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Theoretical studies have been carried out to reveal the proper
concentration of Sr and La-content which provide the samples of
[(Pb, Sr,),. sLa. ] TiO; ceramics with optimum ferroelectric properties and
to find an interpretation for the behavior of the Curie Weiss constants (C, C*).
In this work, three types of samples were considered according to the
concentration of La-content. The frequency of electric field used in dielectric
measurements equal 1KHz. From the relation between Curie Weiss constants
and Sr content , the samples of first type (z =3 mole % La) exhibited two
minimum values for (C, C*) at x= 20 and 40 mole %Sr. The samples of
second type(z= 6 mole%La) showed a similar behavior but the minimum
values for (C, C*) at x= 25 and 35 mole %Sr. The samples of third type
(z=9 mole %La) were characterized with only one minimum value for (C, C*)
at x= 30 mole %Sr. In this paper ,we concluded that at a constant
concentration of Sr content ( 26mol%) or Pb content (60.5mol%) both values
of Curie- Weiss constants (C, C*) and e,,, increase with increasing of La
content. This remark is a unique phenomenon for the behavior of Curie-Weiss
constants (C, C*). The interpretation of the behavior of Curie- Weiss constants
(C, C) for the samples is attributed to the types of unit cells which are
dominated in structure.

1. Introduction:

A very important group of ferroelectric class is that known as ABO;
perovskites. The ferroelectric properties in perovskites structure have been the
subject of many experimental and theoretical investigations. In recent years
[1]PbTiO; ceramics have attracted much attention due to their high Curie
temperature (763 K) and low dielectric constant which make them more
attractive for high- temperature and high-frequency transducer applications. It
is also known that pure lead titanate ceramics is too fragile [2], since its crystal
anisotropy generates high internal stresses which make it break during cooling.
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However, dense modified PbTiO; ceramics were obtained by lead substitution
with small amounts of dopants which enhance their mechanical, dielectric and
piezoelectric properties. Strontium titanate SrTiO; has been one of the most
popular materials [3] since the discovery of its dielectric properties. They have
been widely used to fabricate some electronic ceramic components, such as
grain boundary layer capacitors, sensors and so on. The Curie temperature (T.)
of pure SrTiOs is about 44 K, which can shift to the higher temperature by Ba**
or Pb** substituting for Sr**. In lanthanum containing lead titanate [4], the
La’" ions occupy Pb™* sites and generate vacancies ( ) in the cation lattice of
(Pbrasx Lay 5 TiO; ceramics. With increasing La’* content the transition
temperature T, decreases linearly. Experimental and theoretical studies on some
ferroelectric properties of ceramics with previous chemical formula have been
already published [5]. It was observed that the behaviour of dielectric peak €,
is similar to the behaviour of single vacancies at the same La—content. The
highest value of ¢, at x=0.2 corresponds the maximum number of single
vacancies i.e. both the dielectric peak €,_,, and the number of single vacancies
are proportional to La content until the value 20 mol %. L. Wu et al. [6]
reported some data about the perovskite structure with general formula ABO;
where the A-site of vacancies reduces the local stress in the domains that
undergo domain switching. Tura et al. [7] showed in his studies that the grain
size increases with decreasing the internal stress. Also, the domain width, as
reported by King et al. [8], is proportional to the grain size. It is observed in
many literatures [9-15] that increasing of the grain size is associated with
increasing the dielectric peak € _,. Binomial distribution function is an
appropriate equation for the theoretical basis of the present paper. It was
examined by FTIR-spectroscopy on two systems of ceramics, namely (Pb,_; s,
La,[1y50TiO; [16] and (Pb,, Ca,)TiO; [17].

The aim of present investigation is summarized in two points. The first
one is related to the study of the Curie-Weiss constant and their related
features, such as the quality of ceramics, taking into consideration the suitable
content of Sr- and La-ions which provide the samples with the optimum
ferroelectric properties. The second is related to binomial distribution model of
nine stoicmeteric which was realized for the incorporation of Ca-ions at Pb-site
in (Pb,Ca)TiO, system and the attempt to apply it on samples of this paper. This
is realized through the calculation of phase transition temperature on the basis
of the former model and comparing the results with the experimental values.

