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Abstract: Prassodymium modified Lead Potassum
Niobate (Pb,_K,, , M Nb,O,forx=0.20,y=0.10
and M =Pr) ferrod ectric ceramic has been prepared
by ahigh temperature solid state reaction technique.
X-ray diffraction studiesof the materia at roomtem-
peraturereved ed orthorhombic structurewith I attice
parameters (a=17.715°A, b= 17.973°A, ¢c=3.889
°A). Thegrain size of the sample hasbeen found to
be4.46pm by using Scanning Electron Microscopy
(SEM). Detailed dielectric study of sintered pellets
asafunction of temperature at different frequencies
(500Hz, 1 KHz, 10 KHz, 20 KHz) and Curietem-
peratureisfoundto be 340°C. Theimpedanceplots
areused astool to anayzethe samplebehavior asa
function of frequency. Theéelectrica processinthe

N
samplehas been modeled intheform of an el ectrical
equivaent circuit made up of aseriescombination of
two paralel RC circuitsattributed grainsand grain
boundaries. The Cole-Coleplots(Z’ versus Z””) of
impedanceweredrawn at different temperaturesand
showed non-Debyetyperelaxation. Modulusanaly-
sisreved sthepossihility of hopping mechanismfor
electrical transport processin thesystems. D.C and
A.C conductivitiesof the sampleasafunction of tem-
perature (from room temperature (RT) - 590°C) have
been studied. Thefrequency dependant ac conduc-
tivity at different temperatures showed the conduc-
tion processisthermally activated process.

Keywor ds: XRD; SEM; Dielectric; Impedance;
Electric modulus, Conductivity.
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INTRODUCTION

Ferroel ectric oxides of tungsten bronze (TB) fer-
roelectric family areaclassof important materid sfor
applications in various el ectronic devices such as
multilayer capacitors, transducers, actuators, ferro-
€l ectric random accessmemory and display, micro-
wave diel ectric resonators, pyroel ectric detector, and
soforth, owingtotheir uniquedectro-optic, nonlin-
ear optic, photo refractiveindex, pyroel ectric effect,
and acoustic optic properties®™. The TB structure
has a general chemica formula [(A)),(A,),(C),]
[(B)),(B,):]O,, wheretheA siteusudly filled by di-
vaent or trivaent cations, and the B sitesby Tet*, V°*
or Nb>* atoms. Thisstructure consists of an arrange-
ment of corner sharing BO, octahedronsforming three
interdtitid gtes. Thesmdlestinterstice C steisempty,
sothegeneral formulacanbeA B, O, forfilled TB
structure. Thereisascopefor variety of cationic sub-
gtitutionsat theinterstitial sites(i.e.,A,A,,B,,B))
that cantailor the physical propertiesof thematerias
for device applicationg®. One of the most known of
these compoundsisthelead potassium niobate with
general formulaPb, K, Nb,O, (PKN)®, whenrare
earthionsdoping then thisformulahave beenreduces
toPb,_, K, M*", Nb,O, (M=rare-earth=Pr) and de-
rived compounds. The PKN hasalarge electrome-
chanical couplingfactor of bulk waves, surface acous-
ticwave (SAW)’s and a small temperature coeffi-
cient of small fundamentd frequencies, whichwasfirst
discovered by Yamadaand et al .1*131,

Impedance spectroscopy has been widely used
for investigating the properties of electric materials
and electrochemistry systems. No report has been
found onthestudies, dielectric, impedance, and con-
ductivity properties on ceramics of praseodymium
doped lead potassium niobate Pb, K .Pr, .Nb,O,
(Pr-PKN) Present paper describes preparation, struc-
ture, dielectric, impedance, modulus and conductiv-
ity studieson 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 ,CO, +0.05(Pr ,0,) + Nb,0,
- Pb, K, ,Pr,,Nb,0 +0.05CO,

