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A complete solid solution between relaxor ferroelectric
Pb(Fe2/3W1/3)O3 (PFW) and ferroelectric PbTiO3 (PT),
(1�x)PFW+xPT, was synthesized by a B-site precursor method
and characterized by X-ray di4raction, di4erential scanning
calorimetry, and dielectric measurements. A phase diagram be-
tween PFW and PT has been established. The di4use phase
transition temperature (Tmax+180 K) of PFW was found to
continuously increase with the increasing amount of Ti4� ions on
the B-site. At the same time, the relaxor ferroelectric behavior of
PFW is gradually transformed toward a normal ferroelectric
state, as evidenced by sharp and nondispersive peaks of dielectric
permittivity around TC for x50.25. At room temperature,
a transition from a cubic to a tetragonal phase takes place with
x increased up to 0.25. A morphotropic phase boundary is located
within the composition interval 0.254x40.35, which separates
a pseudocubic (rhombohedral) phase from a tetragonal
phase. � 2002 Elsevier Science (USA)
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1. INTRODUCTION

Complex perovskite Pb(Fe
���

W
���

)O
�
(PFW) exhibits a

broad and di!used maximum of dielectric permittivity
around ¹

���
"180 K with a strong frequency dispersion (1).

Macroscopically, no ferroelectric phase transition occurs
upon cooling through ¹

���
. These properties are character-

istic of relaxor ferroelectric behavior (2}4). PFW shows an
average primitive cubic perovskite structure with Pm3� m
group, in which the A-sites are occupied by Pb�� ions and
the octahedral B-site positions are "lled by Fe�� and W��

ions at random. On the microscopic scale, polar
nanoregions (or clusters) are expected to exist due to com-
position #uctuations and partial order/disorder, which is
believed to be the origin of the relaxor ferroelectric behavior
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(2}4). On the other hand, PFW contains paramagnetic
Fe�� (3d�) ions on the B-site with an occupancy of 66.7%.
Magnetic ordering may occur upon cooling while the polar
microdomains develop. PFW single crystals indeed show
two antiferromagnetic orderings at ¹

��
"350 K and

¹
��

"20 K, respectively (5). The former was supposed to
result from the magnetic interactions via the superexchange
pathway, }Fe��}O}Fe��}, within the disordered local
clusters, and the latter would arise from the
}Fe��}O}W}O}Fe��} superexchange pathway within
the ordered microdomains (5). The magnetic and dipolar
interactions in PFW are expected to give rise to some
peculiar properties in this relaxor.
It was known that the synthesis of pure PFW is di$cult

because of the formation of other nonferroelectric phases,
such as pyrochlore, PbWO

�
, and Pb

�
WO

�
. Almost-pure

polycrystalline PFW was prepared using the columbite/
wolframite precursor method (6), with improved dielectric
properties compared with the samples prepared by the con-
ventional mixed-oxide method (7, 8), in which lead tungsten
oxide second phases (PbWO

�
and Pb

�
WO

�
) seemed to be

present in a remarkable amount. In the columbite process,
direct reaction between the B-site metal oxides and PbO is
basically prohibited at the early stage, preventing the forma-
tion of the pyrochlore-type phase.
When PFW forms multicomponent systems with other

ferroelectrics, the materials exhibit excellent multifunctional
properties due to an improvement of dielectric properties,
a higher Curie temperature, and a lower "ring temperature
(9}11). Therefore, PFW has been known as a promising
material for a multilayered ceramic capacitor (11). Among
the binary systems, Pb(Fe

���
W

���
)O

�
}PbTiO

�
(PFW}PT) is

of particular interest. PFW is a relaxor ferroelectric and
antiferromagnet, while PbTiO

�
is a typical ferroelectric with

a sharp maximum of dielectric constant at ¹
	
"763 K. It is

possible to move the Curie temperature to around room
temperature and to modify the relaxation behavior by
choosing an appropriate amount of PT in the system. Some
results were reported on the preparation of PFW and
PFW}PT at high temperatures using additives and an
4



FIG. 1. X-ray di!raction patterns of (a) Fe
�
WO

�
before "ring; (b)

Fe
�
WO

�
after "ring at 10003C for 2 h; (c) ZnTa

�
O

�
of tri-�PbO

�
structure

(16); and (d) MgNb
�
O

�
of columbite structure (17).
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excess amount of PbO (9). But systematic studies of the
PFW}PT system in terms of phase transitions and dielectric
and magnetic properties are still lacking.
In the present work, an improved B-site precursor

method is developed to synthesize a highly pure perovskite
phase of (1!x)PFW}xPT. The phase formation and the
structural parameters are characterized by X-ray di!rac-
tion. Phase transitions and the related properties are studied
by di!erential scanning calorimetry and dielectric measure-
ments. The phase relationship is established by a phase
diagram.

