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Frequency and temperature dependent dielectric and conductivity behavior
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Dielectric and conductivity measurements were carried out on the potassium niobate ceramics both
as a function of temperaturé0 to 550°Q and frequency (1Dto 10¢° Hz). A low-frequency
dielectric relaxation in the temperature range of 100 to 200 °C is observed and analyzed with the
Cole—Cole function. The activation energy of dielectric relaxation is estimated to be 0.84 eV.
Frequency dependent conductivity data are analyzed with an augmented Jonscher relation.
Potassium niobate exhibits universal conductivity behavior. Activation energies obtained for the dc
conductivity and the hopping frequency are 1.01 and 0.94 eV, respectively. A possible mechanism
for both the low-frequency dielectric relaxation and the frequency dependent conductivity is
proposed based on activation energies and off stoichiometry of KNk@ich is resulted due to
potassium oxide evaporation during preparation processe20@ American Institute of Physics.
[DOI: 10.1063/1.1610260

I. INTRODUCTION perature varies from 30 to 430 °C for pure potassium niobate
_ _ _ and activation energy of the dc conductivity is 1.02%V.
Potassium niobate, KNbO(KN), single crystals have The present article describes dielectric and conductivity

been thoroughly studied due to their applications in nonlin4nyestigations both as a function of temperature and fre-
ear optical, surface acoustic way8AW), and electrome- quency carried out on potassium niobate ceramics using an
chanical transducer devicé®r example, see Ref)1Ferro-  jmpedance analyzer. A low-frequency dielectric relaxation
electric KNbQ exhibits three successive phase transitionsand frequency dependent conductivity are observed from the
similar to that of BaTiQ.” Despite well documented data aforementioned measurements. The respective data were
and an understanding of the dielectric behavior of the KNana|yzed by the Semiempirica] Comp]ex Cole—Cole equation
single crystals, work on polycrystalline/ceramic materials isand the augmented Jonscher relation. The results are dis-
Scanty due to the inherent difficulties related to the Sintering:ussed in ||ght of inadvertent potassium oxide evapora‘[ion
process. Recently, potassium niobate ceramics were revisitefiduced off-stoichiometric vacancy defects present in the po-
in the interest of a search for environmental friendly lead-tassium niobate ceramics.
free piezoelectric materiafsHence, the work on the potas-
sium niobate ceramics gained importance.

A dielectric investigation on KNb@ ceramics sintered !I- EXPERIMENT
with LiF additive was reported by Dubernet and Rél\ever Potassium niobate ceramics were prepared by following
a wide frequency (1%)to 10 Hz) and temperature300 10 {he conventional ceramic method. An equimolar ratio of
800 K) range. Their report deals with a detailed study on 4,CO, (99.9% and NbOs (99.9% was milled in an ac-
high-frequency (-10° Hz) dielectric relaxation originating  etone medium with zirconia balls for 24 h. The dried powder
due to network relaxations at temperatures just below angh«re was calcined at 830 °C three times with an interme-
above the Curie temperatuf670 K) and also indicates a jiate hand grinding to ensure the completion of the reaction.
frequency dependence of th4e permittivity due to Cond“Ct'V'WBinder(ponvinyI alcohol 5 wt % mixed powder was shaped
at temperatures above 500K frequency dependent con- 1, 5 gisk form at a pressure of 15 MPa in uniaxial pressing.
tribution to the dielectric constant of LiTaGingle crystals improve the sinterability, two additional measures were
was attributed to the mobile charged point defects connectegdopted_ They are sintering at temperatures close to the melt-

with the nonstoichiometry of the crysl%lll.. ing point and sintering the pellets within a powder matrix.
The frequency dependent conductivity of KNa—Os  gintering was carried out at 1020 °Crf h in airwith a KN

(x=0,0°.1) single cryséals measured below the temperaturesq,yder matrix. The measured relative density of pellet is
of 430 °C was reportetSpecifically, a marked difference in 5,46 959, Gold electrodes were coated on both the sides of
the behavior of frequencii0 to 16 Hz) dependent conduc- e pellet, which is 10 mm in diameter and 1 mm in thick-
tivity above and below 250 °C data was shown for undopeq,oqq

