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Abstract 

The electrical conduction behaviour of the Bal_xLaxTil_xNixO3 (x<0.10) system has been studied by complex 
plane impedance analysis and measurements of a.c. conductivity in the temperature range 40(0575 K. The values 
of the bulk resistance for these samples are obtained from a circular arc passing through the origin in their 
impedance plots. A.c. conductivity obeys the relation a,.c. a to 8 in the temperature range of measurements. These 
results indicate that conduction occurs in this system because of hopping of charge carriers between localized 
nickel sites. 

1. Introduction 

We have been investigating the possibility of formation 
of valence-compensated solid solutions of the type 
Ml_xLaxTil-xCoxO3 (M = Pb, Ba, Sr and Ca) [1-4] for 
the last few years and studying their electrical behaviour 
[5-8]. Some compositions exhibit dielectric relaxor be- 
haviour in the systems exhibiting high values of the 
dielectric constant [9-11]. These materials may find 
application in multilayer ceramic capacitors. The cobalt 
ions in these systems are found to play an important 
role in the electrical conduction behaviour. In view of 
the interesting and useful properties of these systems, 
it was considered worthwhile to explore the properties 
and potential use of analogous systems in which cobalt 
is replaced by nickel. Recently, the possibility of for- 
mation of the solid solution Bal_xLaxTil_xNixO3 for 
x ~< 0.50 was investigated [12]. This represents a solid 
solution between BaTiO3 (an insulator) and LaNiO3 
(a Pauli paramagnetic metal) [13]. It was found that 
the compositions with x~< 0.10 form a single-phase solid 
solution while the compositions with x >1 0.15 were found 
to be multiphase materials as indicated by their X-ray 
powder diffraction data. Only the composition with 
x=0.01 has been found to exhibit dielectric anomaly 
at about 353 K characteristic of the ferroelectric-to- 
paraelectric transition. The microstructure of this com- 

position also shows the domain structure, while the 
compositions with x = 0.05 and x = 0.10 do not show the 
domain structure [12]. 

In this paper we report the electrical conduction 
behaviour of the compositions with x = 0.01, 0.05 and 
0.10. Measurement of d.c. resistance in these high 
resistivity samples is difficult because of effects asso- 
ciated with electrode polarization. Hence we have em- 
ployed complex plane impedance analysis to study the 
electrical conduction behaviour of these materials. The 
charge transport through the solids have the following 
three contributions; (i) the contribution from grains 
known as intergranular or bulk conduction designated 
by Gb; (ii) the contribution from the grain boundaries 
designated as Ggb; (iii) the contribution from the 
solid--electrode interfaces known as Gel. The corre- 
sponding resistances are represented by Rb, Rgb and 
Rej. Each of these contributions can be represented by 
a suitable combination of resistance and capacitance 
in parallel. The sample can thus be represented by an 
equivalent circuit containing three parallel R--C circuits 
connected in series. The total complex impedance Z* 
of the sample is given by 

Z* = Z ' - i Z "  

where Z '  and Z" are the real and imaginary parts of 
the impedance. In complex plane impedance analysis, 
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the imaginary part Z" of the impedance is plotted as 
a function of the real part Z '  over a range of frequencies. 
Three semicircular arcs are usually obtained. The arc 
with the lowest frequency range generally corresponds 
to electrode polarization, the arc with intermediate 
frequency range represents the grain boundary con- 
tribution to the observed resistance and the arc with 
the highest frequency range passing through the origin 
represents the grain or bulk resistance. These resistances 
are obtained from the intercept of these arcs with the 
Z '  axis. If each of the above processes has a single 
value of relaxation time, then the circular arcs have 
their centres on the Z '  axis. If there is a distribution 
of relaxation times for any of these processes, then 
one obtains a depressed circular arc in the complex 
impedance plot having its centre below the Z '  axis. 
The details of complex plane impedance analysis for 
various possibilities of the three circuit elements men- 
tioned above are available in the literature [14-17]. 

