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Abstract-In La(II1) substituted PbTiO, ceramics the behaviour of the reciprocal dielectric constant in the 
paraelectric phase can be described by the relation l/r - (T- T,fT with the exponent I 6 y < 2 de~nding on the 
composition. This y-value is an intermediate of values for Curie-Weiss behaviour (y = 1) and of values connected 
with diffuse phase transitions (y = 2) and increases with increasing L&III) concentration. 

An excellent agreement between experimental and calculated permittivity curves in the paraelectric phase can 
be achieved using an alternative equation consisting of a linear and a quadratic term with coefficients varying 
systematic~ly with the composition. The last equation can be derived and inte~reted by means of a physical 
model assuming the existence of heterophase fluctuations. 

INTRODUCTION 

In ferroelectric materi~s the relative dielectric constant 
0 rises sharply with increasing temperature to a high 
peak value at the phase transition temperature T,. Above 
T, the reciprocal dielectric constant as a function of 
temperature can be frequently represented by a Curie- 
Weiss type equation[l-31. 

l/e’ = (T - T.&Y, (1) 

where C, is the Curie-Weiss constant and ‘I’,, is the 
extrapolated Curie temperature. 

In perovskite (ABO,)-type materids deviations from 
Curie-Weiss behaviour are reported [4-8], especially in 
compounds with a complex occupation of the A and/or 
B-site in the crystal lattice. 

Wolters and Burggraaf[4], F~ts~rg~6], SmolenskyI71 
and Kirillov and Isupov[8] have developed models to 
describe the diffuse character of the ferroelectric- 
paraelectric phase transition (FPT) for this type of 
materials. 

The basic phenomenon which determines the occur- 
rence of diffuse phase ~ansitions is the presence of 
structural and/or compositional fluctuations in a con- 
siderable tem~rature region around T,. One way of 
describing this phenomenon quantitatively is by means 
of a dis~ibution of small volume elements each charac- 
terized by a particular value of a relevant parameter of 
state, e.g. the Curie temperature. 

With a Gaussian distribution of Curie temperatures 
and a variance C the following equation results[4] 

l/c’= i/E&,, 1-r. 
( 

(T - Tma3* 2C’ 
> 

(2) 

where eAsx is the maximum value of e’ at the tem- 
perature r,,. C is a measure for the degree of 
diffuseness of the FPT. 

In the PbG-TiOZ-LazOj system a perovskite phase 

exists with the chemical formula Pb,_uxLaxTi03+x(,.S-=~ 
(PLT)[~lZ]. The ~rmittivity as a function of tem- 
perature in the paraelectric phase (PE) of this system at 
La(II1) condensations where x >0.07 cannot be des- 
cribed by the eqn (1) or (2). This phenomenon is also 
reported for niobate systems [51. 

This paper deals mainly with a description and an 
interpretation of this anomalous behaviour. 

Because the physical properties in these types of 
materials are very sensitive to variations in microstruc- 
ture (porosity, grain size homogeneity) extreme care 
must be taken to prepare and characterize the samples. 
In Refs. [4,9,10,111 an extensive description of the 
preparation and characterization of the samples has been 
given and in this paper a summary of a few topics of the 
used methods is given. 

PLT samples for this inves~ation were prepared by 
means of the mixed oxide method using a controlled PbO 
atmosphere [9,10]. A good homogeneity in monophasi~ 
materials was achieved and this was apparent from elec- 
tron microscope ex~ination and from the line width of 
some characteristic X-ray reflections with respect. to a 

silicon standard[lO]. This latter method yields values for 
the line width which are always smaller than 0.15’ in 0 
(in most cases 0.12”) compared with values of 0.10°-0.120 
for the silicon standard at B < 3.5”. 

Special attention was paid to the determination of the 
PbO content of the material (n-value) using a very 
sensitive method of chemical analysis which can dis- 
criminate between PbO at grain boundaries and PbO 
incorporated in the structure [9,11]. The samples contain 
less than 0.2 wt.% “free PbO” which is equal to the 
inaccuracy of the used method[l I]. Possible gradients of 
PbO over the sample thickness were minimized by taking 
thin (2mm) sintered samples in such a way that the 
sample thickness does not play a role (sample surface 
layer is removed). 
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Average grain size were measured by means of scan- 
ning electron microscope micrographs using the Men- 
delsohn method[l21. 