KN single crystals. They reported that the power-law expo-  The phase characterization of the ceramics was done on
nent of the conductivity varies from 1 to 0.7 when the tem-y, x-ray diffraction(XRD) patterns recorded using an x-ray
diffractometer(Philips X'Pert MPD, Kanagawa, Japaifhe
3Electronic mail: suka@zymail.mse.nitech.ac.jp capacitance, tangent loss, and conductance were measured
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FIG. 1. Powder XRD pattern of potassium niobate. The vertical lines in the [(2)
bottom are ICDD data. 3 Frequency (Hz)

using a impedance analyzékgilent 4294A, Kobe, Japan

Data were collected by a computer interface established us_
ing HP-Vee Pro software. The measurements were carriec ¥
out at different temperatures in a temperature controlled fur-
nace. The measured capacitance and conductance were cc
verted to the dielectric constant and conductivity.

Frequency 10 to 1¢°
100 200 300 400 500

Temperature (°C)

Ill. RESULTS

A powder XRD pattern of the sintered KNg@eramics Temperature (°C)
IS. .Shown in Fig. 1. The .vert|cal lines represgnt th.e peak pc)I_ZIG. 2. (a) Real part of the dielectric permittivity an@) the tangent loss
sitions of the International Centre for Diffraction Data curves as a function of temperature for different frequencies.
(ICDD: 32-0822 and the variations in the heights represent
their respective intensity. It is seen from Fig. 1 that the re-
corded pattern matches very well with ICDD data, which2(b)] and the variation of the frequency is indicated by an
indicates that the sintered sample exhibits a single phase. Ti&row. The peak position temperatures of loss peaks between
Bragg refections are indexed to the orthorhombic crystal sys100 and 200 °C increase with an increase in frequency and
tem. this indicates a frequency dispersion. This observation is re-
lated to the dielectric relaxation.

To understand the dielectric relaxation, the semiempir-

The temperature dependence of the real part of the dical complex Cole—Cole equation was used to analyze the
electric permittivity at a few representative frequencies isdat&
shown in Fig. 2a). The data shown in Figs(@ and 2b) are x_ 1 B .
taken during the cooling process of the thermal cycle. The € € e'= e+ (&~ e[ 1+ (1wn)f], @
upward arrows in Fig. @) at two temperatures denote the wWheree is the static dielectric constar,, is the dielectric
well-known dielectric anomalies of potassium niobate. Theconstant at high frequency, is angular frequency; is mean
first one at 213°C corresponding to the ferroelectric—relaxation time, ang3=1—«a, wherea is the angle made
orthorhombic to ferroelectric—tetragonal phase transitionwith the axis of the real part of dielectric permittivity to the
And, the second one at 420 °C is the ferroelectric—tetragonalenter of the semicircular arc.
to paraelectric—cubic phase transitfofthe Curie tempera- Figure 3 shows the Cole—Cole plot with a fitting to ex-
ture shifted to low temperature by 15°C to that of singleperimental data at four different temperatures using (Eq.
crystal (Tc=435°C)? This is ascribed to hysteresis and a The fitting was performed with a least-square minimization
possible off stoichiometry of the polycrystalline samples. method.

It is seen from Fig. @) that at any given temperature The real and imaginary parts of the dielectric permittiv-
other than the anomaly regions, the dielectric constant dety are written as™
creases with an incre_ase in frequen_cy and _the depe_nden_ce of €' =e,+(Ae'12){1—sin Bz)/[cosh Bz)
dielectric constant with frequency increasingly varies with
temperature. Such behavior is not observed in isostructural +cog Bm/2)]}, 2
BaTiO; ceramics. Also, a hump observed in the temperature Lo
range of 150 to 200 °Cthe encircled part of the curve in Fig. €'=(Ae'Dsin(fml2)/[cost fz) + cog fml2)],  (3)
2(a)] shows frequency dependency. The corresponding feawherez=In(w7) andAe' = es— €., .
ture is marked by a circle in the tangent loss curse® Fig. Figure 4 shows the real and imaginary parts of dielectric

A. Dielectric relaxation
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FIG. 3. Cole—Cole plot at different temperatures. The solid semicircular 24 2% 28 30 32
arcs through the data are obtained by fitting the data to the Cole—Cole .
equation. 1K, T (eV)y

FIG. 5. Arrhenius plot for the relaxation time in the temperatures between
100 to 200 °C. The solid line through the data is a linear fit to @y.
permittivity as a function of frequency and the solid lines

passing through the data points are calculated using (Egs. . . .
and(3) which utilize the parameters obtained from the Cole—ture range of 100 to 200°C is described by the Arrhenius
Cole fitting. It is seen from the graph in Fig. 4 that fitting equation of the following form:

matches the data points in the relaxation region marked by __ 70 eXp(Er/kgT). @)
upward arrows.

