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Multiferroic Pb(Fe2/3W1/3)O3-PbTiO3 (PFW-PT) ceramics were synthesized via a modified two-stage 
solid-state reaction. This method utilized Fe2WO6, prepared at a first-stage, which was subsequently reacted 
with a stoichiometric amount of PbO and TiO2 at the second stage. This procedure efficiently suppressed 
the formation of lead tungstates and leads to getting dense ceramics. Electric and dielectric properties of 
(1-x)Pb(Fe2/3W1/3)O3‑xPbTiO3 solid solutions were investigated as a function of the frequency and temperature. 
All samples present density higher than 96% of the theoretical one, low percentage of pyrochlore phase (<2%) 
and relatively high electrical resistivity (<1010 Ω.m). RF dielectric measurements over the temperature showed 
the presence of a peak, which is related to the ferro-paraelectric phase transition and conductive contributions (in 
the range 200-700 K), associated to a electronic hoping mechanism. The dielectric properties of the PFW shows a 
typical relaxor behaviour for x = 0 and 0.10 with frequency-dependent peak temperature (Tm), while the samples 
with higher PT-content undergo a ’normal’ para-ferroelectric transition at the Curie temperature TC.The FE phase 
transition of PFW is shifted to higher temperatures by PbTiO3 (PT) additions and high resistivity are obtained for 
PT containing samples. Different types of magnetic activity dependent on composition and temperature were found.
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1. Introduction

Due to the low temperature sinterability, high permittivity and 
diffuse phase transition among other characteristics, lead-based 
complex perovskite compound have been investigated widely and 
have found many applications as multilayer ceramic capacitors 
(MLCC’s), electrostrictive actuators, pyroelectric detectors, etc1-4. 
In particular, lead iron tungstate (PFW) has been studied when 
the interest is in dielectrics for capacitors due to its high relative 
permittivity, relaxor proprieties and low sintering temperatures (below 
900 °C) and as well as presenting conditions for the coexistence of 
ferroelectric and magnetic order (multiferroic), due to two kinds of 
cations (Fe3+ and W6+) randomly distribute at the octahedral B-site 
positions1,5,6. The interaction of the electric and magnetic subsystems 
can manifest itself as the magnetoelectric effect as the effect of mutual 
influence of the polarization and magnetization. Magnetoelectric 
coupling can be observed in multiferroic materials in the regions 
where magnetic and ferroelectric ordering coexists, generally, 
at very low temperatures. PFW is ferroelectric (Tc ~ 180 K) and 
antiferromagnetic (TN ~ 340 K), besides, the Curie temperature is 
too low for practical applications. However, an interesting peculiarity 
of PFW system by comparison with other multiferroics is caused 
by the presence of magnetic ions Fe3+ with occupancy of 66.66% 
of the B-octahedral sites of the perovskite cells, leading to one of 
highest magnetic ordering temperature establishment in multiferroics 
materials7 and, additionally, PFW can form solid solutions with 
PbTiO3-PT. As the PT content is increased, the Curie temperature 
increases, because PT has a transition at a rather high temperature 
(around 763 K). Adittionally, magnetic proprieties of PFW-PT system 

are studied in ceramics samples8 and in single crystal form9 and both 
result are contradictories.

In the reaction process, a substantial amount of lead tungstates 
and pyrochlore phase can be produced; in addition, two liquid 
phases are formulated at 690 and 860 °C respectively10,11 resulting 
in the difficulty in fabricating pure Pb(Fe2/3W1/3)O3 compound. Many 
attempts have thus been made to synthesize single-phase PFW of 
perovskite structure. In conventional solid state reaction, PbO, Fe2O3 
and WO3 were mixed, and then calcined for developing the perovskite 
PFW phase, prior to sintering10. Various kinds of solution methods 
have been used for alternating the reaction routes so as to yield 
pure Pb(Fe2/3W1/3)O3 without lead tungstates, such as mechanical 
activation-assisted synthesis12-14 and coprecipitation15, with some 
success. Additionally, to get intensified properties in magnetoelectric 
materials high density and low electric conductivity must achieved. 
Considering the complicated and severe operation conditions 
demanded by the above solution processes, in this work consideration 
is given to the synthesis and characterization of PFW‑PT ceramics, 
prepared following a modified two-stage mixed oxide route. By this 
method a step in the preparation of the powders can be avoided, 
compared to the conventional two steps method, which considers the 
preparation of PFW and PT separately, soon to adapt the solid solution 
PFW-PT. The reaction and sintering mechanisms are investigated for 
the formation of the pure phase of (1-x)PFW-xPT ceramics, with 
x = 0.10, 0.20, 0.30 and the samples study encompasses identification 
of phases, pyrochlore formation, microstructure, electric, magnetic 
and dielectric response.
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2. Experimental

A two-stage solid-state reaction is a synthesis process similar 
to that used by Swartz and Shrout16 in fabricating perovskite PMN. 
Modified two stage solid state reaction was used in this work to 
prepare PFW and PFW-PT ceramics. In this case, Fe2O3 was first 
reacted with WO3 to produce Fe2WO6, followed by a second reaction 
between the Fe2WO6 and PbO. In case of the PT modified samples 
the second reaction is accompanied by the TiO2 addition.

