
J O U R N A L  O F  M A T E R I A L S  S C I E N C E  26 (1991) 6 0 6 3 - 6 0 6 7  

Dielectric properties of the system 
B al_ xLa xTil_xCo x0 3 

O. PARKASH,  C. DURGA PRASAD 
School of Materials Science and Technology, Institute of Technology, 
Banaras Hindu University, Varanasi-221 005, India 

D. KU MAR 
Department of Ceramic Engineering, Institute of Technology, 
Banaras Hindu University, Varanasi-221 005, India 

The dielectric behaviour of compositions with x =  0.01,0.05, 0.10 and 0.20 in the system 
Bal _xLaxTil-xCoxO3 was studied in the temperature range 300-473 K. The compositions 
with x = 0.01 and 0.05 show a diffuse ferroelectric-paraelectric phase transition, while other 
compositions do not show this transition in this temperature range. The frequency dependence 
of dielectric constant and dielectric loss in the samples with x ~> 0.05 indicates that space- 
charge polarization contributes significantly to their observed dielectric parameters. 

1. I n t r o d u c t i o n  
Most of the dielectrics used for ceramic capacitors 
have compositions based on barium titanate, BaTiO 3 . 
Pure BaTiO 3 , however, shows marked changes in the 
values of dielectric parameters with temperature, par- 
ticularly near the Curie temperature. This is an un- 
desirable feature for use as thermally stable capacitor 
materials. However, BaTiO3 offers a lot of flexibility 
by allowing a large number of substitutions at either 
Ba or Ti sites independently or simultaneously [1-3]. 
These substitutions are isovalent or heterovalent de- 
pending on whether the substituent ion has the same 
or a different valency from the ion to be substituted. 
For simultaneous heterovalent substitutions at Ba 
and Ti sites, a suitable combination of ions is neces- 
sary to maintain the electrical charge neutrality. 

Recently we attempted to synthesize the system 
Bal_xLaxTia_~C%O 3 which represents the solid 
solution between BaTiO 3 and LaCoO3, with a view 
to studying the effect of simultaneous substitution of 
La and Co on the dielectric properties of BaTiO 3 [4]. 
Although the effect of independent substitutions of La 
on Ba [5] and Co on Ti [6] sites, respectively, has been 
studied, no report is available as yet on the dielectric 
properties of this system where both ions are substitu- 
ted simultaneously. The simultaneous substitution of 
L a  3+ for Ba 2+ and Co 3+ for Ti 4+ leads to internal 
charge compensation in this system Bal_ 
LaxTi I _ ,CocO 3 . Such a solid solution is termed as a 
valence-compensated solid solution. It has been found 
that single-phase materials form for all values of 
x ~< 0.50 [4]. In this paper we report their dielectric 
behaviour. Similar studies on the preparation and 
dielectric properties of the analogous system 
Pbl_~LaxTi l_xCoxO 3 have already been reported 
[7, 83. 

2. Experimental procedure 
Samples with x = 0.01, 0.05, 0.10, 0.20, 0.30 and 0.50 
were prepared by the ceramic method using BaCo3, 
La2(C204)3nH20,  Co(C204)e2H20 and TiO2 all 
having purity better than 99.5 %. The details of the 
method of preparation have been reported earlier [4]. 
Appropriate quantities of the constituent compounds 
were calcined at 1473 K in platinum crucibles for 4 h 
after thorough mixing. The calcined powders were 
mixed and ground again, and pressed as cylindrical 
pellets after the addition of appropriate quantities of 
2 % polyvinyl alcohol solution (PVA). Sintering of 
these pellets was done at 1473 K, as sintering at 
1573 K resulted in the formation of a small amount of 
hexagonal BaTiO3 phase (5-10 %) in the final prod- 
uct. The presence of Co in BaTiO 3 is known to 
stabilize the hexagonal phase at lower temperatures 
[1]. Powder X-ray diffraction patterns were recorded 
for the final products using Ni-filtered CuK~ radiation 
in a diffractometer (Jeol). The bulk density of these 
materials was determined by the water-displacement 
method, and the apparent porosity was calculated 
from the values of the true density and the bulk 
density. For the measurements of dielectric properties, 
the sintered pellets were polished, washed with iso- 
propanol to remove any moisture and dried at 423 K 
overnight. Air-dried silver paint was applied on both 
surfaces, and again the pellets were left overnight at 
373 K. Capacitance and dielectric loss, D, are meas- 
ured as a function of temperature in the frequency 
range 1 kHz-1 MHz using an impedance analyser  
(Hewlett-Packard 4192A LF). Before taking observa- 
tions, the entire cell assembly was heated to 523 K and 
cooled. All this care was taken to avoid the presence of 
any moisture. Any adsorbed moisture on BaTiO 3 is 
known to influence dielectric properties significantly 
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[9]. Dielectric measurements were made only on the 
samples with x ~< 0.20. The compositions with x 
= 0.30 and 0.50 were found to have significant con- 

ductivity at room temperature. For  microstructural 
studies, fractured surfaces of sintered pellets were 
coated with gold and observed in a scanning electron 
microscope (Cambridge Stereoscan, model no. $4-10, 
UK). 