The thermally driven relaxation process in the temperafigure 5 shows the Arrhenius plot wherein the data points
are obtained from Cole—Cole fitting and the solid line pass-

ing through data points is a linear fit to E@). The activa-
tion energyEg, of the relaxation process is calculated to be
0.84 eV and the preexponential factay, is 2.35< 10" s,
which is of the order of the lattice vibrational phonon fre-
guency.
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The frequency dependent conductivity of inorganic
glasses, polymers, doped semiconductors, and ionic conduc-
tors exhibits a universality and their behavior is scaled to
master curve(i.e., conductivity data follow the time—
temperature superpositiph ™1’ The frequency dependent
conductivity is well described by the known augmented Jon-
scher relation as

n

+Aow, (5)

o"(w)=0'dc[1+(w
| OH

where o is the dc conductivityw,, is onset frequency of
the ac conductivity/mean frequency of the hopping process,
n is the exponent vary between 0.5 to 1, and A is weakly
temperature dependent term of the form @¥pg). Two
terms of Eq.(5) are denoted as, namely, universal dielectric
respons€UDR), in general, universal dynamic response, and
nearly constant loseNCL), respectively. These two additive
terms correspond to different processes happening in the ma-
terial. The power-law frequency dependent UDR term origi-

Frequency (Hz) nates from the hopping of the carriers with interactions of the

inherent defects or disorder in the material. Whereas, the

FIG. 4. Re_al(l]) and imaginary(O) parts of the dielect_ric constant plotted Hnear frequency dependent NCL term is modeled to origi-
as a function of frequency at four temperatures. Solid lines are calculate

using Egs.(2) and (3). The upward arrows indicate loss peaks at different Nate f_ror? rocking mOtionS in a a_symmet_ric dOUb_le well
temperatures. potential’ and electrical loss occurring during the time re-
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FIG. 6. The typical frequency dependent conductivity data at a few M5 7 Arrhenius plot of the dc conductivityd) and hopping frequency

peratures are plotted. The solid lines through the data points are nonline ). The sold lines are the respective linear fits to the and (7
least-squares fit to the E¢p). The dashed lines are calculated using the firstia ) P BGsand (7).

term of Eq.(5), where the parameters are obtained from fitting done with the

both the terms of Eq5). The inplot shows the least-squares minimum when

n varied between 0.5 to 0.7. Solid line marked witk 1 represent the slope

with unity. wy=wgexp—Ey/kgT), )
whereE . andEy are the activation energies of the dc con-
ductivity and hopping frequency of the carriers, respectively.

gime while the ions are confined to the potential energy  Figure 7 shows the Arrhenius plot of the dc conductivity

minimum® UDR and NCL terms are further categorized to and the hopping frequency, respectively, obtained from fit-

occur in the high-temperature/low-frequency and the low-ing the data to the augmented Jonscher relation and the solid

temperature/high-frequency regimes, respectively. line is a linear fit to the Eqs(6) and (7). The calculated

To understand the dielectric constant variation as a funcactivation energies of the dc conductivity and the hopping

tion of frequency at a given temperature, frequency depenrfrequency are 1.03B) and 0.949) eV, respectively. The mea-

dent conductivity measurements were performed. The acsured activation energy of the dc conductivity matches that

conductivity data of potassium niobate with nonlinear least-of the reported value, 1.02 év.

square fitting to Eq(5) with a statistical weighting is shown

in Fig. 6. The ac-conductivity data at the temperatures of

5_47, 520, 431, and 451 °C, abovg the Cl',ll’.ie temperature, aj¢ p1SCUSSION

fitted only with UDR term. Also, in the fitting process, ex-

ponent in the UDR term is fixed at 0.56, i.a.js kept inde- The complex dielectric susceptibility function for the de-

pendent of temperature. The exponent value is reported to ey of polarization in the Debye model ig(0)[1/(1