2. Experimental Procedures:

Specimens of the general formula (Pb,, Str,) ;.5 La, (5,)TiO; were
prepared according to the procedures of the usual firing technique. The starting
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materials (99.9% purity PbO, SrCO;, TiO, and LayO;) in corresponding
stoichiometric ratios were homogenized and pressed into discs. The discs were
then calcined at the range of temperature between 700 and 850 °C. This was
done on the basis of the calibration line between the two calcined temperatures
where one of them for PbTiO; - and the other for SrTiO; ceramics, for two
hours. The calcined powder was pressed into discs. The discs were thereafter
sintered at the temperature ranging between 1210 and 1250 °C, according to the
prementioned technique but for two sintered temperatures, for 4 hours in an
oxygen atmosphere. The samples are classified into three types according to the
concentrations of La-contents. The values of z for the three types equal to 0.03,
0.06 and 0.09, respectively. The cell employed in the present work for the
dielectric measurements is described in reference [18].

3. Results and Discussion:
3.1. Dielectric Constant and Curie Weiss Constant:

The results of specimens used in data which were presently obtained by
the authors in reference [17]. Fig. (1) shows the temperature dependence of the

. . . -1 . .
inverse dielectric constant € for (Pb,, Sr,)g¢ss Lago; TiOs;-ceramics as a
function of the Sr-content at frequency equals to 1kHz. This figure contains a
set of curves corresponding to six Sr contents (x = 10, 20, 30, 40, 50 and 60

. . . -1 .
mole%). The inverse of the dielectric constant peak € shifts to lower

max
temperatures on increasing the Sr content. The minimum values of 8_lmax are
found at x = 0.2 and 0.4 mol. The previous results are important for calculation
of the Curie-Weiss constant which is, in turn, necessary for studying the quality
of ceramics for ferroelectric properties. This was based on the fact that the

. -1 - -
relation between € and T (K) is linear near the phase transition temperature
and the inverse of its slop gives value of Curie- Weiss constant.

Figure (2) represents the relationship between the Curie-Weiss constant
(C", C") and the variation in Sr content for (Pb,.,St,)0.055La9.03 TiO5-ceramics.
The Curie-Weiss constant decreases with increasing of Sr content to its
minimum value at Sr content 20mol% Sr, but, when the Sr content increases
more the value of Sr content which was mentioned before, the Curie-Weiss
constant increases to the critical point on the curve at Sr content 30 mol%.
With more increase of Sr content, the Curie-Weiss constant decreases to its
minimum value at Sr content 40 mol%, then, the Curie-Weiss constant
increases again with increasing of Sr content.
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Fig.(1): The temperature dependence of the inverse dielectric constant t-:_l for samples
with structure formula (Pb,_Sry )o9ssLag03TiO; (the frequency of electric field
equal to 1 kHz).
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Fig.(2): A plot of Curie-Weiss constant C and C" verses the Sr content (x) for samples
with formula (Pbl_Xer )04955L30}03Ti03.
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The behaviour of (Pb,, Sr,),, Laye TiO;-ceramics about the

. . . -1 .
temperature dependence of the inverse dielectric constant €  as a function of
the Sr-content at 1KHz electric field is found to be similar to the behavior

which is represented in Fig.(1). The minimum values of g
0.25 and 0.35 mole.

max ar€ existed at x =

Figure (3) illustrates the relationship between the Curie-Weiss constant
(C, C") and the variation in Sr content for (Pb,_,St,)091Lag0s TiO5-ceramics.

The two minimums of Curie Weiss constant are existed at Sr content 25 and
35 mol%.

)
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Fig.(3): A plot of Curie —-Weiss constant C_ and C" verses the Sr content (x) for samples
with formula (Pb;_Sry )g91Lag 0sTiOs.

Figure (4) shows the temperature dependence of the inverse dielectric constant
-1 . . . . . .
¢ and Fig.(5) depicts the relationship between the Curie-Weiss constant

(C", C") and the variation in Sr-content for (Pb, . Sr,) ;g5 Laggo TiOs-
ceramics as a function of the Sr-content at frequency equals to 1 kHz. The

. . . -1 .
inverse of the dielectric constant peak € |, shifts to lower temperatures

mq

. . .. -1
on increasing the Sr-content. The minimum value of € |, is exist at x =

0.3. The Curie Weiss constant decreases to its minimum value at Sr-
content 30 mol%. So, one can conclude the followings:
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1-

In the whole range for the variation of Sr-content the value of (Ch is
higher than that of (C) and the rate of decreasing for both values is more
than the rate of increasing.

The variation of the value (C") as function to Sr-content is similar to that
for (C).

