect
at 75Hz. As temperature increased to 4600C the in-
tersection frequency shifts to the higher side at 800Hz.
On further increasing in temperature to 5900C the in-
tersecting frequency shifts to 15 KHz. Both å� and å��

rise sharply towards low frequencies and the shape
of rise is changed as the temperature increases. å�
and å��, exhibits high value which reflects the effect of
space charge polarization and/or conducting ionic
motion. As it is known, in the conducting dielectric
materials, high å� values may be related to the accu-
mulation of charges at the interface between the sample
and electrodes, i.e., space charge polarization. Cor-
responding, å�� of the low frequency become very

high due to free charge motion within the material and
are connected to ac conductivity relaxation.

IMPEDANCE ANALYSIS

Figure 4(a,b) shows the variation of the real (Z�)

and imaginary (Z�) part of impedance with frequency
at several temperatures (3000C to 5900C). From
Figure 4(a) It is observed that the magnitude of Z� &
Z� decreases with the increase in both frequency as
well as temperature, and all curves are merge at high
frequencies for all temperatures above 104 Hz. This
may be due to the release of space charges. From
Figure 4(b), the curves show that the Z� values reach
a maxima peak (Z�

max
) for the temperatures e�380°c.

This indicates the single relaxation process in the sys-
tem. The curves display decrease in Z� with tempera-
ture and indicate an increase in a.c. conductivity with
temperature and frequency (i.e. negative tempera-
ture coefficient of resistance behaviour like that of
semiconductor). For the temperature below 380°c,

the peak was beyond the range of frequency mea-
surement. The value of Z��

max
 and corresponding fre-

quency for the maximum f
p
 shifts to higher frequen-

cies with increasing temperature, indicating the in-
creasing loss in the sample. The peak heights are
proportional to bulk resistance (R

b
) according to

equation in Z� Vs frequency plots Z11 = R
b
[�ùô/

(1+ù2ô2)][18].
Figure 5 shows the normalized imaginary parts,

Figure 2 : Variation of (a, b) real and imaginary parts of the dielectric constant with temperature.

Figure 3(a,b,c) : Frequency dependence of real and imaginary parts of the dielectric constant, å1 and å11 at various
temperatures.
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Z�/ Z�
max

, of the impedance as a function of frequency
on 0.2Pr:PKN at several temperatures. The Z�/ Z�

max

parameter exhibits a peak with a slightly asymmetric
degree at each temperature especially at higher tem-
peratures; it seems that high temperature triggers an-
other relaxation process. At the peak, the relaxation
is defined by the condition ù

m
ô

m
=1, ô

m =
 relaxation time.

The asymmetric broadening of the peaks suggests the
presence of electrical processes in the material with a

spread of relaxation time. The relaxation species in
the material may possibly be immobile species /elec-
trons at low temperatures and defects/vacancies at
higher temperatures. The relaxation frequency obeys
the Arrhenius relation given by ù

m
=ù

0 
exp [-Eô/K

B
T],

where ù
0
 is a pre-exponential factor. The activation

energy E
ô
 is calculated from the ù

m
 -1/T plots (Figure

6). The calculated activation energy in the Para re-
gion (4400C-5950C) is 0.60 ev.

Figure 4 : (a) Variation of real part of impedance with frequency at different temperatures; (b) Variation of imaginary
part of impedance with frequency at different temperatures.

Figure 7(a) shows the frequency dependence of
Z� and Z� at 5800C. As the frequency increases Z�

increases whereas Z� decreases. This trend continues
up to a particular frequency which Z� occupies a maxi-
mum value and Z� intersects, further increase in fre-
quency, both Z� and Z� decreases, and above 10 KHz
both the values merges with X-axis. This indicates
there exits a relaxation phenomenon. Figure 7(b) shows
Argand diagram (imaginary part of complex imped-
ance Z* versus its real part) allows the determination
of bulk ohmic resistance as a function of temperature
and thus temperature dependence of conductivity.

Figure 5 : Normalized imaginary part of impedance Z�/
Z�

max.

Figure 6 : Temperature dependence of relaxation as
function of frequency at several temperatures.