Complex plane impedance analysis has been used 
extensively to delineate the various contributions to the 
total observed resistance in the solid electrolytes ex- 
hibiting predominantly ionic conduction [18]. It has 
also been found to be equally useful for semiconducting 
barium titanate showing the positive temperature coef- 
ficient of resistance effect [19]. In the present work 
we have used this technique to investigate the resistivity 
behaviour of our samples. 

2. Experimental details 

Compositions with x=  0.01, 0.05 and 0.10 were pre- 
pared by the ceramic method using barium carbonate, 
lanthanum oxalate, titanium dioxide and basic nickel 
carbonate, all having purities better than 99.5%. Ap- 
propriate quantities of these materials were weighed 
accurately and mixed in an agate mortar using acetone. 
The dried powders were calcined at 1523 K in a platinum 
crucible for 12 h and then furnace cooled. The resulting 
powders were ground and mixed with 1% solution of 
polyvinyl alcohol and pressed as cylindrical pellets. 
These pellets were slowly heated to 873 K and kept 
at this temperature for 1 h to burn off the binder. The 
temperature was then raised to 1573 K; the pellets 
were sintered at this temperature for 24 h and then 
cooled in the furnace in air. 

X-ray powder diffraction patterns of the final products 
were taken in a X-ray diffraetometer (JEOL) using Cu 
Ka radiation. For conductivity measurements, fiat pol- 
ished surfaces of pellets were coated with air-dried 
silver paint after washing with isopropyl alcohol and 
heating at 423 K to remove any adsorbed moisture. 
The conductance G was measured as a function of 
frequency at different steady temperatures in the tem- 

perature range 400-575 K with an impedance analyser 
(Hewlett-Packard 4192A LF). Measurements were lim- 
ited to 575 K because the silver paint used as electrodes 
cannot be used above this temperature. 

3. Results and discussion 

From the measured values of conductance G and 
dissipation factor D, Z '  and Z" were calculated by the 
following relations: 

G 
Z '  = G2 + to2C 2 (1) 

to(? 
G2 + to2C 2 (2) 

where to= 2~rf, to is the angular frequency and f is the 
frequency in cycles per second. Z" has been plotted 
as a function of Z '  for the frequency range 100 Hz-1 
MHz. Typical impedance plots for these samples are 
shown in Figs. 1-3 at a few temperatures. The data 
in these figures have been fitted manually. This may 
involve some uncertainty in the resistance values ob- 
tained. Since finally we are plotting the logarithm of 
resistivity to find the activation energy of conduction, 
the error involved will be negligible. At low temper- 
atures, only one circular arc appearing to pass through 
the origin is obtained. At higher temperatures, another 
arc starts to appear in the low frequency range. This 
appearance of the low frequency arc at high temper- 
atures may be due to either the grain boundary con- 
tribution or the electrode-specimen interface contri- 
bution. More experiments are required to ascertain 
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Fig. 2. Impedance plots of the Bao.95La0.05Tio.95Nio.0~O3 system. 
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Fig. 3. Impedance plots of B%.~L..aoaoTio.~Nio.loO3. 

this. For the present we shall consider only the arc 
passing through the origin which represents the bulk 
conduction. Values of the bulk resistance were found 
by the intersection of this circular arc with Z '  at, is 
from which the corresponding resistivities were cal- 
culated. Plots of the logarithm logpb of the bulk resistivity 
as a function of the inverse temperature IO00/T are 
shown in Fig. 4. These plots are linear, showing that 
resistivity obeys an Arrhenius relationship 

(Ea)  
P = Po exp - ~  (3) 
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Fig. 4. Plots o f  log Pb VS. IO00/T fo r  the Bal_xLaxTil_~'qi~O3 
system. 

TABLE 1. Activation energyE,, for d.c. conductivity, E,,' activation 
energy for a.c. conductivity at 100 kHz and hopping energy W 
for various samples in the Bat_xLa, Ti1_xNixO3 system 

x E,  Ea' W 
(eV) (eV) (eV) 

0.01 0.62 0.59 0.03 
0.05 0.52 0.38 0.14 
0.10 0.51 0.33 0.18 

where Ea is the activation energy for conduction. The 
values of Ea obtained by least-squares fitting of the 
data in these plots (Fig. 4) are given in Table 1. 

