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Abstract

Pb0.95La0.05(Fe2/3W1/3)0.65Ti0.35O3 ceramics are synthesized by using the conventional direct oxide synthesized (DS) method and the indirect

synthesized (IS) method. The low-field dielectric response is investigated by using the empirical law, two ordering models and the space charge

polarization. The temperature-dependent dielectric peak of the samples prepared using the IS synthesized method is obviously increased; the

temperature-dielectric constant is changed to sharp and the diffused phase characteristic is decreased. It is concluded that the IS synthesized

method can change the dielectric natures from a relaxor like behavior to a sharp ferroelectric state. The space charge polarization is also changed by

using the IS synthesized method. According to these results, it is suggested that the 1:1 ordered domain is enhanced based on the random-site type

by using the IS synthesized method for Pb0.95La0.05(Fe2/3W1/3)0.65Ti0.35O3 ceramics. However, if the sintering temperature is not high enough for

some calcined powders, the random-site type can be changed to the space charge type.
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1. Introduction

The complex perovskite type relaxor ferroelectric (RFE)

materials show the A(B0B00)O3 structure where the B0 site and

B00 site can be occupied by different metal cations which cause

the compositional fluctuation effect. The diffused phase nature

is described by Smolensky who suggests that there exists

different Curie temperature Tc in the microregions and the

broad-peak dielectric permittivity is induced [1,2]. Setter and

Cross report that the diffused phase property changes to a sharp

ferroelectric phase when the B site ordering degree is increased

by thermal treatment in Pb(Sc1/2Ta1/2)O3 (PST) ceramics [3,4].
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The classical relaxor Pb(Mg1/3Nb2/3)O3 (PMN) families

have a 1:2 ratio of B-site cations. It is different with the 1:1 ratio

of B-site cations for Pb(Sc1/2Ta1/2)O3 family ceramic.

Currently, there are two models, the space-charge model and

the random-site model, to explain the 1:1 ordered phenomenon

in PMN family relaxors [5–9]. In the space-charge model, the

space charge polarization is easily induced by increasing the

1:1 ordered domain and the 1:1 ordered domain is not easily

grew by increasing the sintering temperature [5]. In the

random-site model, the space charge polarization is vanished

even if the 1:1 ordered domain is increased. Moreover, the 1:1

ordered region can be coarsened by the thermal treatments [6].

Based on these physical concepts, we can use the diffused phase

degree to determine the ordering state and use the space charge

polarization to determine the ordering type, the space charge

type or the random site type, for the relaxor ferroelectric

ceramics.

Pb(Fe2/3W1/3)O3 (PFW) is one of the classical RFE

materials where the dielectric loss is high because of the p

type carriers [10–14]. Its dielectric properties can be adjusted
d.
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by mixing other compositions, doping other dopants or

changing synthesized methods [12–27]. Szwagierczak and

Kulawik [12] and Zhou et al. [13,14] report that the dielectric

loss and the second onset of dielectric peak are suppressed

when doping manganese in the PFW ceramics. Mitoseriu et al.

report that the lattice structure and the dielectric properties can

be adjusted by adding PbTiO3 (PT) composition in PFW

ceramics [16–19]. Authors also report that the dielectric loss is

reduced, the space charge polarization is vanished, the diffused

phase characteristic is enhanced, the ordering degree is reduced

and the glassy behavior is reinforced when adding MnO in

0.7PFW–0.3PT ceramics [20,21]. Zhou et al. report that the

diffused phase characteristics are enhanced by the lanthanum

dopants in pure PFW ceramics, Pb1�xLax(Fe2/3W1/3)O3 and

Pb1�yLay(Fe(2+y)/3W(1�y)/3)O3 [15]. Furthermore, the dielectric

properties of Pb1�xLax(Fe2/3W1/3)0.65Ti0.35O3 ceramics have

been investigated by authors [24]. When increasing the

amounts of lanthanum dopants, the dielectric characteristics

is changed to disorder relaxor state since the 1:1 ordered

domain Pb1�xLax(Fe1/2W1/2)O3 is impeded [24]. When

increasing sintering temperature for Pb0.95La0.05(Fe2/3W1/

3)0.65Ti0.35O3 ceramics [25], the diffused phase transition is

decreased and the space charge polarization is changed [25].