The capacity and conductivity of the samples were 
measured by means of Wayne-Kerr Universal Bridges 
types B221 and B601 at frequencies between 0.5 kHz and 
1 MHz. Heating and cooling rates varied between 
0.5 deg./min (at T = T,) and 2.0 deg./min (at T * 7’,). 

In Table 1 the analyzed values of the compositional 
parameters x and a (in Pb,_,La,TiO~+,o,5_,) are col- 
lected together with average grain size diameters Q unit 
cell parameters (length of unit cell axis a and tetragonal 
distortion c/a) at room temperature and dielectric para- 
meters T,, and r,L characteristic for the behaviour of 
the FPT. The tetragonal distortion c/a decreases with 
increasing x and decreasing a and reaches a value of 1.0000 
at values of x = 0.27 depending on the exact a value. There 
is a continuous decrease of T,, with x of about ZO“C/at % 
La(III) and an increase of T,,,,, with (I of about TClmole % 
PbO at a constant x-valueIl31. 

Table I. Composition, grain size, lattice dimensions and dielec- 
tric properties bf various La(M) substituted PbTiO, samples 

Sample 
No. x (I (i) 

da - T 
(-) (A ?“e; 

E,,,, x lo-) 
(-) 

1 0.040 1.30 3.9066 1.0478 1.3 407 7.8 
2 0.069 1.23 3.9112 1.0383 3.1 357 13.3 
3 0.120 1.45 3.9141 1.0263 4.7 257 14.6 
4 0.120 0.83 3.9209 1.0275 4.8 273 12.7 
5 0.180 1.34 3.9184 1.0149 9.4 151 16.8 
6 0.180 0.87 3.9289 1.0166 6.4 168 16.6 
7 0.230 1.05 3.9274 1.0074 10 53 14.2 
8 0.270 1.48 3.91% 1.0000 8 -45 15.7 
9 0.270 1.18 3.9290 1.0000 15 -36 11.2 

10 0.301 1.41 3.9177 1.0000 10 -116 7.8 
II 0.301 1.20 3.9303 1.0000 14 -105 6.8 

For x GO.23 the permittivity curves are not 
“broadened” at any a-value as is shown for x = 0.18 in 
Fig. 1, but for x 3 0.27 the permittivity curves become 
more “broadened” with increasing PbO content (de- 
creasing a) and increasing x value, as is shown in Fig. 2 
and Fig. 3 for x = 0.27 and x = 0.30 respectively,. 

Since the permittivity curves show no or only a small 
frequency dependency, most of the measurements were 
performed at 10 kHz with a small number of other 
measurements at 250 kHz. 

l/e’ = l/E& + C’(T - Tln.,)r (3) 

where y and C’ are constants and the values of these 
constants depend on the composition. Equation (3) is 
valid over a temperature region of at least 60”-100°C 
above T-. The value of y increases from 1.0 at x = 
0.04 and x = 0.07 to 1.70 at x = 0.30 as is shown in Fig. 4. So 
a change from a Curie-Weiss behaviour to an intermediate 
of Curie-Weiss (eqn 1) and quadratic behaviour (eqn 2) can 
be observed. 
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Fig. 1. The effect of the value of (I on the E’ vs temperature 
curves near the FPT for PLT with x = 0.18. 
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Fig. 2. The effect of the value of (I on the c’ vs temperature curves 
near the FPT for PLT with x = 0.27 (e” is dielectric loss). 
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Fig.3. The effect of the value of o on the l ’ vs temperature 
curves near the FPT for PLT with x = 0.30 (c” is dielectric loss). 

The change in y is not caused by grain size effects as 

appears from studies by Keizer and 
Burggraaf[lO, 14,151. In these studies it was shown that 
the effect of the grain size on the PPT becomes im- 
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Fig. 4. The value of y (eqn 3) as a function of the compositional 
parameter x in La(II1) substituted PbTiO,. 

portant for grain size values SC 3 pm while the effects 
are more pronounced with smaller values of g. Further- 
more the change of the shape of the permittivity curves 
due to grain size effects in PLT cannot be described with 
eqn (3) which has a constant, temperature-independent 
y-value. If grain size effects are present the y-value in 
materials with small grain sizes changes with tem- 
perature over a small temperature region from y = 2.0 
near the FPT to y = l&l.3 at higher temperatures. 
Macroscopic inhomogeneities result in phenomena of the 
same type. 

The conclusion is that the change of y (and C’) as 
expressed by eqn (3) is a property of monophasic, 
homogeneous, coarse grained materials which is due to 
compositional effects only. 