The following two-stage solid-reaction sequence is designed for 
this synthesizing procedure:

2 3 3 2 6Fe O WO Fe WO (950 C–3 hours) – (FW)+ → ° 	 (1)

in the first stage and:

2 6 2 2/3 1/3 1-x x 3(1–x)Fe WO +3PbO+3xTiO 3Pb(Fe W ) Ti O
(800 °C–3 hours) – PFW – PT

→
	 (2)

for x = 0; 0.10; 0.20 and 0.30, as the second stage.
Fe2O3 (99.99%, Alfa) and WO3 (99.8%, Alfa) were mixed in 

distilled H2O media for 2 hours, and then dried and preheated at 
850, 950 e 1000 °C for 3 hours to study the phase formation of Fe2WO6. 

Afterward ground for 5 hours, PbO (99.99%, GFS Chemicals) or PbO 
and TiO2 (99.99%, Aldrich) was mixed in a stoichiometric ratio to 
Fe2WO6 in distilled H2O media for 1 hour. The mixture was initially 
calcined at 800 °C for 3 hours and reground for 5 hours in distilled 
H2O media. Ceramic fabrication was achieved by adding 3 wt. (%) 
polyvinyl alcohol (PVA) binder to the calcined powders, prior to 
pressing as pellets, of 10 mm in diameter and 1-2 mm thickness, 
in a 100 MPa pseudo-uniaxial die and then isostatically, followed 
finally by sintering at 830-870 °C for 5 hours in alumina crucible. 
The pellets were covered by powder of the same composition, in 
order to reduce the Pb-evaporation during the sintering process. With 
the increase of PT content, the sintering temperature was increased 
slightly. The temperature ramps were controlled at 5 oC/min for 
heating and 2 oC/min for cooling. Analysis performed by EDX and 
SEM confirmed the compositional stoichiometry and microstructural 
homogeneity for all compositions.

The reaction sequence to obtain PFW and PFW-PT was analyzed, 
with the adequate mixture of the precursors, by differential thermal 
analysis (DTA) and thermogravimetry (TGA) using AlO3 as standard. 
DTA was carried out in air with heating and cooling rates of 10 °C/min.

The crystallinity, present phases and symmetry of (1 – x) PFW – 
xPT was checked by XRD using a least mean square method17 to find 
the cell parameters and the amount of secondary phases.

Sintering studies were performed in a dilatometer at a 10 °C/min 
heating rate up to 1000 °C, in air. The relative densities of the sintered 
samples were determined by the Archimedes method, while their 
morphological features were analyzed in a Jeol/5800LV scanning 
electron microscope (SEM). The X-ray powder diffraction patterns 
were obtained at room temperature on a Rigaku Denki powder 
diffractometer with geometry θ-2θ, rotating anode X-ray source 
(Cu  Kα radiation, λ = 1.542 Å), and scintillation detector. Gold 
electrodes were deposited by sputtering on the polished parallel faces 
of the pellets for the dielectric and electric measurements.

Dc resistivity of the ceramics was measured in the temperature 
range 300-750 K by two probe method, applied low voltages, using a 
6517A Keithley electrometer. Dielectric permittivity was measured at 
various frequencies between 100 Hz and 10 MHz in the temperature 
range from 10 to 750 K, using an Impedance Analyzer HP 4194A 
at a constant cooling rate of 2 K/min. The magnetic moments of 
samples were measured using a commercial superconducting quantum 
interferometric device SQUID magnetometer and in a PPMS in the 
range of temperatures 4-400 K. The samples were cooled to the 

Figure 1. a) Thermal analysis DTA-TG for the mixture for Fe2O3 e WO3; and 
b) XRD patterns of Fe2WO6 - FW at room temperature.
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measurement temperature (K) in the absence of a magnetic field 
(zero-field cooling - ZFC). A magnetic field was subsequently applied 
(200 Oe for dc measurements and 10 Oe for ac, at a frequency of 1 KHz) 
while heating (field heating FH) for the measurement of the temperature 
dependence of the magnetization M (T) and magnetic moment m (T).