The samples with the Sr-content at x= 0.2 and 0.4 mole are characterized
by the lowest value of Curie-Weiss constants (C_,C+), which are (O.7x105,
1.2x105K) and (5 x104, 9 x10* K), respectively,

In the case of the second type ,the samples with the Sr content at x = 0.25
and 0.35 mole are characterized with the lowest value of Curie-Weiss
constants (C_, C) which are (1.3x10°,1.5x10°K) and (1.1 x10°, 1.44 x10°
K) respectively.

As to the samples of the third type, the sample with the Sr content at
x= 0.3 mole is characterized by the lowest value of Curie-Weiss constants
(C", C"), which are equal to 2.25x 10° and 2.63 x10’ K, respectively.

|
|
:

1 1 1 1
400 500 600 700
Temperature(K)

Fig.(4): The temperature dependence of the inverse dielectric constant e for samples

with structure formula (Pb;_Sry )osssLag oo TiO; (the frequency of electric field
equal to 1 kHz).
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Fig.(5): A plot of Curie —Weiss constant C and C” verses the Sr content (x) for samples
with formula (Pbl_Xer )()Ag(,sLa()'()gTiOy

From the fitting relations between Curie-Weiss constants and the real
concentration of Sr-ion or Pb-ion which are presented in Fig. (6) and (7) one
can conclude that both contents of Sr- and Pb-ions for the minimum in the third
type of samples are existed in the other type of samples (first and second
minimum for Curie-Weiss constants respectively).

Curie Weiss Constant (C).10 (K)

0.0 0.1 0.2 0.3 0.4 0.5 0.6
Sr-Content(Mol)

Fig.(6): A plot of Curie ~-Weiss constant C verses the Sr content(Y)for samples with
formula(Pby.Sry )1.1.5.La ;,TiO3 , where A,B and C for z equals to 0.03 , 0.06
and 0.09, respectively, N.B: Y=x. (1-1.5z).
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Fig.(7): A plot of Curie —Weiss constant C~ verses the Pb content(1-Y)for samples with
formula(Pb;.4S1y)1.1.5.L.a , TiO5 , where A,B and C for z equals to 0.03 , 0.06 and
0.09 ,respectively, N.B: Y=x. (1-1.5z).

Hence, the Sr content 26 mol % and Pb content 60.5mol % are
responsible for the first and second anomaly behaviors, respectively.

The previous results which are related to dielectric peak €, and Curie-
Weiss constants which in turn corresponding to the anomalies peak in the three
types of samples can be summarized in Fig. (8) and (9). Those figures
represented the relationships between the La content and the both values of
£max and Curie-Weiss constant (C) for the Sr-content 26mol % and Pb content
60.5 mol % respectively. The value of dielectric constant peak & p,y iS
proportional to the number of single vacancies per unit volume according to the
reference [5]. From the figures one can conclude that both values of Curie-
Weiss constants (C') and ¢,,, increases with increasing of La content. This
result is unusual behavior for the Curie Weiss constants with respect to the
dielectric peak ¢,,,. The following discussion is a complementary part to shed
some light on this unique phenomenon.
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Fig.(8): A plot of both gy, and Curie —Weiss constant C" verses La content at Sr
content equals to 26mol % .
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Fig.(9): A plot of both &y, and Curie —Weiss constant C° verses La content at Pb
content equals to 60.5mol % .
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4. Theoretical Estimation of the Phase Transition Temperature:

The following equation is used for calculation of the phase transition
temperature. It is an empirical model and can be given in the following form:

a=3
=2 AT o,
a=1
To(X)=AT 1 (X)+AT o(X)+AT3(X) (D
where:
AT ((X)-Ro Pro {[T(PbTiO3).(M-N)+T.(SrTiO5).N]/8}  (2)
Py =xN<1-x)M’N{M j 3)
N
(%J =M !/ [(M-N) I(N) !] %)

P, is the probability number which is described by binomial distribution a
function in equation (3), the probability number R, is function of La—content
and types of unit cell which represented in Fig .(10), where R;, R, and R;
are corresponding to the type of unit cells [(8-N)Pb+NSr)],
[(5-N)Pb+NSr+2La+ ] and [(2-N)Pb+ NSr+4La +2 ], respectively.
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Fig.(10): Represent the probability number for the different types of unit cells (P,,) versus the La
content (z) for the sample with formula(Pby_,Sry)1.1.5,L.a,TiO3.Where P, with n=0,1,2
and 3 represents ,respectively, the unit cell which contain [(8-N)Pb +NSr], [(5-N)Pb
+NSr+2La+ ], [(2-N)Pb +NSr+4La+2 ]and 8La .
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So, the conditions for AT.(x) are: M=8, N=0, 1, 2,......8 and P,; =
P()], P]], Pg] y P31 , P41 B P5] y P61 B P7]’ Pg] COITCSpOIldil’lg the fOHOWiIlg unit
cells, (8Pb), (7Pb, 1Sr), (6Pb, 2Sr), (5Pb, 3Sr), (4Pb, 4Sr), (3Pb, 5Sr), (2Pb,
6Sr), (1Pb, 7Sr), (8Sr) respectively which are represented in Fig.(11).