To obtain stoichiometric perovskite PMN, the columbite

precursor method is reported by Swartz and Shrout [11,22].

Zhou et al. also report that the higher dielectric constant, the

obvious frequency dispersion and the second onset of dielectric

peak are found by the columbite method for the pure PFW

ceramics [23]. The IS synthesized method different from the

columbite precursor method has been used to synthesize

0.75PFW–0.25PT–MnO and 0.75PFW–0.25PT ceramics by

authors [26,27]. The diffused phase nature is reduced and the

dielectric property is changed from relaxor like behavior to

normal ferroelectric state by using the IS synthesized method.

However, the space charge polarization is reduced for

0.75PFW–0.25PT–MnO ceramics and enhanced for

0.75PFW–0.25PT ceramics by the IS synthesized method.

The glassy behavior and the freezing process are also changed

by the IS synthesized method. It is suggested that the charge

balance of nanopolarizations is the response mechanism for the

random-site order enhanced by the IS synthesized method, and

the local polarizations are affected by the ordering degree and

the local field [26,27]. To more understand the effects of

synthesized methods, the DS synthesized method and the IS

synthesized method are used to fabricate Pb0.95La0.05(Fe2/3W1/

3)0.65Ti0.35O3 ceramics. The low-field dielectric responses are

investigated, the diffused phase degree is estimated by using the

empirical law and the space charge polarization is discussed by

using two ordering models.

2. Experimental procedures

Raw materials were mixed using pure reagent PbO, Fe2O3,

WO3, TiO2 and La2O3 powders (99.5% purity). The materials

Pb0.95La0.05(Fe2/3W1/3)1�xTixO3, x = 0.2, 0.3, 0.35, 0.4 and 0.5,

were synthesized by calcining at 750 8C for 2 h, then followed
by pulverization. After that, some different preparative routes

were followed as below:

(1) 0.35PTLa: The Pb0.95La0.05(Fe2/3W1/3)0.65Ti0.35O3 calcined

powders were directly pressed into a disk (called the DS

method).

(2) 0.3 + 0.4PTLa: The Pb0.95La0.05(Fe2/3W1/3)0.7Ti0.3O3

(0.3PTLa) calcined powders and the Pb0.95La0.05(Fe2/

3W1/3)0.6Ti0.4O3 (0.3PTLa) calcined powders were mixed

again according to the Pb0.95La0.05(Fe2/3W1/3)0.65Ti0.35O3

equation and then pressed into a disk (called the IS method).

(3) 0.2 + 0.5PTLa: The Pb0.95La0.05(Fe2/3W1/3)0.8Ti0.2O3

(0.2PTLa) calcined powders and the Pb0.95La0.05(Fe2/

3W1/3)0.5Ti0.5O3 (0.5PTLa) calcined powders were mixed

again according to the Pb0.95La0.05(Fe2/3W1/3)0.65Ti0.35O3

equation and then pressed into a disk (called the IS method).

All the samples above are synthesized by different methods,

but the composition of each sample is the same. Before pressing

into a disk, all of the powders were milled with 8 wt.% of a 5%

PVA solution. These samples were pressed into a disk of 12-

mm diameter and 2-mm thickness. Specimens were sintered

isothermally at a heating rate of 5 8C/min at the same sintering

temperature 925 8C for 2 h. In order to measure the electrical

properties, silver paste is coated to form electrodes on both

sides of the samples, and then subsequently fired at 750 8C for

25 min. The dielectric properties of the samples are measured

using an impedance analyzer (HP4294A). The phase relations

for the sintered samples were identified using an X-ray

diffractometer (XRD) and microstructures were observed using

a scanning electron microscope (SEM).