Figure 7 : (a) Frequency dependence of Z1 andZ11 and (b)
corresponding Argand diagram.
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Complex impedance formalism helps in determin-
ing inter-particle interaction like grain, grain bound-
ary effects, etc. To study the contribution due to dif-
ferent effects, Cole-Cole analyses have been done at
different temperatures. It also provides information
about the nature of dielectric relaxation. For pure
mono-dispersive Debye process, one expects semi-
circular plots with the centre located on the Z� � axis

whereas, for poly-dispersive relaxation, these argand
plane plots are close to circular arcs with endpoints
on the axis of real and the centre below this axis. The
complex impedance in such situations is known to be
described by Cole-Cole formalism[19]. Z*(ù) = Z� +
iZ� = R / [1 + (iù / ù

o
)l-á], where á represents the

magnitude of the departure of the electrical response
from an ideal condition and this can be determined
from the location of the centre of the Cole-Cole circles.
When á goes to zero (1- á  1), the above equation
gives rise to classical Debye�s formalism. Figure 8

shows a set of impedance data taken over a wide
frequency range (45Hz-5MHz) at several tempera-
tures as a Nyquist diagram. At lower temperature
(<3000C) there is a linear response in Z11. This trend
indicates the insulating behavior in the Pr-PKN sample.
As the temperature increases above3000C the linear
response gradually changes to semicircle in nature.
At and above 4200C the single arc found in the sample
can be resolved into two semicircles with overlap-
ping. These semicircles can be represented by the
equivalent two parallel RC elements which are in se-
ries[20,21]. Figure 9. Shows the equivalent circuit. These
semicircles start from origin. Hence there is no series
resistance that can be attached to the equivalent RC
circuit.

Figure 10 Shows that the Cole-Cole plot for T =
520OC. From the temperature 420OC these semi-
circles are resolved into two semicircular arcs having
its centers lying below the real axis. The semicircular
arcs appear in distinct frequency ranges (one at a higher
frequency followed by another lower frequency semi-
circular arc) as shown in (Figure 10). The resistance
of bulk (R

b
), grain boundary (R

gb
) could directly be

obtained from the intercept on the Z�-axis. The circu-

lar fitting of the semicircular arcs in the impedance
spectrum gives a measure of the grain and grain
boundary resistance as well as relaxation time fol-
lowing equation ùô = 2ðf

max
RC=1 => f

max
 = 1/2ðRC

and ô = 1/2ðf
max

 Where
 
f

max 
is the frequency of the

maximum of semicircles.
Figure 11(a to c) shows variation of R

g
, R

gb
, C

g
,

C
gb

, ô
g
, ô

gb
 with temperature. It is evident from Figure

12(a). As the temperature increases the R
gb

 is found
to be less than R

g
. From Figure11(b), it could be ob-Figure 8 : Nyquist diagram.

Figure 9 : Equivalent circuit.

Figure 10 : Cole-cole plot at different temperatures 5200C.
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served that, at 4200C both grain and grain boundary
capacitance have same value of 1.96nF. But from
4400C temperature the C

g
 value is greater than C

gb

value. From Figure 11(c) It could be observed that ô
g

> ô
gb

. The activation energy values of grain and grain
boundary due to conduction and relaxations are 0.43
ev, 0.38 ev and 0.58 ev, 0.45 ev respectively, i.e., in
the present compound it appears that the conduction
is mainly through the grain rather than grain bound-
aries.

Figure 11(a,b,c) : Variation of resistance, capacitance and
relaxation time of grain and grain boundary with
temperature.

MODULUS SPECTROSCOPY

From the physical point of view, the electrical
modulus corresponds to the relaxation of the electri-
cal field in the material when the electric displacement
remains constant. Therefore, the modulus represents
the real dielectric relaxation process[22]. The useful-
ness of the modulus representation in the analysis of
relaxation properties was demonstrated both for ionic
conductors[23] and polycrystalline ceramics[24]. In
practice, regions of low capacitance, such as grain
interiors, are characterized using M� data, whereas
more resistive regions, such as grain boundaries and
pellet surface layers, which often have higher associ-
ated capacitance, are characterized using Z� spec-
tra[25].