2. SYNTHESIS BY A B-SITE PRECURSOR METHOD

A modi"ed B-site precursor method (12}15) was adopted
for the synthesis of (1!x)PFW}xPT with various com-
positions, x"0, 0.10, 0.20, 0.25, 0.30, 0.325, 0.35, 0.40, 0.60,
and 0.80. It consists of a two-step reaction process taking
place consequently. In the "rst step, an intermediate (or
precursor) phase or a mixture of phases was formed by
reacting the oxides of the B-site elements. In the second step,
the B-site precursor phase was reacted with the other
(A-site) reactants to form the complex perovskite phase.
When the intermediate phase has a columbite structure,
such as MgNb

�
O

�
, the B-site precursor method can be

referred to the so-called &&columbite method'' (12).
Fe

�
O

�
(99.99%, Alfa) and WO

�
(99.8%, Alfa) were "rst

"nely ground in acetone media for 4 h, and then dried and
preheated at 10003C for 2 h to form Fe

�
WO

�
. Afterward,

PbO (99.99%, GFS Chemicals) or a mixture of PbO and
TiO

�
(99.99%, Aldrich) was mixed with Fe

�
WO

�
in

a stoichiometric ratio and "nely ground in acetone media
for 4 h. The mixture was initially calcined at 8003C for 2 h,
reground, and "nally sintered at 8503C}8903C for 2}3 h.
With the increase of PT component, the sintering temper-
ature was increased slightly. The temperature ramps were
controlled at 53C/min for heating and 23C/min for cooling.
PFW and PFW}PT were formed according to the follow-
ing solid state reactions:

Fe
�
WO

�
#3PbOP3Pb(Fe

���
W

���
)O

�
[1]

(1!x)Fe
�
WO

�
#3xTiO

�
#3PbO

P3Pb[(Fe
���

W
���

)
�
�

Ti
�
]O

�
. [2]

By the B-site precursor method, the Fe
�
WO

�
phase was

presynthesized with a structure resembling the perovskite
one, and direct reactions between PbO and WO

�
were

avoided. Therefore, subsequent formation of the pyrochlore
structure has been suppressed. Compositional analysis per-
formed by EDX on electromicroscopy con"rmed the homo-
geneity and the stoichiometry for all the compositions. In
addition, the temperature of the maximum dielectric
constant (¹

�
or ¹

	
"178 K at 1 kHz) of PFW prepared

by the precursor method is identical to that of PFW single
crystals, indicating that no compositional errors were
introduced.

3. PHASE ANALYSIS AND STRUCTURAL REFINEMENT

Phase analysis and structural re"nement of the
(1!x)PFW}xPT system were performed based on powder
X-ray di!ractograms (CuK� radiation, �"1.5418 As ).
Figure 1 shows the XRD patterns of Fe

�
WO

�
before and

after calcining, as well as the di!raction spectra of ZnTa
�
O

�
(tri-�PbO

�
structure) (16) and MgNb

�
O

�
(columbite

structure) (17) as references. From the comparison of Fig. 1b
with Fig. 1c, it can be seen that Fe

�
WO

�
, obtained as the

B-site precursor compound B�
�
B��O

�
, crystallizes in a

tri-�PbO
�
-type structure, rather than in a columbite-type

structure as reported in Ref. (6). The two structures,
which resemble the perovskite one, can be distinguished
from each other according to the XRD patterns given in
Figs. 1c and 1d.
Identi"cation and analysis of the perovskite phase with

regard to the undesirable pyrochlore phase was carried out
after each reaction step. The content of pyrochlore phase



FIG. 2. X-ray di!raction patterns of (a) Pb(Fe
���

W
���

)O
�
powder after

calcining at 8003C and (b) PFW ceramics after sintering at 8903C, both
showing a perovskite phase of PFW.

FIG. 4. Variation of the pseudocubic (a) and tetragonal (a and c) lattice
parameters at room temperature as a function of x for (1!x)PFW}xPT.
Solid lines are a guide for the eye.