Barium titanate is a wide band gap material similar 
to TiO2 in which the filled valence band consisting of 
O 2p orbitals is separated from the empty conduction 
band of Ti 4s orbitals by 3.0 eV [20]. The values of 
activation energies obtained (Table 1) rule out the 
possibility of any intrinsic conduction in these materials. 
It has been reported that Ni 2÷ gives rise to energy 
levels at about 0.8 eV above the 2p band of oxygen 
ions in TiO2 [20]. This will also be true for BaTiO3. 
The conduction therefore seems to occur through lo- 
calized Ni 2÷ and Ni 3+ sites in the present system. The 
generation of Ni 2÷ in these materials can be understood 
as follows. These materials are expected to lose traces 
of oxygen during their sintering at high temperatures 
in accordance with the reaction 

Oo , ½02 + Vo- + 2e' (4) 

where all the species are written in accordance with 
the Krrger-Vink notation for defects [21]. Two electrons 
released in the process may be captured by Ni 3÷ or 
Ti 4÷ to produce Ni 2÷ or Ti 3÷ ions respectively. Since 
Ti 4÷ has the closed-shell configuration of argon gas, 
generation of Ti 3÷ seems to be highly unlikely in air. 
Thus these materials will contain a small amount of 
divalent nickel Ni 2 ÷ ions. Electrical conduction in these 
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materials may therefore occur through hopping of charge 
carriers between localized NP + and Ni 3+ sites. 

In order to understand the mechanism of conduction, 
we have plotted log tr,.c, as a function of log f (where 
f is frequency) at two temperatures in Fig. 5. We have 
plotted the a.c. conductivity data above 10 kHz to 
consider only the bulk effect. It is found that o',.c, varies 
as 

(5) 

where w = 27rf is the angular frequency. The values of 
s obtained by least-squares fitting of the data are in 
the range 0.6--0.7 at 300 K. The value of s decreases 
with increasing temperature. The frequency dependence 
of tr,.¢, may arise as a result of (i) hopping of charge 
carriers between localized sites, giving rise to debye- 
type loss similar to thermally activated rotation of dipoles 
[22] (this will give rise to a.c. conductivity proportional 
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Fig. 5. Variation in log o,,.~, as a function of frequency for the 
Ba1_~La~Ti~ _,Ni~O3 system. 
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to T if compensation is large [23] and independent of 
T if the compensation is small [22]), (ii) hopping of 
charge carriers between localized sites at energies close 
to Er  and (iii) excitation of charge carriers at the band 
edge and hopping at energies close to it. This latter 
process gives rise to an a.c. conductivity whose variation 
with temperature is similar to that of carrier concen- 
tration i.e. tra.c <x exp[-(EF-EA)/kT],  where EA is the 
valence band edge. The variation in d.c. conductiv- 
ity in this mechanism is given by trd.c.a 
exp{- [ (EF-EA+ W)/kT] ,  where W is the activation 
energy for hopping of charge carriers. 

Plots of log tr,.c, vs .  1000/T for all the samples at 
100 kHz are shown in Fig. 6. We have plotted the data 
at 100 kHz so that it represents only the bulk behaviour. 
The observed exponential dependence of a.c. conduc- 
tivity on temperature (Fig. 6) shows that the conduction 
occurs by mechanism (iii). The difference between the 
activation energies of conduction for d.c. and a.c. con- 
ductivity gives the activation energy for hopping. These 
values are given in Table 1. It is found that W increases 
with increasingx. This may be due to increasing disorder 
with increase in x. A similar conduction mechanism 
operates in the analogous systems Bal _xLaxTia_xCo~O3 
and Ca1 _~La~Til _~CoxO3 where direct measurement of 
d.c. conductivities were made above 400 K [6, 8]. This 
shows the effectiveness of the complex plane impedance 
analysis in studying the conduction behaviour in these 
complex high resistivity materials at low temperatures. 
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