The complex electrical modulus is parameters that
can be expressed as a Fourier transform function ö
(t) that gives the time evolution of the electric field
within the dielectric,
å* = å1- iå11

M*(ù) = 1/å* = M�(ù) + i M�(ù)

= M
� 
[-+�exp (-iùt)(dÖ(t)dt)dt]

= (å1 + iå11)/ 21121  

The variation of the real and imaginary parts of the
electrical modulus with frequency (45Hz-5MHz) at
various temperatures (3000C -5900C). From
Figure12(a), at low frequency region as temperature
increases the magnitude of M� decreases. The value

of M� observed to be constant below 3400C at all the
frequencies. Above 3400C, from 1 KHz, the value of
M� appears to be increased sharply, confirming the

presence of an appreciable electrode and/or ionic
polarization in temperature studied[26]. From Figure
12(b), the temperature beyond 4200C, the value of
M� increases to a peak at a particular frequency and
it is appears to be shifting towards higher frequency
side as the temperature increases. The trend in M�

continues. However, the value of M� at 45 Hz de-
creases with increase in temperature. M� spectra are
broadened on the high frequency side. It is obvious
that the low frequency side of the peak represents the
range of frequencies in which the ions can move over
long distances i.e., ions can perform successful hop-
ping from one site to the neighboring site. The high
frequency side of M� peak represents the range of
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frequencies in which the ions are spatially confirmed
to their potential wells and the ions can make only
localized motion within the wells[27,28]. The peak of
M� represents the relaxation angular frequency (ù

p
)

and is satisfying the Arrhenius behavior.
Figure 13 Shows the Arrhenius plot of relaxational

angular frequency ù
p
 (ù0

 
exp [-E

ì
/K

B
T]) as a func-

tion of inverse of temperature and the activation en-
ergy is found to be 0.50 ev.

CONDUCTIVITY ANALYSIS

From Figure 14(a) the electrical conductivity, ó
(ù) as a function of frequency at different tempera-

tures (2600C to 5900C). The conductivity depends
on frequency according to the �universal dynamic re-

sponse� for ionic conductors[29] given by the phenom-
enological law ó (ù) = ó 

d.c
 + A

.
ùn. Where A is a

thermally activated quantity and n is the frequency
exponent and can take the value 0<n< 1. The switch
from the frequency independent ó

d.c
 to the dependent

ó (ù) regions shows the onset of the conductivity re-

laxation phenomenon and the translation from long
range hopping to the short range ion motion[30]. The
dispersion in conductivity at low frequencies may be
due to the electrode polarization.

Figure 12 : (a) Variation of real part of electric modulus(M�)
with frequency and (b) Variation of imaginary part of
electric modulus (M�) with frequency.

Figure 13 : Arrhenius plot of relaxation frequency obtained
from M11 peaks as a function of 1/T.

Figure 14(a) : Frequency dependence of real part of AC
conductivity at various temperatures; (b) AC conductivity
as a function if inverse temperature at various frequencies.

From Figure14(b) the a.c conductivity of the
sample depends on the dielectric nature of the sample.
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Activation energy (ev) Temperature range 
(0C) 20 kHz 10 KHz 1 KHz d.c 

260-330 0.37 0.37 0.37 0.41 

395-500 0.14 0.21 0.34 0.45 

510-590 0.10 0.47 0.22 0.24 

TABLE 2 : Activation energy values of ó
a.c

 is plotted against
103/T at various frequencies.

The ó
a.c

 is plotted against 103/T at various frequen-
cies. The non appreciable variation of ó

a.c
 with tem-

perature indicates the multiple relaxations. The a.c con-
ductivity process is dependent on the capacitance of
the sample. The dispersion at lower temperature pos-
sibly indicates the presence of space charge of the
material that vanishes at higher frequency and tem-
peratures. The frequency variation of ó

a.c
 involves a

power exponent (ùn, n is the exponent and ù is an-

gular frequency of a.c field). This indicates that the
conduction process is a thermally activated process.
From the graphs it is seen that the exponent as de-
picted by the slope of the variation is a function of
temperature

The activation energy values in the system were
calculated from the slope of the graphs (Figure 15
b) of Arrhenius plots of the conductivity as a func-
tion of inverse temperature for three regions are
given in TABLE 2.

4. The Z� peaks are shifted towards higher frequency

side, and peak heights are decreased with increase
in temperature, which reveals an increase in the
relaxation in the systems. The M� peak frequen-
cies increase with increase in temperature. This
shift of the M� peaks correspond to the so-called
conductivity relaxation.

5. It is observed that the activation energies obtained
from impedance, modulus and conductivity stud-
ies at 1 KHz in ferro region is typical values for
ionic conductors.

6. Thermal behavior of AC conductivity showed
change in slope at T

C
 and found to merge at higher

temperatures due to onset of intrinsic conductiv-
ity.
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