3. Resu l t s  and d i s c u s s i o n  
X-ray diffraction (XRD) data indicated the formation 
of single-phase materials in all the prepared samples. 
The composition with x = 0.01 is tetragonal,  similar 
to BaTiO3, while all other samples have an overall 
cubic symmetry [41. The presence of asymmetry in 
higher-angle diffraction lines of the compositions with 
x >~ 0.05 indicates deviations from cubic symmetry in 
the local regions. This  asymmetry decreases with in- 
creasing X" The bulk density and percentage porosity 
for various samples is given in Table I along with their 
structure and lattice parameters. Typical fractographs 
of some of the compositions are given in Fig. 1. The 
average grain size is in the range 2-3 gm. In general, 
the grain size is small. This may partly be due to low 
sintering temperature and partly due to the effect of 
additives (La and Co). 

Because of the smaller size (ionic radius; r 
= 0.122 nm) and different valency of La 3+ as com- 

pared to Ba 2+ ion (r = 0.146 nm), the substitution of 
La 3 + for Ba 2+ in the lattice will be associated with 
large elastic and electrostatic energy [10]. For  similar 

reasons to those discussed above, the presence of 
Co 3+ for Ti 4+ will be associated with a lot of elastic 
and electrostatic energy. Hence these La 3 + and Co 3 + 
ionswil l  tend to segregate to the grain boundaries. 
The presence of these ions at grain boundaries will 
inhibit grain growth [5, 12]. 

The variation of dielectric constant, a, and dielectric 
loss, D, as a function of temperature for various com- 
positions is shown in Figs 2-5. The sample with x 
= 0.01 shows diffuse ferroelectric-paraelectric trans- 

ition at 423 K (Fig. 2). T h e  transition temperature 
remains the same at all three frequencies. The diffuse- 
ness of the transition increases in the sample with x 
= 0.05, and the ~ against T plot becomes almost flat 

(Fig. 3). The variation of its dielectric constant at 
1 kHz within the temperature range 300-473 K is 

25 % of its value at 300 K. The variation decreases 
with increasing frequency. 

Diffuse phase transition can arise due to (i) macro- 
scopic inhomogeneities due to incomplete reactions 
during the preparation of these materials which are 
larger than the domain size [13]; (ii) stress and stress 
distribution induced by grain size (the diffuse phase 
transition observed in BaTiO 3 for grain size < 1 ~tm 
has been explained on the basis of absence of 90 ~ 
twinning in it [13]); (iii) microscopic inhomogeneities 
within one phase which extend over distances of the 
order of 5.0-100.0 nm [14, 15]. The inhomogeneities 
in this category are in thermodynamic equilibrium at 
high temperatures and may be frozen at low temper- 
atures. These include compositional fluctuations, 
clustering and ordering etc., and related polarization. 

Figure 1 SEM of fractured surfaces of samples for (a) x = 0.01 and (b) x = 0.05, in the system Ba 1 ~LaxTi 1 _xCoxO 3. 

TABLE I Structure, lattice parameters, bulk density, percentage porosity and d.c. conductivity, aa.c. at 400 K for various samples in the 
system Ba I _xLaxTil-xCo~O3 

x Lattice parameters 
Bulk 
density percentage aa.o. 

Structure a(nm) c(nm) (g cc- 1 ) porosity (~ cm- i ) 

0 .01 Tetragonal 0.3995 0.403 5.56 8.0 1.63 x 10 lo 
0.05 Cubic 013993 5.48 10.0 1.40 x 1 0  - 9  

0.10 Cubic 0.3996 - 5.01 18.0 1.57 x 10 -v 
0.20 Gubic 0.3980 - 5.56 10.0 4.00 x 10 ~ 

6064 



CO 

0 . 6 0  

0.40 

0.20 

1 .20 

2000 

1000 

0 I J I , 

300 400 
Temperature (K) 

5( 

Figure 2 Variation of a and D with temperature for the sample with 
x = 0.01 in the system Ba t xLaxTil_xCo:r 3. O, 1; x ,  10; A, 
100 kHz. 
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Figure 3 Variation o f t  and D with temperature for the sample with 
x = 0.05 in the system Baa_xLa~Ti~_xCo~O s. O, 1; x ,  10; A, 
100 kHz. 
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Figure 4 Variation of ~ and D with temperature for the sample with 
x = 0.10 in the system Bal_xLaxTi 1 xCo~O3. O, 1; x ,  10; A, 
100 kHz. 
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X-ray diffraction does not show any evidence for 
macroscopic inhomogeneities in these samples. Grain 
size is also not responsible for the diffuseness of the 
transition in the compositions with x = 0.01 and 0.05, 
as their average grain size is 2 3 gm. The diffuse 
nature of the transition is due to the presence of 
chemical heterogeneities present at the microlevel, 
because of the slow diffusion-controlled thermochemi- 
cal ceramic process used for their preparation. Each 
micro-region will have its own Curie temperature 
determined by its composition. The overall behaviour 