3. Experimental results and theoretical interpretations

3.1. Interpretation of the X-ray patterns and the SEM

images

Fig. 1 shows the normalized X-ray diffraction patterns of

0.35PTLa, 0.3 + 0.4PTLa and 0.2 + 0.5PTLa ceramics. The

maximum intensity peak (0 0 1) is used to normalize the X-ray

patterns separately. In Fig. 1, the pure ABO3 perovskite structure

is observed and the pyrochlore phase does not obviously be

detected [16–19,24–27]. It is concluded that the pure perovskite

structure can be synthesized for Pb0.95La0.05(Fe2/3W1/

3)0.65Ti0.35O3 by using the DS and IS synthesized methods.

This result is similar to that of the previous reports [26,27].

Fig. 2 shows the SEM images of 0.35PTLa, 0.3 + 0.4PTLa

and 0.2 + 0.5PTLa ceramics. In Fig. 2, the pyrochlore phase is

not obviously found for all samples. This result is correspond-

ing to the X-ray patterns. Comparing Fig. 2(a)–(c), the grain

size of the 0.35PTLa ceramic is the largest. When synthesizing

by the IS method, the grain size becomes smaller. The average

grain size estimated by the log-normal size distribution model

is 5.3, 4.48 and 3.89 mm for 0.35PTLa, 0.3 + 0.4PTLa and

0.2 + 0.5PTLa ceramics respectively [28]. This result is

different from that of the previous reports [26,27]. In the

previous reports, the grain size is enlarged by the IS synthesized



Fig. 1. The Bragg peaks of 2u in the range between 208 and 708 for 0.35PTLa,

0.3 + 0.4PTLa and 0.2 + 0.5PTLa ceramics.
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method. According to the previous reports [16–21], the

sintering temperature of (1 � x)PFW–xPT based ceramics is

increased when the amounts of PbTiO3 compositions are

increased since the PbTiO3 ceramics exist higher sintering

temperature (about 1200 8C) than that of Pb(Fe2/3W1/3)O3

ceramics (about 900 8C). It is concluded that 0.3 + 0.4PTLa

and 0.2 + 0.5PTLa behave the higher-sintering-temperature
Fig. 2. The SEM images of (a) 0.35PTLa, (b) 0.3
characteristics compared with 0.35PTLa since the sintering

temperature of 0.4PTLa and 0.5PTLa is higher. Furthermore, all

samples are sintered at the same temperature. Therefore, the grain

sizes of 0.3 + 0.4PTLa and 0.2 + 0.5PTLa are smaller than that of

0.35PTLa. Comparing Fig. 2 (b) and (c), the grain size of

0.2 + 0.5PTLa is smaller than that of 0.3 + 0.4PTLa since the

sintering temperature of 0.5PTLa is higher than that of 0.4PTLa.

In conclusions, it is inferred that 0.4PTLa and 0.5PTLa behave

more high sintering temperature compared with 0.35PTLa, and

then induce higher sintering temperature and cause smaller grain

size for 0.3 + 0.4PTLa and 0.2 + 0.5PTLa. Furthermore, the

sintering temperature always affects the dielectric properties for

relaxor ferroelectrics [3–6,25]. The higher sintering temperature

usually accompanies with the sharper temperature-dielectric

constant and the more ordering degree of B-site cations.

Regarding the grain structure in Fig. 2, the distributions of grain

size of 0.3 + 0.4PTLa and 0.2 + 0.5PTLa are more uniform

compared with 0.35PTLa. This result is similar to that of the

previous reports [26,27].

According to the X-ray patterns and the SEM images, it is

concluded that the solid solution is formed with the pure

perovskite structure no matter using the DS synthesized method

or the IS synthesized method. Furthermore, the microstructure

of the samples is changed by the synthesized method and the

sintering temperature [25]. The aim of the present work is

investigating the effects of the DS and IS synthesized methods.