0.6 for many of the materials. The value of exponent as + w?7?) —iw7/(1+ w?7?)]. The function has a peak in the

0.56 is justified from the minimum of? values while vary- imaginary part of permittivity or tangent loss (tam €'/¢')

ing n from 0.5 to 0.7. The resultant® is shown in the inset curve with a single relaxation time whenr=1, which is

of Fig. 6, which shows a minimum at 0.56. Data below theassociated with the dielectric relaxation. For most solids, dif-

Curie temperature are fitted with both the terms of the augferent from that liquids, the relaxation process exhibits a dis-

mented Jonscher equation since, at high frequencies, thebution of relaxation times®

variation of the conductivity is close to unifgolid straight The origin of the dielectric relaxation due to the motion

line in Fig. 6 marked witn=1 represents the slope of the of the domain walls, long-range disorders, interfacial polar-

log—log plot to be unity and the imaginary part of permit- ization, and thermal motion of ions to different sites, etc., is

tivity is nearly constant”(w) =o' (w)/€gw). A marked dif-  reported in literature. Relaxation modes in BgiZFi _,)O;

ference in the shape of conductivity curves below the Curievere attributed to long-range disorder and the authors also

temperature envisages the need of NCL térihe dashed pointed out that the relaxation process was not related to the

lines in Fig. 6 are generated by keeping the NCL term as @rain-boundary effects from similar observations in both the

while the other parameters are kept constant, which explicpolycrystalline and single crystat8.Pyrochlore CgNb,O,

itly shows the NCL part of ac conductivity. The data belowwas also shown to exhibit dielectric relaxation due to the

200 °C is not fitted due to the convolution of the relaxationmotion of the domain walls analogous with triglycine sul-

features with the conductivity data. phate behaviot.
The temperature variation of the dc conductividy, In materials like dopedLa, Bi, and Fe—SrTiO,,1021:22
and the hopping frequency,; , are described by the Arrhen- BaTiO;,2% and Ca-doped KTa ,Nb,O5,% the dielectric re-
ius equation: laxation is associated with defect-induced relaxations. For
instance, a recent report on Bi—SrEiQevealed that the
04l =09 exp —Eq./kgT), (6) oxygen-vacancy-related dipoles cause dielectric relaxation
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rather than the interfacial polarization or the hopping of Tito that of dc conductivity(see Fig. 7. This suggests the
ions to more than one of the off-center available sites due tinvolvement of the mobile charge carriers in the dielectric
the distortion of oxygen octahedra(TgP relaxation process.