FIG. 3. X-ray di!ractograms for various compositions of the
(1!x)PFW}xPT system at room temperature, showing a tetragonal split-
ting for x50.25.
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in the products was calculated according to the following
equation (18),

pyrochlore content (%)"�I
����

(222)/[I
����

(222)

#I
����	

(110)]��100, [3]

where I
����

(222) is the intensity of the (222) re#ection peak
of the pyrochlore phase and I

����	
(110) is the intensity of the

(110) peak of the perovskite phase. Figure 2 shows the XRD
patterns of the PFW samples prepared at 8003C for 2 h (a)
and sintered at 8903C (b). A nearly pure PFW phase was
formed after calcination (with the pyrochlore content below
the detectable limit) and a highly pure PFW product was
obtained after sintering. These results show an improvement
in the preparation of pure PFW by the B-site precursor
technique, compared with the conventional mixed-oxide
method (10, 19, 20).
The XRD patterns of various composition of

(1!x)PFW}xPT (x"0 to 0.8) are presented in Fig. 3. The
compounds of 04x40.25 show a cubic perovskite struc-
ture at room temperature. When PT content x is increased
higher than 0.25, the di!raction peaks (100), (200), and (211)
start splitting. With further increase of x, the splitting be-
comes more and more signi"cant for all the indexed peaks
except for (111), indicating that (1!x)PFW}xPT gradually
transforms from a pseudocubic perovskite structure into
a tetragonal structure.
The lattice parameters of (1!x)PFW}xPT were re"ned

in the cubic Pm3� m and/or tetragonal P4mm phase. Figure 4
shows the variation of the lattice parameters as a function of
PT content. The parameter a of the cubic perovskite phase
decreases slightly from 3.9909 As to 3.9734 As with the in-
crease of x from 0 to 0.2. Such a variation can be attributed
to the substitution of the smaller Ti�� ions (r"0.605 As ) for
the Fe�� ions (r"0.645 As ) on the B-site, while W��



FIG. 5. Variation of the pseudocubic and tetragonal unit cell volume
and the tetragonality c/a as a function of Ti content in (1!x)PFW}xPT.
Solid lines are a guide for the eye.

FIG. 6. DSC scanning curves upon heating for (a) 0.75PFW}0.25PT,
(b) 0.70PFW}0.30PT, and (c) 0.65PFW}0.35PT.
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(r+0.60 As ) has almost the same size as Ti�� (21). At
x"0.4, the tetragonal symmetry can be monitored with
a clear split of the parameters, a"3.9357 As and
c"4.0433 As . With further increase of x from 0.4 to 1.0,
a continues to decrease slightly while c increases more
pronouncedly. Accordingly, the c/a ratio augments from
1.0273 (for x"0.4) to 1.0651 (for x"1.0), indicating an
increase of tetragonality (Fig. 5). The compositions of
x"0.30}0.35 show a very small split between a and c, and
a c/a ratio close to 1, indicating the onset of the tetragonal
distortion from the cubic symmetry.
The corresponding volume change versus PT content is

also presented in Fig. 5. The volume of the cubic phase
decreases from 63.5637 As � to 62.7338 As � with x rising from
0 to 0.2. The volume of the tetragonal phase increases
slightly from 62.5969 As � (for x"0.4) to 63.1500 As � (for
x"1.0), suggesting that the size e!ect of Ti�� ions is pre-
dominated by the tetragonal distortion of the unit cell. For
x"0.25 to 0.35, an irregular variation of lattice volume is
observed, suggesting that both the cubic and the tetragonal
phases may coexist within that composition range at room
temperature.

4. DIFFERENTIAL SCANNING CALORIMETRY

Di!erential scanning calorimetry (DSC) was carried out
to analyze the phase transitions in the (1!x)PFW}xPT
system, in which a morphotropic phase boundary (MPB) is
expected. The analysis was performed using a Seiko ExStar
DSC 6200 apparatus. All the DSC runs were performed
under #owing nitrogen gas using alumina as reference. The
samples were "rst heated quickly to about 600 K to elimi-
nate any adsorbed H

�
O traces, and then cooled to 170 K,

followed by heating to 500 K at a heating/cooling rate of
103C/min.
Figure 6 shows some DSC results. Upon heating, two

endothermic peaks occur at 250 and 281 K, 240 and 311 K,
and 210 and 342 K, respectively, for each of the composi-
tions x"0.25, 0.30, and 0.35. The low-temperature thermal
event indicates the morphotropic transition from the low-
temperature phase to the tetragonal phase at ¹

��

, and the

high-temperature peak shows the tetragonal to cubic phase
transition at ¹

	
. Therefore, the morphotropic phase bound-

ary of the (1!x)PFW}xPT system is localized in the com-
position range 0.254x40.35.