The conditions for AT,(x) are M=5,N=0,1,2,3,4and 5 and P,, =

Py, Py, Py, Ps; Py, Psy corresponding the following unit cells, (5Pb,2La,

), 4Pb, 1Sr, 2La, ), (3Pb,2Sr,2La, ), (2Pb,3Sr,2La, ), (1Pb,4Sr,2La, ),
(8Sr, 2La, ) asindicated in Fig.(12).

The conditions for AT (x) are M=2,N=0, 1, 2. and P,; = Py, P3,
P; corresponding the following unit cells (2Pb ,4La, 2 ), (1Pb, 1Sr ,4La )2 ),
(2Sr, 4La ,2 ) as plotted in Fig(13). The values of T, for PbTiO; and SrTiO;
are 763 and 44K, respectively, according to the references (1 , 3).

E

:
;
:

X mol%Sr

Fig.(11): Represent the probability number for the different types of unit cells (P,)
versus the Sr content (x) for the sample with formula(Pb;,Sr)TiO3.Where P,
with n= 0,1,2 ,3 ,4 ,5 ,6 7and8 represents ,respectively, the unit cell which
contain [8Pb], [7Pb,Sr], [6Pb, 2Sr], [5Pb,3Sr], [4Pb,4Sr], [3Pb,5Sr],
[2Pb,6Sr], [Pb,7Sr] and 8Sr .

5. Comparison between theoretical and experimental values of phase
transition temperature for (Pb;,Sry).1s..a , TiO; —system :

For (Pb,Sry)0.9s551.20,03T103-system, the experimental values of T, (exp.)
and the corresponding calculated values of T. (cal.) by the Eq.(1) are
represented in Fig.(14) while in Fig.(15) it is for (Pb;,Sry)osssLagos TiOs-
system. In the two figures, the both values T. (exp.) and T, (cal.) of the phase
transition temperature are deceasing linearly, in accordance behavior, with
increasing the Sr content. This leads to the following:
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1- The results support the binomial distribution function, which are presented
in Fig. (10) for (Pb;Sry)1.15.La, 05,)TiO; —system.

2- The results clearly confirm that the binomial distribution function
represented in Fig (10) for the pervious formula is not enough for describing
the positions of Pb-, Sr-, La-ions and the vacancies in unit cells but
another distributions are needed. This is exactly presented graphically in
Figs. (11), (12) and (13).

6. The interpretation of the Curie Weiss constant on the basis of binomial
distribution function for (Pb, Sr, La, )TiOs;— systems:

The previous results as reported in Fig. (14) and (15) confirm the
agreement between the experimental values of the phase transition temperature
T. (exp.) and the values of T, (cal.) which were calculated from eq.(1). Since,
the basis of the eq.(1) is the binomial distribution function which are
represented in Figs. (10), (11), (12) and (13). Hence, it is essential to interpret
the anomalies which are manifested in the behaviors of Curie-Weiss constants
for [(Pb,, Sr)i.1s. La, ¢s.] TiOs ceramics in terms of binomial distribution
function.

The comparison between the behaviours of Curie-Weiss constants and
the unit cells in binomial distribution is a helpful method for this purpose.
Fig. (16) is a plot of both Curie-Weiss constant (C’) and (P;,P,) versus the Sr-
content (x) for (Pb,Sr)oossLages 00151103 _systems, where P, is the
summation of the probability number for the average unit cells of the types
{[(7Pb,1Sr)+(6Pb,2Sr)] /2} and unit cell of type (4Pb,1Sr,2La, ). Also P, is
the summation probability number for the two types of unit cell [(5Pb,
3Sr)+(3Pb,2Sr,2La, )].

It is clear from this figure that the curve which represents the variation
of the value of C™ has two minimums. The first one lies at Sr-content 20 mol%
and the second at Sr-content 40 mol%. It is also evident that the curves which
represent P, and P, show dissimilar behavior as happened in the curve which
represented C". The maximum value of P, corresponds to minimum value of C’
at Sr-content 20 mol% and the maximum value of P, corresponds to minimum
value of C at Sr-content 40 mol%. The point for the two curves (P, P,)
corresponds to the critical point on the curve of C at at Sr-content 30 mol%.