Presently, a frequency dispersion of the loss peak is ob- The prime origin of the ac conductivity of the ionic
served in the temperature range of 100 to 200 °C on undopeaiateriald® and oxide&’*!is due to the hopping of the car-
KNbO; [see Fig. 2b)] and the corresponding activation en- riers. In potassium niobate, similar valu@ge Fig. & of the
ergy is estimated to be 0.84 egee Fig. 5. The activation activation energies;y. andE,;, indicate that the frequency
energy is relatively higher than that of the materials reportedlependent conductivity originates from hopping of the carri-
in literature’®?'=24 possible origins of dielectric relaxation ers.
are scrutinized next. The present observation is not associ- Hopping carrier is inferred from the analogy with litera-
ated with a probable pretransitional, orthorhombic—ture on ferroelectric perovskites. Oxide ion conduction in Mg
ferroelectric to tetragonal—ferroelectric phase transitionsubstituted KNbQ is established from the dependence of
fluctuations triggered by a possible cubic anharmonicity dugonductivity on oxygen partial pressure. Also, the slope
to the broad width(~100 °Q of the loss peaks and also the change in the Arrhenius plot corresponding to the extrinsic
observation is reasonably far from the transition temperatureand intrinsic regions occurs around 550 °C in the 10 mole
Dielectric relaxations originating from long-range positional present Mg-substituted KRE La-doped NgsBi,:TiO3 ex-
order/disorder of cations and vacancies are not consider&glbits oxygen vacancy conduction with an activation energy
due to the absence of any satellite peaks in XRD patternground 1 eV and the two regions are separated at the tem-
(see Fig. 1 Lian et al?® reported that domain-wall motions perature of 700°G® The dominant charge carrier in the
exhibit active behavior in a small temperature range acrosaTio; and Pb(Zy_,Ti,)O; is reported to be oxygen
the orthorhombic to tetragonal phase transition of potassiunacancies? Importantly, an experimental estimate of the ac-
niobate. The temperature range is about 10 °C in the orthaivation energy for oxygen vacancy migration in potassium
rhombic phase and 15°C in the tetragonal phase. But, thgjobate is reported to be around 1 #}\Based on the afore-
dielectric relaxation is presently observed over the broagnentioned literature on ferroelectric perovskites and in con-
temperature range of 100 °C and has single activation en- sideration of the ionic radius (K1.64, N&:1.39,
ergy. This precludes domain-wall motions to be the reasoB2+:1.61, and Pb":1.49 A, where CN is 12and activa-
for dielectric relaxation. Maxwell-Wagner or interfacial po- tion energies, the most probable hopping carrier is presumed
larizations arising from inhomogenious microstructures argg phe oxygen vacancy. Also, it is reasonable to assume from
usually considered in materials with extremely high dielec-jiterature on isostructural materials that the temperature
tric permittivity.”® In the present observation, the dielectric range of the present investigation is pertinent to the extrinsic
permittivity of potassium niobate is around 1000 at the temyggion,
perature and frequency of 150 °C andzﬂ)z,. respectively. The point defect concentration of the potassium vacancy,
This is an order of magnitude smaller, which suggests tha/, \would be double that of an oxygen vacandy; . It is
interfacial polarizations are probably not involved in the di- oqually possible that potassium migration can also contribute
electric relaxation. In view of these considerations, the diyg the ionic conduction process. Computational simulations
electric relaxation is associated with the decay of polarizayt the jonic transport in perovskite oxides indicate that the
tion in the defect related dipoles. . _activation energy for oxygen vacancy migration is around 1

Potassium oxide volatility commonly causes difficulty in v/ for the A-site cation transport is around 4 eV, and for the
the growth of single crystals and preparation of ceramics. Ag_gjte cation migration is around 14 &¥The observed ac-
revised phase diagram and the evaporation of po;assmm Ofivation energy for the dc conductivity matches with the oxy-
ide were clearly established by fekiger and Arent from  yen vacancy migration. Hence, cation migration is less likely
the thermal analysis of the KN crystals heat treated at differs, happen in the ionic conduction process.
ent temperature¢950 to 1050°C and times. Also, it has The spontaneous polarization originating from the ionic
been reported in literature that excess potassium oxide was; displacement dipoles is known to be the off center dis-
used in the pgecursor_ma_lterlals during g@‘g KNb&Ingle  hjacement of NB* ions from the anionic charge center of
crystal grovvtﬁ and thin-film p_reparatloﬁ._’ The potas- e oxygen octahedron. The presence of oxygen vacancies in
sium oxide evaporation results in a nonstoichiometry and thg,e of-stoichiometric sample would distort the actual ionic
defect structure can be written as dipoles due to NB" ions. The decay of polarizations due to

KK+ Vi +h, ®) distorted ionic dipples may also t_)e the cause f0r37the pres-

ently observed dielectric relaxation. Kotomit al>’ re-

Oo— 1/2(0,) + Vg +2¢’, 9) ported that the activat?on energy for the qun relaxation

to the oxygen vacancies is 3.6 eV fraab initio and semi-
whereVy is a potassium vacancy with a negative charge an@mpirical calculations. Due to the difference in the activation
Vg is an oxygen vacancy with two positive charges. energies, relaxations involving thermal motions Nb ions are

Defect-related dipoles are active in the externally ap-not a probable process. Hence, it is reiterated that the low-
plied fields. An analysis of the ac conductivity has yieldedfrequency relaxations observed from the present study is the
activation energies of dc conductivity and hopping frequencydecay of polarization in the oxygen defect-related dipoles
to be 1.013) and 0.949) eV, respectively. It is to be noted due to their hopping conduction.
that the activation energy of the dielectric relaxation is close  Potassium niobate is one of the candidate materials for
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