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Abstract : Thisstudy reports the frequency effect
onthedielectric propertiesand eectrical conductivity
of Sr,. (Na, Bi, ) Bi,Nb,O, (x =0.0,0.2,0.5,0.8 and
1.0) ceramics, at varioustemperatures. A strong low
frequency didectric disperdonwas observedinthese
ceramics. Thedielectric constant, thetangent lossand
theac electrical conductivity measured asfunction of
frequency have been found tofit to the Jonscher’s di-
dectricdispersonrdations.

Hectrica meassurementswereinfluenced by two mecha

INTRODUCTION

Ferroel ectric ceramics are the heart and soul of
severa multibillion dollar industries, ranging from high-
dielectric constant capacitorsto | ater devel opmentsin
piezod ectric transducers, positivetemperature coeffi-
cient devicesand e ectro-opticlight vaved. Thebis-
muth layered ferroe ectric material shave many appli-
caionsinavariety of devicesthat includepiezoe ectric,
pyrod ectric, microel ectromechanica and non-volatile
random access memory (NVRAM)Z, Among
S'Nb,Bi,O, anditssolid solutionswereintensively stud-

nisms, polarization duetothe carrier displacement in
thelow frequency region and the contributionfrom the
latticeat highfrequencies. Theac conductivity behav-
ior isdueto thehopping of oxygenvacancies Detailed

andyd sof impedance spectrum suggested thet thed ec-
trical propertiesare strongly frequency dependent.

K eywor ds: Dielectric properties; Electrical con-
ductivity; Low frequency dispersion; Universa dielec-
tric response; Electrica conductivity.

ied for many yeard3.

Impedance spectroscopy hasbeen extensively em-
ployed in el ectroceramics, dueto its capabilitiesto
resolve grain boundary from bulk electrical proper-
ties, to cal culate materia s constants (conductivity and
dielectric constant), and to probethe electrical ho-
mogeneity!®.

Asthefrequency of thesignal sbeing propagated
through such materid sincreases, thefrequency depen-
dent materia propertiesbecomevery important. The
dielectric constant and tangent lossvary asafunction
of frequency. They need to beaccurately extractedina
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broad frequency rangefor successful design of high per-
formance systems.

Relatively, few studiesreported thefrequency de-
pendant electrical for SBN and itssolid solutions. A
previouswork by Hariraet a. for SrBi,Nb,O, ceram-
icshave shown that alow frequency dielectric disper-
sionisencountered in these ceramicsand the conduc-
tivity isessentially dueto oxygen vacancies. Thede-
tailed frequency dependence of diel ectric propertiesis
dtill lacking.

In this paper, we present the diel ectric measure-
mentscarriedoutonSr,_ (Na, Bi ) Bi.Nb,O, ceram-
ics, asafunction of frequency at varioustemperatures.
An attempt has been madeto rationaizethedielectric
behavior intermsof Jonsher’s model™.

EXPERIMENTAL SECTION

Dielectric measurementswereachieved usngaHP
4192A impedancegain phaseanayzer operatinginthe
frequency range 10 Hz-13 MHz. The capacitance and
conductance measurements have been evaluated to
obtain the dependenceof permittivity (¢”) and (¢”), tan-
gentloss(tand) and ac electrical conductivity (o). The
complex permittivity can bewritten ag'?:
g*=g’-ig” (@)
Where ¢’ and £” are the real and imaginary parts of
complex permittivity, andi istheimaginary root of -1.

Therea part of the complex permittivity, thedi-
electric constant (g), at the various frequencies is cal-
culated using the measured capacitance valuesat the
strong accumul ation region from the rel ation™:
£=C/C=Cd/eA 2
Where C isthe measured capacitance, C, isthe ca-
pacitance of an empty capacitor, A istherectiter con-
tact area of the structurein cm?, d. istheinterfacial
insulator layer thicknessand e isthe permittivity of free
space charge (g,= 8.85 x 10 F/cm). In the strong
accumul ation region, themaximal capacitance of the
structure correspondsto theinsul ator capacitance
(C,=C=gsAld) ©)
Theimaginary part of the complex permittivity, thedi-
electricloss(g”), at the various frequencies is calcu-
lated using the measured conductanceva uesfrom the
reldion:
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£ =G/oC =Gd /e mA 4

Where G isthe conductance of thedeviceand w isthe
angular frequency.