Required amount of AR-grade powders of PbO,
K,CO,, Pr,0, and Nb,O, have been taken to yield
Pr—PKN compound grounded well in agate mortar
inmethanol medium and cal cined at 900°C/4h. The
cal cination procedure has been repeated threetimes
to achieve homogeneouswith single phase compos -
tion. Theca cined powder isthen mixed withrequired
amount of poly vinyl acohol asabinder. The powder
obtai ned was compacted under hydraulic presswith
580 M papressureand madeinto pelletsof 12mmin
diameter and 2mm inthickness. Thenthepelletsare
placed on a platinum foil and the cal cined powder
was sprinkled on the surface of the sampleto com-
pensate theloss of lead. The assembly was closed
with aninverted cruciblethen sintered at 1165°Cfor
1 hour. The sample has been glass polished and
el ectroded with conducting silver paste on both sur-
faces. Themicrogtructure on the specimensof present
compound was obtained with a scanning electron
microscopy SEM, JEOL, JSM — 5400. The lattice
parameterswereestimated using theinterpretationand
indexing School of physical sciences, FlindersUni-
versity of south Australia, Bedford Park, Australia.
Thedid ectric congtant and impedance measurements
were performed onthematerid (fromroom tempera:
ture (RT) to 600°C) infrequency range45Hz - 5SMHz
using computer interfaced HIOKI| 3532-50 LCR
HITESER.

RESULTSAND DISCUSSION

Sructure

Fgure1showstheX-ray diffractogramonthema
terid of praseodymium doped |ead potassium niobate
Pb, K, .Pr,,Nb,O, (Pr-PKN). The cal cined powder
has been taken for X-ray diffraction studies (26=10-
90°) using CuK__ radiation. All the peaks have been
indexed by usnganinteractive powder diffraction data
interpretation and indexing programreveding thema-
teriad hassinglephasewith orthorhombic structure. The
|attice parametersa, b and carecal culated. The 100%
intensity peak inPb, K, Nb,O, (PKN) withx=0.20
hasbeen reported at 20 = 32° 223 whichisfound to
bethe characteristic feature of the composition. TheJ
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same hasbeen fpund to beat30° 068'. Theshiftindue

~\
perimental density (d,, p) hasbeenfoundto be77.5%

to the substitution of praseodymium. Thesubstitution
of Pr3* in PKN reducesthelattice parametersof PKN
(a=17.723 A, b=17.987 A, ¢=3.895 Al¥) to
a=17.715 A, b=17.973 A and c=3.889 A. The ex-

tothat of thetheoreticd vaue(d, ) inthematerid sPr-
PKN. Thevauesof |attice parameters, orthorhombic
distortion (b/a),d. ,d_ " porosity and %edensity have
beengiveninTABLE 1.
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1

Figurel: X-ray diffractogram of Pr-PKN. (Inset. SEM micrograph of Pb__K
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TABLE 1: Latticeparametersof Pr-PKN.

Composition LatticeParameters(A) Cell volume(A%) Orthorhombic Distortion(b/a) Density(g/em®) Porosity Density (%)

a=17.715A
b=17.973A
c=3.889 A

Pr-PKN 1238.22

dthe

6.24

Jexp

1.014 0.22 77.56

4.84

Temperature and frequency dependence of di-
electric constant

Variation of real (¢”) and imaginary part of di-
electric constant (¢”’) with temperature (from room
temperatureto 600°C) at 500Hz, 1IKHz, 10KHz and
20KHz have been shownin Figure 2(a,b). Theval-
uesof ¢’ and € increase with decreasing frequency,
whichisthe characteristic feature of polar dielectric
materias. A maximum of red dielectric constant (¢”)
related to the parael ectric-ferroelectric transition
(T_.°C), which is observed at 340°C which is much
lower than that of PKN (T _=500°C)™..

Thismay bedueto theferrod ectric phasetrans-
tionfor TB structure compounds possess ng not only
displacive characterigtic but al so order disorder char-
acteristicd®™. Also, ionic size polarizability and € ec-
tronic configuration of theionsparticipatingin solid
solution are believed to beamong thefactorsthat de-
terminethemagnitudeand direction of theshiftof T..
TheT issharpandfitstothe Curie-Weisslaw (e =C/
T-0) in Pararegion. The curie constant has been found

to be0.6x10° K, whichisthe characteristic of oxy-
gen octahedraferroelectrics*®*”. Further, the T _is
found to bethe samefor different frequencies. It indi-
catesthat Pr: PKN belongsto traditional ferroel ec-
tric but not relaxor. The peak values of thereal di-
electric constant (¢, ) and room temperaturedielec-
tric congtant (¢’ ;) havebeenfoundto be 1124.3 and
148.2 respectively at thefrequency 1KHz.