To avoid the interferences of sintering temperature and exactly

investigate the effects of synthesized method, all samples are

investigated below at the same sintering temperature.
 + 0.4PTLa and (c) 0.2 + 0.5PTLa ceramics.



Fig. 3. The dielectric constant and the dielectric loss as a function of temperature for (a) 0.35PTLa, (b) 0.3 + 0.4PTLa and (c) 0.2 + 0.5PTLa ceramics at different

frequencies.
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3.2. Interpretation of the dielectric properties and the

space charge polarization

Fig. 3 shows the dielectric constant and the dielectric loss as

a function of temperature at different frequencies for 0.35PTLa,

0.3 + 0.4PTLa and 0.2 + 0.5PTLa ceramics. Inspecting Fig. 3,

the broad temperature-dielectric constant and the lower

maximum-dielectric constant are shown for 0.35PTLa samples,

and are changed to the sharper temperature-dielectric constant

and the higher maximum-dielectric constant by using the IS

synthesized method, 0.3 + 0.4PTLa and 0.2 + 0.5PTLa sam-

ples. Furthermore, the 0.35PTLa ceramics exhibit a low

dielectric loss and is changed to a more low dielectric loss when

using the IS synthesized method for 0.3 + 0.4PTLa samples. On

the other one, the dielectric loss of 0.35PTLa ceramics is

changed to a more high dielectric loss at low frequency and

high temperature when using the IS synthesized method for
0.2 + 0.5PTLa ceramics. The maximum dielectric constant

corresponding to the ferroelectric–paraelectric transition is

increased by using the IS synthesized method. This result is

similar to the previous reports [26,27]. In Fig. 3(c), beside the

maxima corresponding to the ferroelectric–paraelectric transi-

tion, the dielectric constant is increased again when the

temperature is increased in the paraelectric region. The

phenomenon is called the second onset of dielectric peak. Its

response mechanism is attributed to the dielectric relaxation

[12,13]. Zhou et al. [13] and Szwagierczak and Kulawik [12]

suggest that the polarization mechanism of the second onset of

dielectric peak is relative to the space charge polarization. The

space charge polarization is induced from the charge imbalance

of nanopolarization [5–9]. Besides, the space charge polariza-

tion is also induced from the conductive carriers [12–14,20,21].

When the frequency is increased, the space charge polarization

is diminished since the relaxation time (the switching velocity)
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is too long to exhibit a time lag with respect to the external field

[12–14,20,21]. According to the Debye theory (e = es/1 + (vt)2,

e is the dielectric constant, es is the static dielectric constant, v

is the angular frequency, t is the relaxation time of dipoles)

[29,30], the dielectric constant is decreased with increasing the

frequency and is vanished when the frequency is high enough.

Comparing Fig. 3(a)–(c), it is concluded that the space charge

polarization is obviously induced and the dielectric loss is

enhanced by the IS synthesized method for 0.2 + 0.5PTLa

ceramics. For the other samples (0.3 + 0.4PTLa), the space

charge polarization is not obviously changed and the dielectric

loss is decreased by the IS synthesized method for

0.3 + 0.4PTLa ceramics.

3.3. Interpretation of the dielectric data in the frame of the

empirical law

Within the diffused phase transition (DPT) behavior in

relaxors, the heterogenous composition concept is suggested by
Fig. 4. The experimental data and the fitting result of the temperature-dielectric co

f = 300 kHz.
Smolensky who considers that the Curie temperature Tc

distributes following the Gauss law due to the different Tc

polarization microregions which are caused by the composi-

tional fluctuation [1]. Smolensky’s model well describes the

total DPT relaxors, but it is not suitable for the incomplete DPT

relaxors. The empirical laws are individually proposed by

Burfoot et al. and Eiras et al. who modify the Smolensky’s

equation according to the experimental results [31,32]. Until

now, several researches still employ these empirical laws to

successfully discuss the DPT phenomenon of the relaxor

[17,31–37]. Recently, authors show that the fitting curves are

the same between them and the equation proposed by Eiras

et al. is more suitable to describe the behavior of DPT relaxors

[38,39]. The equation is shown as below:

e ¼ em

1 þ ððT � TmÞ=DÞj
(1)

where em is the maximum dielectric constant corresponding

with the temperature Tm. j value which denotes diffusive
nstant for (a) 0.35PTLa, (b) 0.3 + 0.4PTLa and (c) 0.2 + 0.5PTLa ceramics at



Fig. 5. The dependence of the maximum dielectric constant em and the diffused

phase transition temperature Tm for 0.35PTLa, 0.3 + 0.4PTLa and

0.2 + 0.5PTLa ceramics at f = 300 kHz.
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parameter is in the range between 1 and 2. It shows the normal

ferroelectric characteristic as the j value nears 1 and shows the

total DPT relaxor characteristic as the j value nears 2. D

represents the diffusive extension and the diffusion character-

istic is more obvious as D value is larger [17,31–39].

As mentioned before, the second onset of dielectric peak is

only observed in 0.2 + 0.5PTLa ceramics and disappears at

higher frequency because the space charge polarization is a

time lag with respect to the higher frequency field. To avoid the

interference of space charge polarization and exactly investi-

gate the diffused phase degree, only the 300 kHz temperature-

dielectric constant is used to discuss the diffused phase

phenomenon by using Eq. (1). Fig. 4 shows the experimental

data of the dielectric constant as a function of temperature at

300 kHz frequency and their fitting results by using Eq. (1) for

0.35PTLa, 0.3 + 0.4PTLa and 0.2 + 0.5PTLa ceramics. In

Fig. 4, the maximum dielectric constant is enhanced and the

temperature-dielectric constant is sharper by using the IS

synthesized method. However, the diffused phase transition

temperature (Tm) corresponding to the maximum dielectric

constant (em) is not obviously shifted when changing the

synthesized method. This result is similar to the previous

reports [23,26,27]. Fig. 5 shows the maximum dielectric

constant em and the diffused phase transition temperature Tm for

0.35PTLa, 0.3 + 0.4PTLa and 0.2 + 0.5PTLa ceramics. In

Fig. 4, the fitting curves well describe the dielectric behavior at

T > Tm but deviate at T < Tm. These phenomena are similar
Fig. 6. The dependence of the diffusive parameters and the diffusive extensions

for 0.35PTLa, 0.3 + 0.4PTLa and 0.2 + 0.5PTLa ceramics at f = 300 kHz.
with other reports [17,32]. Fig. 6 shows the synthesized

dependence of the j value and the D value of 0.35PTLa,

0.3 + 0.4PTLa and 0.2 + 0.5PTLa ceramics. In Fig. 6, the

values of j and D are decreased when using the IS synthesized

methods. The results exhibit that the diffused phase character-

istic change from the more DPT relaxor to the normal

ferroelectric behavior [17,31–39]. According to many reports,

the normal ferroelectric property is always accompanied with

the long range order of B-site cations [3–9,17]. Inspecting

Figs. 3 and 6, it is found that the values of j and D are decreased

by using the IS synthesized method. Due to the IS synthesized

method, the space charge polarization is not evidently changed

for 0.3 + 0.4PTLa ceramics and enhanced for 0.2 + 0.5PTLa

ceramics. According to the ordering models [5–9], if the

ordering degree and the space charge polarization are enhanced

at the same time, it can be concluded that this ordering state is

attributed the space-charge type. On the other one, the ordering

state is attributed the random-site type when the ordering

degree is enhanced and the space charge polarization is not

obviously changed at the same time.

4. Discussions and conclusions

In the present work, the calcined temperature, the sintering

temperature and the composition are the same for all samples.