5. DIELECTRIC MEASUREMENTS

The complex dielectric permittivity of (1!x)PFW}xPT
ceramics was measured as a function of temperature at
frequencies f"1, 10, and 100 kHz under isothermal condi-
tions. The measurements were carried out upon heating
from 100 to 600 K by means of a computer-controlled
impedance analyzer (Solartron 1260) associated with a di-
electric interface (Solartron 1296).
The temperature and frequency dependences of the real

part of dielectric permittivity are presented in Fig. 7 for
di!erent compositions. In Fig. 7a, 0.90PFW}0.10PT



FIG. 7. Temperature dependences of the real part of dielectric permittivity (��
�
) at frequencies f"1, 10, and 100 kHz for various compositions:

(a) 0.90PFW}0.10PT; (b) 0.75PFW}0.25PT; (c) 0.70PFW}0.30PT; (d) 0.65PFW}0.35PT; and (e) 0.40PFW}0.60PT.
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FIG. 8. Phase diagram of the (1!x)PFW}xPT system delimiting the
high-temperature cubic phase and the low-temperature ferroelectric rhom-
bohedral (pseudocubic) and tetragonal phases. A morphotropic phase
boundary (MPB) is located at 0.254x40.35. Up and down triangles
represent the transition temperatures measured by DSC analysis; "lled and
open circles correspond to the phase transition temperatures detected by
dielectric measurements.
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exhibits a broad maximum of dielectric constant with strong
frequency dispersion, which is reminiscent of the relaxor
ferroelectric behavior of PFW crystal (1). The temperature
of the permittivity maximum ¹

���
(or ¹

	
) varies from 228 K

at 1kHz to 236 K at 100 kHz. The maximum value of the
dielectric constant decreases with increasing frequency. The
dielectric dispersion below ¹

	
re#ects typical relaxor fer-

roelectric behavior arising from the responses of polar
microdomains (relaxators) with a spectrum of relaxation
time (2}4). Since the relaxation appears at low temperature
(¹(225 K), the contribution of mobile changes is not
signi"cant. In the high-temperature paraelectric phase
(¹'¹

	
), another frequency dispersion appears, which is

particularly signi"cant at low frequencies. Such low-fre-
quency dispersion (LFD) can be attributed to the conductiv-
ity e!ects due to slowly mobile electronic charges. These
charges arise from the Fe�� ions (d�), which are usually
combined with Fe�� ions to form charge defects. Electron
hopping between Fe��/Fe�� ions would result in the con-
ductivity, which in turn will give rise to dielectric dispersion,
more remarkable at lower frequencies, as shown in Fig. 7a.
The LFD was also observed in other relaxor ferroelectric
systems, such as Pb(Mg

���
Nb

���
)O

�
}PbTiO

�
, where the

contribution to the electronic conduction comes from struc-
tural defects (3). The reason the LFD is more signi"cant in
the high-temperature phase is two-fold. First, the paraelec-
tric phase of PFW}PT has a disordered cubic perovskite
structure like PFW (5), with the Fe��, W��, and Ti�� ions
statistically distributed on the B-sites. This provides a rela-
tively short Fe��}Fe�� distance, favoring the electron hop-
ping between the ferric ions. Second, the LFD appears more
signi"cantly in the high-temperature range ('275 K),
where thermal activation enhances the electric conduction
and hence the low-frequency dispersion. A detailed impe-
dance spectroscopic study is underway to quantitatively
analyze the contributions of di!erent electrically active
parts.
With PT content increased to 20%, the low-temperature

dielectric dispersion (i.e., the relaxor relaxation below ¹
	
) is

signi"cantly attenuated. At the same time, ¹
	
increases to

about 275 K. The dielectric properties of 0.75PFW}0.25PT
are shown in Fig. 7b, where no signi"cant relaxation ap-
pears around and below ¹

	
"288 K, indicating that the

substitution of Ti�� for (Fe
���

W
���

)�� has induced a trans-
formation from the relaxor regime in PFW toward a long-
range (normal) ferroelectric state. The dielectric permittivity
of 0.70PFW}0.30PT shows nondispersive peaks at
¹
	
"320 K, corresponding to the ferro- to paraelectric

phase transition (Fig. 7c). ¹
	
further increases to 250 K and

500 K for x"0.35 (Fig. 7d) and 0.60 (Fig. 7e), respectively.
For the compositions around the morphotropic phase

boundary, x"0.25}0.35, in contrast to the DSC measure-
ments in which the morphotropic phase transition has been
clearly detected with ¹

��

varying from 250 K to 210 K, the
temperature dependences of dielectric constant (Fig. 7b}7d)
show only weak or broad anomalies around ¹