Figure (17) represents a plot of both C* and P; versus the Sr-content
(x) for (Pb,_,Sr)ogesla000 00451103 — systems, where P3 is the summation of
(Py; Py) i.e. the summation of probability number for the average unit cells of
types {[(7Pb,1Sr)+(6Pb,2Sr)] /2}, unit cell of type (4Pb,1Sr,2La, ) and the
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two unit cells of types [(5Pb,3Sr)+(3Pb,2Sr,2La, )]. It can also be seen that the
curve which represents P; takes the dissimilar behavior as in the curve which
represented C". The maximum value of P; corresponds to minimum value of C’
at Sr-content 30 mol%.

Fig.(12):

Fig.(13):

X molo6Sr

Represent the probability number for the different types of unit cells (P,,)
versus the Sr content (x) for the sample with formula
[(Pb1xS1y) 0.625La025  0.1251T10;5.Where P, with n=0,1,2 ,3 ,4 and 5 represents
,;respectively, the unit cell which contain [5Pb ,2La, ], [4Pb ,Sr ,2La, ],
[3Pb,2Sr,2La, ], [2Pb,3Sr,2La, ], [Pb4Sr,2La, ]and[5Sr,2La, ].

0.6
X Mol<%6 Sr

Represent the probability number for the different types of unit cells (P;)
versus Sr content (%) for the sample with formula
[(Pb1xS1y) 025Lags 025]TiO;, where P; with n= 0,1,2 and3 represents
,respectively, the unit cell which contain [2Pb,4La, 2 ], [Pb ,Sr ,4La )2 ],
[2Sr 4La,2 1.
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Fig.(14): A plot of the phase Transition Temperature T¢ verses the Sr content (x) for
samples with formula (Pb;Sty)g.9s5La903TiO3 , since Tc(exp.) and Te(cal.),
represent, respectively, the experimental and calculation values of Tc.

I L
30 40

Xmol%Sr

Fig.(15): A plot of the phase Transition Temperature T¢ verses the Sr content (x) for
samples with formula (Pb;_Sty)s6sLa0.00TiO; , since Tc(exp.) and Te(cal.),
represent, respectively, the experimental and calculation values of T¢.
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Fig.(16): A plot of both Curie —Weiss constant C and (P;,P,) verses the Sr content
(x) for samples with formula (Pb;_,Sry )ogssLaoos 0151103
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Fig.(17): A plot of both Curie —Weiss constant C and P; verses the Sr content (x) for
samples with formula (Pb; Sty )osesLaoos ¢ oasT103.
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For better understanding of the relationship between Curie-Weiss
constants and the types of unit cells, it is necessary to consider the effect of unit
cells of the types (4Pb,1Sr,2La, ) and (3Pb,2Sr,2La, ), which is resulting
from the concentration of La-ions equals to 3mol % is negligible. This
discussion means that the unit cells of types (7Pb+1Sr), (6Pb+2Sr) and
(5Pb+3Sr) are only effective for the behavior of Curie —Weiss constants in
pervious of La content but with increasing the La content to 9 mol % the
opposite case must be exist and the influence of unit cells of types
(4Pb,1Sr,2La, )and (3Pb,2Sr,2La, ) is not negligible.

7. Conclusions:

1- The investigation reveals the existence of five distinguished samples. The
formula  of  these samples are (Pbyeos  Stya6lag3)TiO;,
(Pb gos Sto35Lag03)TiO; , (Pby 5S1)26La0,06) T1O3, (Pbygps STo 305L20,06)T103
and (Pby 505 St 26L.20,09) T105 .

2- The number of single vacancies which are created from the substitution of
La —ions in Pb- or Sr- site is effective for increasing the anomalies dielectric
peak in the five distinguished samples.

3- According to the value of Curie Weiss constants the sample of formula
Pby 05 Stoaslag oz 00151103 possesses, relatively, the highest value of quality
for ferroelectric properties and applications. It is evident that the unit cells
of type (5Pb+3Sr) are only dominated in the sample of former formula and
this type of unit cell acts as the role of single domain in ferroelectric
crystals. The opposite behavior can be seen in the sample of formula
(Pby 60sSTo26L20.09 0.045)T103,  since, the unit cell of  types,
(7Pb+1Sr),(6Pb+2S1), (5Pb+3Sr), (4Pb+1Sr+2La+ ) and
(3Pb+2Sr+4La+2 ) are dominated in its structure and act as the role of
many domains in ferroelectric crystals.
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