The only difference is 0.3 + 0.4PTLa (0.2 + 0.5PTLa) cera-

mics are mixed again with Pb0.95La0.05(Fe2/3W1/3)0.7Ti0.3O3

and Pb0.95La0.05(Fe2/3W1/3)0.6Ti0.4O3 (Pb0.95La0.05(Fe2/3W1/

3)0.8Ti0.2O3 and Pb0.95La0.05(Fe2/3W1/3)0.5Ti0.5O3) calcined

powders. The same synthesized processes are also discussed for

0.75Pb(Fe2/3W1/3)O3–0.25PbTiO3 (0.25PT) and 0.75Pb(Fe2/

3W1/3)O3–0.25PbTiO3–0.15 wt.% MnO (0.25PTMn) ceramics

in the previous reports [26,27]. In the previous reports, their X-

ray patterns show the pure perovskite structure no matter using

the DS synthesized method or the IS synthesized method. This

result is similar to the present work mentioned in Fig. 1. But their

grain size are enlarged by the IS synthesized method for 0.25PT

and 0.25PTMn in the previous reports [26,27]. This result is

different from the present work mentioned in Fig. 2. Regarding

the dielectric properties, the more ordering degree with the

random-site type for 0.25PTMn and the more ordering degree

with the space charge type for 0.25PT are enhanced by the IS

synthesized method. Therefore, it is concluded that the ordering

degree can be enhanced by the IS synthesized method. But the

ordering type cannot be determined by the IS synthesized

method. Furthermore, it is suggested that the charge balance and

the conductive carriers of their calcined powders (IS synthesized

method) are the response mechanisms to determine the ordering

type, the random-site type or the space charge type [26,27]. In the

present work, 0.65PFW–0.35PT doped lanthanum samples are

synthesized by the DS and IS synthesized method. Furthermore,

the lanthanum dopants can decrease the ordering degree, the

space charge polarization, the charge imbalance of nanopolar-

ization and the conductive carriers for 0.65PFW–0.35PT

ceramics according to the previous report [24]. It is concluded

that the calcined powder of Pb0.95La0.05(Fe2/3W1/3)1�xTixO3 are

less charge imbalance and conductive carriers. Therefore, it is
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inferred that the ordering degree with random-site type should be

enhanced by the IS synthesized method (resembled as 0.25PTMn

ceramics) for Pb0.95La0.05(Fe2/3W1/3)0.65Ti0.35O3 ceramics. In

the present work, the ordering type of 0.3 + 0.4PTLa is the same

as the above inference but the ordering type of 0.2 + 0.5PTLa is

different from the above inference caused by the IS synthesized

method. According to the previous report [25], the ordering

degree with the random-site type can be enhanced by increasing

the sintering temperature for Pb0.95La0.05(Fe2/3W1/3)0.65Ti0.35O3

ceramics when the sintering temperature is in the lower

temperature range. Furthermore, the (1�x)PFW–xPT based

ceramics behave higher sintering temperature when the PbTiO3

compositions are increased [16–21]. Therefore, it is reasonable

inferred that 0.5PTLa exhibits the highest sintering temperature

and 0.4PTLa exhibits the second highest sintering temperature in

the present work. At the same time, it is suggested that the

sintering temperature is too low to induce the ordering state with

the space charge type for 0.2 + 0.5PTLa ceramics. The evidence

is proved by the microstructure and shown in Fig. 2, the grain

sizes of 0.3 + 0.4PTLa and 0.2 + 0.5PTLa are decreased by the

IS synthesized method and that of 0.2 + 0.5PTLa is the smallest.

According to the previous discussions, it is suggested that the 1:1

ordered domain with the random-site type can be enhanced by

the IS synthesized method at the same sintering temperature

when their calcined powders are less charge imbalance and

conductive carriers. But the ordering type can be changed to the

space charge type when their calcined powders behave too high

sintering temperature when using the IS synthesized method.
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