Thetangent loss (tand) can be expressed as fol-
lowg:
tand=¢“/g¢ (5)
Theaceectrica conductivity (s ) of thedielectric ma-
teria can begiven by thefollowing equation™:
o . =~oCtand (d/A)=c“wg, (6)

RESULTSAND DISCUSSION

Thefrequency dependenceof €” and tans for Sr,_
(Na, Bi ) Bi,Nb,O, samplesin 100 Hz- 100 kHz
frequency rangeonalog-log scale and at various tem-
peraturesareshownin Figure 1 and Figure 2. It’s dis-
tinctly observed that the di€l ectric constant and the tan-
gent loss decrease with theincreasein frequency. The
decreaseinthedidectric constant (¢’) can be explained
onthebassof decreasein polarizationwith theincrease
infrequency. It’s well known that, polarization of a di-
electric materid isthe sum of thecontributionsof dipo-
lar, eectronic, ionicand interfacid polarizations. At low
frequencies, al the polarizationsrespond easily to the
timevarying el ectric field but asthefrequency of the
electricfieldincreasesdifferent polarization contribu-
tionsfiltersout, asaresult, the net polari zation of the
materia decreaseswhich leadstothedecreaseinthe
valueof ¢’. Further, the decrease of tand with thein-
crease in frequency can be explained by Debye for-
mula*?, Accordingto thisformula, at lower frequen-
ciestano isinversely proportional to frequency which
explainsthe decreaseintans with frequency. In addi-
tion, at high frequenciesthevauesof €’ become closer
tothevaluesof €” due to the interface states cannot
follow theac signd a enough high frequency!*3.

It’s observed that the dielectric constant (¢”) and the
tangent loss(tand) show digpersonespecialy a low fre-
quenciesand at temperatures bel ow theferroel ectric-
parad ectrictrangtion region (Trangtion temperaturesfor
all solid solutionswere stated in our previouswork™4),
Such strong dispersionin the dielectric measurements,
appear to beacommon featurein ferroel ectrics associ-
ated with non-negligibleionic conductivity andisre-
ferred to as the low frequency dielectric dispersion
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(LFDD)™, Thelow frequency dopeof thecurveisdose  strong dispersioninthedieectric constant at high fre-
to-1for dl solid solutionsindicatingthe predominance  quenciessuggeststhat thisphenomenoniscoupled with
of thedc conductioninthisregion®. Therefore, thedi-  space charge effectd!”). Thedispersioninthetangent
eectricdisgpersonwithfrequency issgnificantathigher  lossisstronger thaninthered part permittivity €” imply-
temperaturesand low frequencies. However, thelack of  ingthat itisinfluenced by dc conductivity!l.

38 -
x=0.0 = T=100°C 48] x=0.2 = T=100°C
36 o0 T=150°C O T=150°C
A T=200°G 4.5 A T=200°C
34 v T=250°C - v T=250°C
¢+ T=300°C il ¢ T=300°C
4 T=350°C 39- 4 T=350°C
> T=400°C] L > T=400°C
= 0 T=450°C o 364 0 T=450°C
e < * T=500°C
o -
g 833 o T=520°C
3.0
27 e e
24
21
T T T T T
2.0 25 3.0 35 4.0 45 5.0 2.0 2.5 3.0 35 4.0 4.5 5.0
log (f) log (f)
511x0s | » 0 551 =08 " T=100°C
48 o T=150°C 0 T=150°C
45 4 T=20°C 50 A T=200°C
2 v T=250°C v T=250°C
42 + T=300°C 45 + T=300°C
i 4 T=350°C i 4 T=350°C
b T=400°C » T=400°C
= 3.6 . O T=450°C o 40 0 T=450°C
o 33000 g, * T=500°C pec * T=500°C
B 54 T e 000 0903 2000, O T=550°C S ¢ T=550°C
B i TR 0 T=600°C 4 o T=600°C
27 fai T T e SR 0 T=650°C
Ao ok oot e -
24 MR b o & T=700°C
Dt 863 THe SN e s EUe s M i e 85 18e (444 de S E dn (2% 11484088 {1888 4aln naa wat 1% TR SRR Sanases
: XLLILELL ; § )04 LLLLLALILLY bk
¥ T ¥ T ¥ T ¥ 1
35 4.0 4.5 5.0
log (f)
9
]l x=1.0 ® 100°C
g 0 150°C
] A 200°C
v 250°C
71 + 300°C
1 a4 350°C
6 > 400°C
= O 450°C
> 5 * 500°C
o O 550°C
o 600°C
& |
=
] 4
2l -
T T 1
2.0 25 3.0 35 4.0 45 5.0
log (f)

Figurel: Dielectric constant of Sr, (Na, Bi .) Bi,Nb,O, (x=0.0; 0.2; 0.5; 0.8; 1.0)
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Figure2: Tangent lossof Sr,  (Na  Bi ) Bi,Nb,O, (x=0.0; 0.2; 0.5; 0.8; 1.0) asfunction of frequency.