Inset of Figure 1 showsthe SEM micrograph of
Pr:PKN. Itisclear from thefigurethat the grains
areclearly visible, indicating the existence of poly-
crystalline microstructure. Linear intercept method
has been used to determinetheaveragegrainsizein
present composition. Thevaueof grainsizeis4.46
pm.

From Figure2(b), ashiftinthevalueof (¢’) has
been observed at aparticular temperature 340°C. The
temperature at which shift isobserved exactly coin-
cideswiththevaueof T . Thisagain confirmsthat the
materid istraditiona ferroe ectric. Theshift hasbeen
showed ininset figure(c) at frequency 10 KHz.
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logf(Hz)

temperatures.

Fgure3(a-c) showsthevariation of red andimagi-
nary partsof dielectric constants, &’ and €, as a func-
tion of frequency at various temperatures (360°C,
460°C and 590°C). At 360°C and 45Hz, ¢’ and &”’
shows 1174 and 992 respectively and both intersect
at 75Hz. Astemperatureincreased to 460°C thein-
tersection frequency shiftstothehigher sdeat 800Hz.
Onfurther increasing in temperatureto 590°Cthein-
tersecting frequency shiftsto 15 KHz. Both&’and €”
rise sharply towards|ow frequencies and the shape
of riseis changed as the temperature increases. €’
ande”, exhibitshigh valuewnhichreflectstheeffect of
space charge polarization and/or conducting ionic
motion. Asitisknown, inthe conducting dielectric
materials, high €’ values may be related to the accu-
mulation of chargesat theinterfacebetweenthesample
and electrodes, i.e., space charge polarization. Cor-
responding, €” of the low frequency become very
high duetofree chargemotionwithinthematerid and
are connected to ac conductivity relaxation.

IMPEDANCEANALYSIS

Figure4(a,b) showsthevariation of thereal (Z)
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andimaginary (Z") part of impedancewith frequency
at several temperatures (300°C to 590°C). From
Figure4(a) It isobserved that the magnitudeof Z' &
Z decreaseswith theincreasein both frequency as
well astemperature, and al curvesaremergeat high
frequenciesfor al temperaturesabove 10°Hz. This
may be dueto the rel ease of space charges. From
Figure4(b), thecurvesshow that theZ" valuesreach
amaximapeak (Z'__ ) for thetemperaturese”’380°c.
Thisindicatesthesinglerelaxation processinthesys-
tem. Thecurvesdisplay decreasein Z with tempera:
tureandindicateanincreaseina.c. conductivity with
temperature and frequency (i.e. negative tempera-
ture coefficient of resistance behaviour likethat of
semiconductor). For thetemperature below 380°c,
the peak was beyond the range of frequency mea-
surement. Thevalueof Z” __ and corresponding fre-
quency for themaximum f ) shiftsto higher frequen-
cieswith increasi ng temperature, indicating thein-
creasing lossin the sample. The peak heightsare
proportional to bulk resistance (R,) according to
equation in Z” Vs frequency plots Z"*= R [-o1/
(1+0%?)] 18],

Figure5 showsthenormalized imaginary parts,

J
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(Z”/ Z _.of theimpedanceasafunction of frequency
on0.2Pr:PKN at severa temperatures. TheZ'/ Z°
parameter exhibitsapeak with adightly asymmetric
degree at each temperature especially at higher tem-
peratures; it seemsthat high temperaturetriggersan-
other relaxation process. At the peak, therelaxation
isdefinedby theconditionm t =1,7__relaxaiontime.
Theasymmetric broadening of the peakssuggeststhe
presenceof eectrica processesinthematerid witha
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- \ —o— 340°C—>— 540°C

a i} 0
—— 380°C—o— 580°C

420°c——590°C
—e—480°C

102 10° 10 10° 10°
@ " logf(Hz)

part of impedancewith frequency at different temperatures.