3. Results

Figure 1a depicts the DTA curve for a mixture of WO3 and Fe2O3 
to form Fe2WO3

 (FW). A small exothermic peak in DTA curve around 
800 °C can be observed over the whole measured temperature range, 
which can be associated to the FW phase formation. This temperature 
it is very close to that indicate by Chung-Hsin Lu and Yeak-Chong 
Wong 18 for FW calcining (850 °C), however, we only check phase 
completes formation at 950 °C (Figure 1b).

X-ray diffraction pattern of Fe2WO6 – FW calcined at 950  °C 
revealed no secondary crystalline phases (Figure 1b) [JPCDS #42‑0492].

DTA were also used to analyze the powder containing lead 
oxide mixed with FW (PbO + Fe2WO6), as shown in Figure  2a 
(dotted line). In the range from 200 to 400 °C occur the water and 
organics decomposition that can be associated to a large exothermic 
peak in the DTA curve. A shoulder, an endothermic peak centered 
at 680  °C, is associated to the solid state reaction between PbO 
and FW. These results indicate that the PFW is formed in the range 
from 600 to 800 °C. The best range for the kinetic of this solid state 
reaction was verified to be between 750 and 800 °C. In the DTA 
curve for PFW‑30 PT (PbO + Fe2WO6 + TiO2) it can be seem a large 
endothermic peak, which can be separated in two endothermic peaks 
as follows: a) an endothermic peak probably related to the PbO-TiO2 
reaction between 600 and 650 oC and b) an endothermic peak related 
to PFW‑PT formation, around the peak obtained for pure PFW. In the 
others PT solid solutions the DTA similar results were obtained. Based 
on these results all the powders were calcined at 780 oC. No indications 
of formation of pyrochlore phase were found in DTA measurements.

A typical example of a sintering shrinkage curve is given in 
Figure 2b. At low temperatures only thermal expansion of the green 
body is recorded. When 600 °C is reached the shrinkage process 
begins and the material starts to sinter19. The maximum shrinkage rate, 
take place at 800 °C for PFW-30 PT samples (see linear shrinkage rate, 
insert Figure 2b). These results indicate that the PFW-PT ceramics 
could be sintered in the range from 780 to 880 °C. However, density 
analysis indicated the best sintering temperatures and time between 
830-870 °C for 5 hours. As the PT content increases the sintering 
temperature was slighted increased.

Figure 3 shows the X-ray diffractograms recorded for pure PFW 
and PFW-PT sintered samples. As can be seem, the XRD patterns 
indicate the formation of a majoritary PFW perovskite phase, to a 
first approximation, with a cubic perovskite-type structure with space 
group symmetry 3pm m. A tetragonal pyrochlore-type structure of 
PbWO4 is the only minor phase which could be detected (indicated 
with * in Figure 3). The relative amounts of perovskite and pyrochlore 
phases present in each sintered ceramic were calculated from the 
intensities of the major X-ray reflections from the respective phases. 
In this connection, the following approximation was adopted20.

% perovskite

perovskite pyroclore

I
Perovskitephase

I I

 
 =  + 

	 (3)

where Ipyrochlore is the intensity of the (222) reflection peak of the 
pyrochlore phase and Iperovskite is the intensity of the (110) peak of the 
perovskite phase respectively, these being the most intense reflections 
in the XRD patterns of each phases [JPCDS #40-0374]. Results of 
the analysis are condensed in Table 1.

Figure 2. a) Thermal analysis DTA for the mixture for PbO + Fe2WO6 and 
PbO + Fe2WO6 + TiO2; b) Shrinkage curve for PFW-30 PT heated at a constant 
rate of 10 °C/min and corresponding derivative (insert).
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Figure 3. Room temperature XRD patterns for a) PFW; b) PFW-10 PT; c) PFW-20 PT; and d) PFW-30 PT sintered ceramics. SEM microstructure of 
(1-x)Pb(Fe2/3W1/3)O3-xPbTiO3 (x = 0,20) ceramics.

Table 1. Percentage of perovskite phase, lattice parameter, relative densities 
and resistivity for PFW ceramics with various PT contents.

Sample Perovskite 
phase  
(%)

a (Å) Theoretic 
density 
(g.cm–3)

Relative 
density 

(%)

ρ (Ω.m)

PFW 99.4 3.98837 8.91 96.7 1.13 × 104

PFW 10 PT 99.0 3.98435 8.81 98.1 7.25 × 107

PFW 20 PT 98.5 3.97927 8.71 99.1 1.56 × 108

PFW 30 PT 98.5 3.98034 8.56 99.6 7.28 × 107

It has been commented that a single perovskite phase is difficult 
to obtain for pure PFW using the conventional mixed-oxide method, 
but the X-ray diffraction patterns showed that the pyrochlore phase 
was in very small amount for the PFW-PT solid solutions obtained 
using the two step method.