To better understand these phenomena, The com-
plex didectric constant asafunction of thefrequency o
in accordance with the Jonscher’s power law is given
by thefollowing expression®:;

g=¢g-g”=¢_+(o/gm) +[(a(T)/e) (i @]

™

Whereg_isthe ‘high frequency’ value of the dielectric
congtant, n(T) isthetemperature-dependent exponent
and a(T) determinesthe strength of the polarizability
ariang fromtheuniversa mechanisminquestion.
Thereal and imaginary parts of the complex di-
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€lectric constant are given by thefollowing rdations:
e=¢_+[sin(n (T) g) (@(T)/e)(i @™ Y)] )

£”=o/g m+[cos(n(T) g) (@(M)/e)(i "™ 1)] 9)

Wherethefirst termin Eq. (8) determinesthelattice
responseand that in the Eq. (9) correspondsto thedc
conduction part, whilethe second termin both theequa-
tionsreflectsthe charge carrier contributionto thedi-
electric constant. Thetemperature and frequency de-
pendencies of thedielectric constant €” could be ex-
plained by Eq. (4). Thechargecarrier term [sin(n(T)

g) @&T)/e,)(i ®"™1)] dominatesat |ow frequency and

g _isnegligible. Therefore, for acongtant n, Eq. (8) yidds
astraight linewith aslopeequal to n-1inthedouble
logarithmic plot of €’ and frequency. At high frequen-
ciesthechargecarriersfail to respond to the external
field, thereforethe measured dielectric constant isdue
to the contribution from thel attice polarization. The
space chargeisknownto saturate up to 1 KHZz'¥. This
accountsfor alinear decreaseinthelow frequency re-
gion and afrequency-independent plateauregionat high
frequencies.

As[A(T) (&T)] increaseswithincreaseintempera-
ture?, the charge carrier term becomesmore and more
prominent at high temperatures, thereby resultinginthe
low frequency dielectric dispersion. Ananomaloudy
strong dispersion of & near Curie temperature (T ) SUg-
geststhe coupling between thechargecarriersand the
lattice™®.,

Careful analysisof Figures 1 and 2 indicatesthe
existence of two slopes correspondingto-1inthelow
frequency region, indicating the predominance of the
dc conductivity inthisfrequency region, and- (1-n) in
thehigh frequency region. Infact, asthe dc conductiv-
ity termincreaseswithincreaseintemperature, the sec-
ondtermin Eq. (9) istotally over shadowed by thefirst
term. So at low frequenciesand high temperatures, the
dc conductivity term dominatesand yiel dsadope of -
1, which indeed is consistent with the data shown in
Figuresland 2.

Besides, it’s shown from Figures 1 and 2 that the
substitution of (Na, .Bi ) resultedin reduced dielectric
constant €’ throughout the frequency range. This re-
duction could be attributed to the el ectronic polariza-
tion dueto thesmaller ionic radii of (Na Bi®*") com-

pared to Srz+24,

Thetangent lossof doped sampleswasfound also
to besmaller than that of SBN except at low frequen-
cies(Figure2). It’s known that the tangent loss in fer-
rodl ectricsisdueto acombination of space charge po-
larization and domain wall relaxationf??, It’s possible
that the (Na'Bi*") doping may changethe mobility of
domainwalls. Thisbehavior waswidely observedin
isotropic perovskite ferroelectrics, such as Ca Sr,.
Bi_Nb,O,andLaSr, Bi,Nb,O, systems?.

Whiledealing with aferroel ectric materia associ-
ated with chargecarriers, itispreferableto obtain the
datain termsof the ac complex impedance or conduc-
tivity instead of the dielectriclossto understand their
induence on the ferroelectric properties. Figure 3 shows
thefrequency dependence of ac conductivity (¢, ) at
varioustemperatures. It indicatesthe existence of low
frequency independent plateau-likeregion o, ] and
subsequently the conductivity increaseswith increase
infrequency, varying approximately asapower of fre-
quency (o" at al thetemperatures. Thisbehavior was
attributed to non-relaxor behavior of the materiall*®l.