��

. This

phenomenon can be understood on the basis of the fact that
the MPB transition occurs between two polar (and fer-
roelectric) phases, and therefore involves relatively weak
structural instability and small net polarization changes
compared with the ferro-/paraelectric transition at ¹

	
. As

a result, the dielectric measurements usually show weak
e!ects for the MPB transition. This behavior was also
observed in the other relaxor-based solid solution systems
with MPB, such as Pb(Mg

���
Nb

���
)O

�
}PbTiO

�
(22) and

Pb(Zn
���

Nb
���

)O
�
}PbTiO

�
(23), in which the MPB

transition appears as a weak and broad dielectric anomaly,
while it can be clearly detected as a "rst-order transition
either by optical domain studies (24) or by DSC measure-
ments (with appearance of latent heat) (25). Therefore, ther-
mal analysis by DSC is more reliable for detecting the
morphotropic phase transition in the PFW}PT system.

6. PHASE DIAGRAM OF Pb(Fe2/3W1/3)O3+PbTiO3

Based on the results of XRD, DSC, and dielectric
measurements, a phase diagram for the (1!x)PFW}xPT
system has been established, as shown in Fig. 8. It indicates
the phase boundaries and phase transition temperatures of
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the solid solution system. The up and down triangles repres-
ent the transition temperatures detected by DSC analysis
and the "lled and open circles correspond to the phase
transition temperatures obtained from the dielectric
measurements. The Curie temperature increases almost lin-
early with the increase of PT content x, from ¹

���
"178 K

for PFW to ¹
	
"763 K for PT. The symmetry of the low-

temperature ferroelectric phase with a small PT content can
be re"ned in a pseudocubic symmetry with a slight
rhombohedral R3m distortion, as in the case of
Pb(Zn

���
Nb

���
)O

�
}PT (26) and Pb(Mg

���
Nb

���
)O

�
}PT

(27) systems. A cubic perovskite structure appears above the
Curie temperature line. At room temperature, the cubic
phase transforms into the tetragonal phase at a PT content
of about 25%. The cubic and tetragonal phases coexist for
the compositions around the phase boundary, as shown by
the anomalies in the variations of lattice parameters and
volume (Figs. 4 and 5). Below the ¹

	
line, the ferroelectric

rhombohedral and tetragonal phases are separated by
a morphotropic phase boundary (MPB) which is located in
the composition range 0.254x40.35 below 280 K. At the
compositions near the MPB, both the rhombohedral and
the tetragonal phases may coexist. For compositions close
to the MPB, successive phase transitions from the rhom-
bohedral to the tetragonal and then to the cubic phase may
occur upon heating, as revealed by the DSC analysis
(Fig. 6).

7. CONCLUSIONS

A B-site precursor method, which consists of forming the
tri-�PbO

�
-type Fe

�
WO

�
phase prior to "nal reactions with

PbO or (PbO#TiO
�
), has been developed to prepare

a pure and complete solid solution system of
(1!x)Pb(Fe

���
W

���
)O

�
}xPbTiO

�
. The structural re"ne-

ments based on X-ray di!ractograms at room temperature
indicate that the perovskite (1!x)PFW}xPT transforms
from a cubic phase to a tetragonal phase at a PT content of
x50.25, with a splitting of the cubic lattice parameter
a into the tetragonal parameters a and c.
The temperature dependences of the dielectric permittiv-

ity at various frequencies have revealed that the ferroelectric
phase transition temperature ¹

	
increases with the increas-

ing Ti�� content on the B-site, while the relaxor ferroelectric
behavior of PFW is gradually transformed into a normal
(long-range) ferroelectric state, as evidenced by the sharp
and nondispersive dielectric permittivity peaks around ¹

	
for x50.25. For compositions 0.254x40.35, the DSC
analyses have revealed a low-temperature phase transition
at ¹

��

which is related to the existence of a morphotropic

phase boundary, in addition to the high-temperature
ferro-/paraelectric phase transition at ¹

	
.

A complete phase diagram for the (1!x)PFW}xPT sys-
tem has been established, which delimits a high-temperature
paraelectric cubic phase, a ferroelectric rhombohedral
(pseudocubic) phase, and a ferroelectric tetragonal (P4mm)
phase. The morphotropic phase boundary is located at
0.254x40.35, which separates the rhombohedral phase
from the tetragonal phase. PFW}PT compositions within
the PMB range exhibit successive phase transitions from the
rhombohedral to the tetragonal and to the cubic phase
upon heating. Such a phase diagram is of relevance to
further investigation and understanding of the magnetic,
dielectric, and magnetoelectric properties of the PFW}PT
system.
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