1.0 2 —*—300°C——500°C
i A —o—340°C—— 540°C
0.8 # —s—380°C—o— 580°C
206 1§ —+—420°C——590°C
N *—+—460°C
iy 0.4
0.2 \
0'0_ Csg 0l ":-- W,
3 4 5

logf(Hz)
Figure5: Normalized imaginary part of impedance Z"/
7"

max.

Figure 7(a) showsthefrequency dependence of
Z and Z" at 580°C. As the frequency increases Z
increaseswhereasZ decreases. Thistrend continues
uptoaparticular frequency which Z” occupiesamaxi-
mumvaueand Z intersects, further increaseinfre-
guency, both Z" and Z" decreases, and above 10 KHz
both the values mergeswith X-axis. Thisindicates
thereexitsardaxation phenomenon. Figure7(b) shows
Argand diagram (imaginary part of complex imped-
anceZ versusitsreal part) allowsthe determination
of bulk ohmic resistance asafunction of temperature
and thustemperature dependence of conductivity.

~\
spread of relaxation time. Therelaxation speciesin

thematerial may possibly beimmobilespecies/elec-
tronsat low temperatures and defects/vacancies at
higher temperatures. There axation frequency obeys
theArrheniusrelationgivenby o = exp[-Etv/K_T],
where o, isapre-exponential factor. Theactivation
energy E_iscaculated fromtheo -1/T plots(Figure
6). The calcul ated activation energy inthe Parare-
gion (440°C-595°C) is0.60 ev.
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Figure4: (a) Variation of real part of impedancewith frequency at different temperatures; (b) Variation of imaginary
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Figure 6 : Temperature dependence of relaxation as
function of frequency at several temperatures.
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Complex impedanceformaism helpsindetermin-
ing inter-particleinteraction likegrain, grain bound-
ary effects, etc. To study the contribution dueto dif-
ferent effects, Cole-Cole analyses have been done at
different temperatures. It also providesinformation
about the nature of dielectric relaxation. For pure
mono-dispersive Debye process, one expects semi-
circular plotswith the centrelocated onthe Z’ — axis
wheress, for poly-dispersiverel axation, theseargand
plane plotsare closeto circular arcswith endpoints
ontheaxisof red andthe centrebelow thisaxis. The
complex impedancein such situationsisknownto be
described by Cole-Coleformalismi*¥, Z* (w) =2’ +
iZ”=R/[1+ (io/m)"], where a represents the
magnitude of the departure of theelectrical response
from anideal condition and this can be determined
fromthelocation of the centreof the Cole-Colecirdes
When a goes to zero (1- a.— 1), theabove equation
givesriseto classical Debye’s formalism. Figure 8
shows a set of impedance data taken over awide
frequency range (45Hz-5MHz) at several tempera
tures asaNyquist diagram. At lower temperature
(<300°C) thereisalinear responsein Z. Thistrend
indicatestheinsulating behavior inthe Pr-PKN sample,
Asthetemperatureincreases above300°C thelinear
response gradual ly changesto semicirclein nature.
At and above420°Cthesinglearcfoundinthesample
can beresolved into two semicircleswith overlap-
ping. These semicircles can be represented by the
equivaent two paralld RC dementswhicharein se-
ries?®2U, Fgure9. Showstheequivaent circuit. These
semicirclesstart from origin. Hencethereisno series
resi stance that can be attached to theequivaent RC
creuit.

6
1.5%x10" f{ / /47 300°C—— 500°C
/ —o— 340°C——540°C
1.0x10% | / —— 380°C——580°C
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Figure8: Nyquist diagram.
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Figure10: Cole-coleplot at different temper atures520°C.