For al solid solutions, the conductivity spectracbey
the same law. In fact, the frequency dependence of
conductivity or so-called universal dynamic response
(UDR) of ionic conductivity isrelated by asmple ex-
pression given by Jonsche’s power law! 2
o (0)=0, A" (10)
Whereo,__istheac conductivity, o, isthelimiting zero
frequency conductivity, A isapre-exponentia constant,
o =2nf istheangular frequency and nisthe power law
exponent, whereO<n<1.

Infact, thistypical responseisthat at low frequen-
ciesthebulk ac conductivity isfrequency independent
o(w), but at higher frequencies the ac conductivity in-
creases, following power law behaviour such that
o(m)ow". Thispower law isauniversa property of
materialsand isrelated to the dynamic of hopping con-
duction®4,

Accordingto Funke®! the value of n might have a
physica meaning; if n<1, charge carriers takes a trans-
lationd motionwith asudden hopping, when n>1, would
mean al ocaized hopping of the species (smdl hopping
without | eaving the neighborhood) ', Thisindicatesthat
the conduction processisathermally activated phe-



ChemXpress 2(3), 2013

169

nomenon. According to Jonscher, the origin of thefre-
quency dependent conductivity liesintherelaxation phe-
nomenon arising dueto mobilechargecarriers. Thelow
frequency dispersion thusisassociated with ac con-
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ductivity, whereas amost frequency independent (es-
pecially at higher temperatures). Conductivity at high
frequencies correspondsto the dc conductivity of the
materid. Thetemperature at whichthegrain resistance
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Figure3: Doublelogarithmic plotsof theac conductivity versusfrequency at varioustemper aturesfor Sr,_ (Na Bi ),
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dominates over grain boundary is marked by change
indopeof conductivity with frequency. Thefrequency
at which the slope changesisknown as hopping fre-
guency which corresponds to polaron hopping of
charges species. The oxygen vacancies may act as
polaron?, Asthetemperatureincreases, the hopping
frequency shiftstowardslower side. It isobserved
from Figure 3 that the curvesfor all solid solutions
show two threshold frequencies, f, andf,, separating
theentirevariation into threeregions: Low frequen-
ciesregion, f <f ,inwhichthe conductivity isamost
frequency-independent (s, ). Moderate frequencies
region, f, <f <f,; theconductivity increaseslinearly
with thefrequency. Thisreveal sthat the conduction
mechanismin thisregion correspondsto thetransa-
tional hopping motion?®, High frequenciesregion, f >
f,, aswell the conductivity increaseslinearly with the
frequency. It revea sthat the conduction mechanism
in thisrange of frequency correspondsto the well-
localized hopping and/or reorientational motion®. In
fact, thehopping takesplace by charge carriersthrough
trap sites separated by energy barriers of various
heights. The number of charge carriers, which have
high relaxation time dueto higher energy barrier, re-
spondsin the low-frequency regimemight belessin
number, and hence, the conductivity islow at low fre-
guencies (ac) conductivity isamost independent of
the frequency below 1 kHz. On the other hand, the
number of charge carrierswith low barrier heightsis
more and they respond easily with the high frequency
and show higher conductivity at high frequencies.

It’s also noticed from figure 3 that the variation of
the ac conductivity with different concentration of the
(N3, B, ) dopant indicatesthat the nature of the el ec-
trical trangport (conduction) isgoverned by both the
doping materia and the concentration becausethedif-
ferent ionsdoped at theA-site playsan important role
in conduction mechanism. Theincrement or decrement
inthe conductivity valuesmay possibly berelated to
the structural disordering and imperfection/defects,
which arises dueto the substitution®,

CONCLUSION

Freguency dependence of dielectric parameters
andelectrica conductivity for S, (Na,.Bi ) Bi.,Nb,O,

(x=0.0,0.2, 0.5, 0.8 and 1.0) ceramics has been
studied.

A didectricdispersionin al sampleswasfound,
and isdueto distribution of interface statesaswell as
ioni zed space charge carriers such asoxygen vacancy
related defects. Electrical conductivity asfunction of
frequency behavior indicatesthe existence of low fre-
quency independent plateau-likeregion anditincreases
at high frequency region. Thefrequency dependence of
electricd properties, cdled universa dynamicresponse
isrelated by Jonscher’s power law.
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