ALTERNATIVE DFIXRIPMON AND 
CAL43JLATlON MODEL 

An alternative description of the temperature depen- 
dency of the reciprocal dielectric constant can be 
achieved by the use of a power series of the temperature 
according to eqn (4) 

l/e’ - l/e&, = c, + C,( T - T,,,) + C,( T - TmaJ2. (4) 

Excellent agreement between experimental and cal- 
culated values (using eqn 4) are achieved at any tem- 
perature in the PE-phase with only two temperature- 
terms. This is shown in a representative way by Fig. 5 
for PLT27. Higher order terms do not contribute to an 
improved accuracy and are negligibly small. The vari- 
ance in the results achieved by a least square fit using 
eqn (4) is smaller than by using eqn (3). 

In contrast to the use of eqn (4) a description where 
(&-e A.,) is plotted as a function of the temperature 
leads to a poor agreement between experimental and 
calculated results especially near T,, where the cal- 
culated &-values diverge to infinity. Furthermore values 
of C, achieved from the (e’- P&J - T plots are always 
negative which makes a physical interpretation ver 
difficult (if at all possible). 

The values of C,, C, and C3 are a function of the 
composition as presented in Table 2. The value of CZ 
decreases continuously with composition until x = 0.27 
and is about constant for x 3 0.27. The values of C3 
increase with x up to x = 0.12-0.18 and decrease con- 
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Fig. 5. The calculated and measured e’ of PLTU with n = 1.48 at 
250 kHz as a function of the temperature in the paraelectric 
phase (-, is measured; . . . . . , is calculated with eqn (4); 
AAAAA, is calculated with eqn (3)). For numerical values see 

Table 2. 

tinuously until x = 0.30. A grain size effect on the C, 
value for x < 0.07 cannot be excluded (for g-values see 
Table 1). Changes in a-value (PbO content at a fixed 
x-value) play a minor role (compare samples 3 and 4 or 5 
and 6) and will be ignored. At a low concentration of x 
the linear term is dominant while at high x values the 
reverse is true. 

This result (eqn 4) can be derived assuming that the 
samples consist of a mixture of two types of regions, 
one in which eqn (1) and the other in which eqn (2) is 
obeyed. The existence of the latter region can be under- 
stood in terms of the presence of quasi-static 
fluctuations[20]. If v is the volume fraction of material in 
regions of the first type, then, according to Bottcher[Zl], 
the Clausius-Mosotti relation can be written 

c’- 1 l ;-1 E;-1 
-=v-+(l-v)(,+z 
c’+2 r;+2 Z 

(5) 

Since the observed measurements indicate that all per- 
mittivities are much larger than one, the relationship can 
be expanded to terms of 

1 v (l-v) -_=-+-_. 
%& r; c; 

(6) 

When the appropriate terms from eqns (1) and (2) are. 
inserted in eqn (6) and when the maximum value of E’ at 
T,, of the region with diffuse character is labelled as 
&_x then we find 

*,c’=v(~-~~~+(~_v) l,,;_+(T-~-JZ 
CW 1 I 2rLC2 . 

(7) 

The expression for the quadratic term (diffuse phase 
transition behaviour) has been derived by Wolters[rl], 
Kirillov and Isupov[8] and Smolensky[‘l] with different 
physical assumptions. After rearrangement it is clear that 
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Table2. The calculated values for C,, C, and Cs of eqn (4) 
and the calculated values for u and C of eqns (9) and (10) 
respectively for various samples of La(H) substituted PbTiO, 

c*x 106 c,x 108 
Sample C, x 10’ (K-l) (K-‘) C 

No. - kO.20 20.20 (kdx) (!) (K) 

2 0.02 4.26 0.45 10 0.95 24 
3 -0.44 2.95 2.19 10 0.66 28 
4 -0.63 3.10 l.% 10 0.69 28 
5 -0.09 1.93 3.20 10 0.43 30 
6 -0.16 1.98 3.36 10 0.44 29 
1 -0.06 0.66 1.84 10 0.15 48 
8 0.00 0.69 1.71 10 0.15 50 
8 -0.11 0.79 1.51 250 0.18 52 
9 0.12 0.34 1.91 10 0.08 49 
9 -0.04 0.48 1.53 250 0.11 54 