Figure 5 Variation of e and D with temperature for the sample with 
x = 0 . 2 0  in the system Bal_xLaxTi I ~CoxOs. O, 1; x ,  10; zS, 
100 kHz. 

is the broad envelope of the behaviour of these differ- 
ent regions. 

For  the samples with x = 0.01 and 0.05, the dielec- 
tric constant, ~, obeys the Curie-Weiss law: 

C 
- 1 - ( 1 )  

T-To  
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above the Curie temperature at all the three frequen- 
cies namely 1, 10 and 100 kHa. Here C and To are 
known as Curie constant and Curie temperature, re- 
spectively. The Curie temperatures obtained from the 
e-1 against temperature plot at 1 kHz for x = 0.01 
and 0.05 are 387 and 397 K, respectively. 

The compositions with x =0.10 and 0.20 do 
not show any anomaly in their s against T plots in 
the temperature range 300-473 K (Figs 4 and 5). 
e changes very little up to a particular temperature in 
the sample with x = 0.10. Thereafter it increases rap- 
idly with temperature. The temperature coefficient of 
its dielectric constant decreases with increasing fre- 
quency. The sample with x = 0.20 shows a very high 
value of dielectric constant, which is strongly fre- 
quency-dependent. The behaviour of dielectric loss is 
essentially similar to the compositions with x ~< 0.10. 
Initially, D varies very little with temperature and its 
variation becomes pronounced at high temperatures. 
The magnitude of D also increases with increasing x. 
This is due to increasing d.c. conductivity of these 
samples with increasing cobalt concentration (Table I) 
[16]. The variation of ~ and D with frequency for the 
samples with x = 0.01 and 0.10 at a few temperatures 
is shown in Figs 6 and 7, respectively. Very little 
dispersion is observed in the s against log f plots for 
the composition with x = 0.01. Behaviour of the sam- 
ples with x = 0.05 and 0.10 is essentially similar. The 
value of the dielectric constant decreases rapidly with 
increasing frequency up to 10 kHz and, thereafter the 
variation is very small at higher frequencies. The vari- 
ation of dielectric loss with frequency is similar in all 
the three compositions with x <~ 0.10. It decreases 
sharply with increasing frequency. The frequency de- 
pendence is more pronounced at higher temperatures. 
For the composition with x = 0.20, a peak is observed 
in the D against l og fp lo t  (Fig. 8). This peak shifts to 
higher frequency with increasing temperature. This 
may be due to relaxation of interracial polarization. A 
peak in dielectric loss, D is observed when the relation 

mz = 1 (2) 

is satisfied where m = 2r% f is the angular frequency, 
and z is the characteristic relaxation time. With in- 
creasing temperature, z decreases. This accounts for 
the shift of the peak in the D against log f plot to 
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Figure 6 Variation of s and D with frequency at several temper- 
atures for the sample with x = 0.01. Q, 303; x ,  373; A, 473 K. 
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Figure 7 Variation of ~ and D with frequency at several temper- 
atures for the sample with x = 0.10. Q, 303; x ,  373; ~ ,  473 K. 

q 4 

L L I , I , I 

40 000 

30 000 

8000' 

4000 

3 4 5 6 
tog f (Hz) 

Figure 8 Variation of ~ and D with frequency at several temper- 
atures for the sample with x = 0.20. O, 303; x ,  373; A, 473 K. 

higher frequency with increasing temperature, as ob- 
served experimentally in this composition. 

The frequency dependence of ~ and D in these 
compositions indicates that interfacial polarization 
contributes significantly to their observed dielectric 
constant. The interfacial polarization cannot follow 
the rapidly changing electric field above ~ 10 kHz 
which leads to a decrease in the value of ~ and D. 
Interracial polarization arises due to random occupa- 
tion of equivalent octahedral sites by Ti and Co, and 
of dodecahedral sites by Ba and La. This will give rise 
to micro-regions with different compositions, having 
different conductivities responsible for interfacial po- 
larization. This is expected to increase with inceasing 



x. The observation of stronger frequency dependence 
of e and D with increasing x confirms this. The pre- 
sence of these chemical heterogeneities at the micro- 
level also explains the diffuse nature of the phase 
transition in the compositions with x = 0.01 and 0.05, 
as mentioned above. 
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