Figure 10 Showsthat the Cole-Coleplotfor T =
520°C. From the temperature 420°C these semi-
circlesareresolved into two semicircular arcshaving
itscenterslying below theredl axis. Thesemicircular
arcsappear indidtinct frequency ranges(onea ahigher
frequency followed by another lower frequency semi-
circular arc) asshownin (Figure 10). Theresistance
of bulk (R,), grain boundary (Rgb) coulddirectly be
obtained fromtheintercept onthe Z’-axis. The circu-
lar fitting of the semicircular arcsin theimpedance
spectrum gives a measure of the grain and grain
boundary resistance aswell asrelaxationtimefol-
lowingequation ot =2nf  RC=1=>f _ =1/2aRC
andt=1/2nf__ Wheref_ _ isthe frequency of the
maximum of semicircles,

Figure 11(ato c) showsvariation of R, Ry Cy
Cy Ty Ty Withtemperature. Itisevident from Figure
12(a). Asthetemperatureincreasesthe R, isfound
tobelessthanR - From Figurell(b), it could beob—J

an T.0:90°
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served that, at 420°C both grain and grain boundary
capacitance have same value of 1.96nF. But from
440°C temperaturethe C, valueisgreater than C "
vaue. From Figure 11(c) It could be observed that T,
>t . Theactivation energy valuesof grainand grain
boundary dueto conduction and relaxationsare 0.43
ev, 0.38evand 0.58 ev, 0.45 ev respectively, i.e., in
the present compound it appearsthat the conduction
ismainly through the grain rather than grain bound-
aries,

10y ]
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.+ grain boundary

400 440 480 520 560 600
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0
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Figurell(a,b,c): Variation of resistance, capacitanceand
relaxation time of grain and grain boundary with
temper ature.

MODULUSSPECTROSCOPY

From the physical point of view, the electrical
modulus correspondsto therel axation of the el ectri-
cd fiddinthemateria whenthedectric displacement
remains congtant. Therefore, the modul us represents
thereal dielectricrelaxation process??. The useful-
ness of themodulusrepresentationintheanalysis of
rel axation propertieswasdemonstrated both for ionic
conductors? and polycrystalline ceramicg?¥. In
practice, regionsof low capacitance, suchasgrain
interiors, are characterized using M~ data, whereas
moreresistiveregions, such asgrain boundariesand
pellet surfacelayers, which often have higher associ-
ated capacitance, are characterized using Z~ spec-
tra®.

Thecomplex eectrica modulusisparametersthat
can beexpressed asaFourier transform function ¢
(t) that givesthetimeevolution of theelectricfield
withinthedidectric,

g* =gl jgit
M*(w) =Ve* =M’(0) +i M”(®)
=M., [-+’exp (-iot)(dD(t)dt)dt]

= (et +igh)/ 17 4 G112

Thevariation of thereal and imaginary partsof the
el ectrica moduluswith frequency (45Hz-5MHz) at
various temperatures (300°C -590°C). From
Figurel2(a), at low frequency region astemperature
increasesthemagnitude of M’ decreases. The value
of M’ observed to be constant below 340°C at all the
frequencies. Above 340°C, from 1 KHz, thevalue of
M’ appears to be increased sharply, confirming the
presence of an appreciable electrode and/or ionic
polarization in temperature studied. From Figure
12(b), thetemperature beyond 420°C, theval ue of
M increasesto apeak at aparticular frequency and
itisappearsto be shifting towards higher frequency
side asthe temperatureincreases. Thetrendin M”
continues. However, thevalue of M™ at 45 Hz de-
creaseswithincreasein temperature. M” spectraare
broadened on the high frequency side. It isobvious
that thelow frequency side of the peak representsthe
range of frequenciesinwhich theionscan moveover
long distancesi.e., ions can perform successful hop-
ping from onesiteto the neighboring site. Thehigh
frequency side of M” peak represents the range of

J
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frequenciesinwhichtheionsare spatialy confirmed
to their potential wellsand theions can make only
localized motion within thewellg2"28, The peak of
M’ representstherel axation angular frequency ((op)
andissatisfyingtheArrheniusbehavior.