10 -0.12 0.43 I .45 10 0.10 56 
10 -0.48 1.05 1.07 250 0.23 60 
II -0.26 0.52 0.70 IO 0.12 79 
11 -1.48 0.74 0.61 250 0.10 86 

eqn (7) is equal to eqn (4) with 

c y-4 
1 --~+gkx- To) 

4max 
(8) 

w 

c, = (1 - Y)/2C2 x l imax. (IO) 

From eqn (9) the u-value can be calculated if the 
-Curie-Weiss constant C, is known. Since the C,-value 
does not change considerably in the PLT system it is 
taken to be independent of the concentration. The 
average value of C, is taken from eqn (4) for low 
x-values (x = 0.04 and x = 0.07) where the quadratic term 
can be ignored and therefore the value of C, = 2.2 X lo’ 
(V’) is taken for the whole composition region. The 
u-values calculated with eqn (9) have been collected in 
Table 2 and show a continuous decrease with increasing 
La(III) concentration from u = 0.95 + 0.005 for x = 0.07 
to u = 0.12 + 0.08 for x = 0.27 and x = 0.30. 

Now the value of C can be calculated with eqn (10) if 
c&,.,_ is known. The value of r;, is approximated by 
taking it as being equal to the average of r,& of the 
samples when x = 0.27 and x = 0.30 where diffuse be- 
haviour dominates and therefore a value of &,= 
10,000 is used in the calculation.? The values of C are 
shown in Table 2 and it can be seen that C increases 
continuously with the La(III)-concentration. The in- 
creasing C-values reflect an increasing diiusivity of the 
regions with quadratic behaviour of the permittivity 
curve and of the same order of magnitude (C = 20-85) as 
reported for PLZT-mate&&[41 with a quadratic be- 
haviour (diffuse phase transition). The changes in u and 

tA change in I of 20% gives a change in C of about 10%. 
*The degree o?kadening D can be calculated using the 

formula D = 3.25 x kT:/(Q. uk). Introducing values of the phase 
guctuation vohune nk = lo-r9 - 10-r’ ems (45-#)0A diameter) 
116.lnandusinnameasuredvalueobthetranaitionheatQ~ 
i 1 &l/mole for PLT with x = 0.18 c&ulated values of D be- 
tween 0.06 K and 6 K, depending on v,, are obtainable instead of the 
experimental value of more than 60 K. 

C with x remain qualitatively the same even with rather 
large changes in the values chosen for C, and e&x. 

DISCUsslON OF THE CALCUJATION MODEL 
The model described the material as consisting of a 

mixture of microregions where the effective volume 
fraction of the material with diffuse behaviour and the 
strength of the Auctuations within it (value of C) in- 
creases with increasing La(II1) concentration (x). With 
eqn (6) it is also possible to show why the permittivity 
curves are relatively sharp for x I 0.23 despite a high 
effective volume fraction of microregions with diffuse 
behaviour (with a characteristic shape of the permittivity 
curve as presented in Fig. 3). Introduction of the tem- 
perature dependence of ri and E; in eqn (6) leads to a 
sum curve 04 as shown in Fig. 6. The temperature 
dependence of l ; is mainly determined by the term with 
the lowest permittivity (cl) especially in the ferroelectric 
phase. If the value of u approaches zero then a sum 
curve with a more diffuse character as shown in Fig. 3 
appears. 

Fig. 6. The graphical representation of eqn (6). (1, “Curie- 
Weiss” curve: 2, “quadratic” curve; 3, “sum” curve. 

The physical basis of the above mentioned model is 
the occurrence of fluctuations in the structure. A des- 
cription of the possible fluctuations (static or dynamic, 
polarization and/or composition) has been given by 
Wolters[4]. They can all give rise to 3 quadratic term in 
the permittivity curve. No definite conclusion can be 
drawn with respect to the exact type of fhtctuation. 

Arguments against the occurrence of dynamic ftuc- 
tuations in a large temperature region are (1) the absence 
of a rather strong frequency-dependency of the permit- 
tivity and (2) a calculated degree of broadening, using the 
formula of Rolov and Fritsberg[6,16,17], which is much 
smaller than the experimental values obtained from the 
permittivity curves.S 

Indication for the possible existence of rather static 
compositional fluctuations is the tendency for ordering in 
La(II1) substituted PbTiO, with increasing I&III) 



fluctuations in space. 
Recently Meitzler [ 191 discussed the possible occur- 

rence of crystallographic shear processes in these types 
of materials which are based on the occurrence of or- 
dered planes of vacancies in certain areas of the struc- 
ture . 
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