Figure 13 ShowstheArrheniusplot of raxationa
angular frequency o (w0exp [-Eu/KBT]) asafunc-
tion of inverse of temperature and the activation en-
ergy isfoundtobe0.50 ev.
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Figure12: (a) Variation of real part of dectricmodulus(M )
with frequency and (b) Variation of imaginary part of

electricmodulus(M ™) with frequency.
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CONDUCTIVITYANALYSS

From Figure 14(a) theelectrical conductivity, o
() as a function of frequency at different tempera-
tures (260°C to 590°C). The conductivity depends
on frequency according to the ‘universal dynamic re-
sponse’ for ionic conductors® given by the phenom-
enological law ¢ (w) =c , + A" WhereAisa
thermally activated quantlty and nisthefrequency
exponent and cantakethevaueO<n< 1. Theswitch
from thefrequency independent 5, _ to the dependent
o (o) regions shows the onset of the conductivity re-
laxation phenomenon and thetrand ation from long
range hopping to the short rangeion motion®”. The
dispersionin conductivity at low frequenciesmay be
duetotheeectrode polarization.

10° —m— 260°C —o— 300°C
jpe 2 320'C —o—380'C
i—+—420'C —+—460'C

s
El
=3
=
iy
i

E :—»— 500'C —o—540'C
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£ E
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E — -0 R
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é f ‘l.._fm ;
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10° T T T T T 1
10° 10° 10* 10° 10 107
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1x10%

1x107

1x10°%
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Conductivity (S/cm)

1107 4

407" T ——— e ———— e
10 1.2 14 16 18 2.0 22 24 26 28 30 32 34

(b) 1000/T(K")
Figure14(a) : Frequency dependence of real part of AC
conductivity at varioustemper atures; (b) AC conductivity
asafunction if inver setemper atur eat variousfreguencies.
From Figurel4(b) the a.c conductivity of the
sampledependson thedidectric natureof thesample.
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Theo__isplotted against 10°/T at variousfrequen-
cies. Thenon appreciablevariation of o, withtem-
peratureindicatesthemultiplereaxations. Thea.c con-
ductivity processisdependent on the capacitance of
thesample. Thedispersion at lower temperature pos-
sibly indicates the presence of space charge of the
material that vanishesat higher frequency and tem-
peratures. Thefrequency variation of o, _involvesa
power exponent (o", nistheexponent and w is an-
gular frequency of a.cfield). Thisindicatesthat the
conduction processisathermally activated process.
From the graphsit is seen that the exponent as de-
picted by the slope of the variation isafunction of
temperature

Theactivation energy valuesin the system were
calculated from the slope of the graphs (Figure 15
b) of Arrhenius plots of the conductivity asafunc-
tion of inverse temperature for three regions are
giveninTABLE 2.

TABLE2: Activation ener gy valuesof 6, _isplotted against
10%T at variousfrequencies.

Temperaturerange Activation energy (ev)

() 20kHz 10KHz 1KHz dc
260-330 0.37 0.37 0.37 0.41
395-500 0.14 0.21 0.34 045
510-590 0.10 0.47 0.22 0.24

CONCLUSIONS

1. XRD analysis of Pb K Pr..Nb,O, ceramic
confirmed the single phase with orthorhombic
structure with lattice parameters a=17.715 A,
b=17.973 A and c=3.889 A. The T_ of the com-
pound has been found to be 340°C, and belongs
toclassical ferrodectrics.

2. ltisobservedthat &’ and €” intersecting only from
360°Cinlow frequency range. Thereissharpraise
ing’ and £” towards low frequency (45 Hz) side
may bedueto conductingionmotion. Highvalue
of &’ may be interpreted as accumulation of charge
at interface between sample and electrodei.e.,
space charge polarization.

3. Theappearance of two semicirclesinthe Cole-
Coleplots(at 420°C) reved sthat therearetwo
rel axations mechanismsdueto grainand grain
boundary.

\

4. TheZ” peaks are shifted towards higher frequency
Sde, and pesk heightsare decreased withincrease
intemperature, which revealsanincreaseinthe
relaxationinthesystems. TheM™ peak frequen-
ciesincreasewithincreasein temperature. This
shift of theM” peaks correspond to the so-called
conductivity relaxation.

5. Itisobserved that the activation energiesobtained
fromimpedance, modulusand conductivity stud-
iesat 1 KHzinferroregionistypica valuesfor
ionic conductors.

6. Thermal behavior of AC conductivity showed
changeindopeat T _andfoundtomergeat higher
temperatures dueto onset of intrinsic conductiv-

Ity.
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