The variation of the relative and theoretical density and cell 
parameters as a function of the PT content for PFW-PT ceramics 
is presented in Figure 4. Densities of about 93-99% of the theoretic 
values could be achieved following the procedure described before. 
The theoretic densities were calculated considering the nominal 

composition (Equations 1 and 2) and the cell volume obtained from 
the XRD patterns, assuming a cubic symmetry. Cell parameters 
decrease up to 20% PT and increase for the sample with 30% PT. 
The small increase of the cell parameter for the sample PFW-30 PT is 
related to the formation of a phase with a pseudo-tetragonal symmetry. 
The highest density was obtained for the sample containing the higher 
percentage of PT, indicating that the addition of PT helps to increase 
the densification of the samples. The theoretical density decreases 
with PT addition.

High degrees of densification could also be inferred by the MEV 
observation of the polished surfaces. The microstructure of the 
x = 0.20 sample, representative for all investigated samples, is shown 
in Figure 4. The average grain size was around 5 μm for all samples.

The variations of the room temperature electric resistivity with 
the PT content are listed in Table 1. The resistivity initially increases 
as the %PT is increased, reaches the maximum of 1.56 × 108 Ω.m for 
20% PT, and decreases for higher PT content. Electric dc conductivity 
as a function of the temperature for the PFW and PFW-PT samples 
is shown in Figure 5a. The bars of experimental errors are less than 
the represented experimental points. The temperature dependence 
for all PFW-PT samples is very similar. Zhou et al.23 assumed that 
the type of conduction in the perovskite structure is connected 
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Figure 5. Temperature dependence of electrical dc conductivity; for PFW 
ceramics with various contents of PT.

Figure  6. a) Relative dielectric permittivity at various frequencies as a 
function of the temperature for PFW ceramic; and b) Dielectric permittivity 
at 100 kHz as a function of temperature for (1-x)Pb(Fe2/3W1/3)O3-xPbTiO3 
solid solutions (0 ≤ x ≤ 0.30).

with the concentration ratio of cation and anion vacancies. If in the 
crystal lattice anion vacancies predominate over cation vacancies, a 
perovskite exhibits electron conduction (n-type); if cation vacancies 
dominate it exhibits hole conduction (p-type). Thought Hall effect 
measurements, they showed that the main carriers in PFW ceramics 
are holes and related to lead losses during the sintering process and 
formation of cation vacancies and to a change in the degree of Fe 
oxidation.

Dielectric permittivity as a function of the temperature for 
“pure” PFW ceramic is presented in Figure  6a. These curves are 
representative and similar to those measured in the other samples. In 
the range 150-700 K real and imaginary components present a strong 
dependence on the frequency and at least two peaks can be assigned 
to the curves. The peak around 180 K, which is attributed to the 
ferroelectric-paraelectric transition (FE), increases the temperature 
of its maximum with the measuring frequency (Figure  6a). As 
the PT content in the (1-x)PFW-xPT solid solutions is increased, 
the maximum dielectric permittivity, corresponding to the FE 

transition increases up to x = 0.10, decreasing for higher x values 
(Figure 6b). Also, the temperature corresponding to the maximum 
value of the dielectric constant increases from TC = 180 K for x = 0 

Figure 4. Room temperature relative density, theoretical density and cell parameters for (1-x)PFW–xPT versus PT amount (x).
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(PFW) to TC = 320 K for x = 0.3, while the character of the phase 
transition changes from diffuse, typical for relaxors, to a sharp one, 
characteristic of “normal” ferroelectrics.

The peaks observed in the real and imaginary part in Figure 6, 
at temperatures higher than those related to the FE transition (in the 
range 200-700 K), shift as well towards higher temperatures with 
increasing frequency. The maximum permittivity values decreased 
as frequency was raised. This result suggests a thermally activated 
relaxation process, which also appear for the PT modified samples. 
This was attributed to the conductivity effects due to electronic 
charges21,24. These charges would arise from the Fe+3 ions (dn), 
which are usually combined with Fe+2 ions to form charge defects. 
Electron hopping between Fe+3/Fe+2 ions would responsible for the 
conductivity, which in turn give rise to the dielectric dispersion. A 
detailed impedance spectroscopic study is required to analyze the 
contributions of different electrically active parts and it will be an 
objective of other works.

The magnetic proprieties in the (1-x)PFW-xPT ceramic system, 
with x = 0, 0.10, 0.20, 0.30 have been investigated by measuring 

the magnetization as a function of temperature and magnetic field. 
Figure 7 shows the magnetic hysteresis loops M(H) recorded at 10 and 
300 K for PFW-PT ceramics that presents a temperature dependent 
magnetic activity in these systems, demonstrating the existence of 
weak ferromagnetism at low temperature for all samples. For PFW 
pure samples, this ferromagnetism persists in all temperature interval. 
From the DRX measurements there is no evidence of segregation of 
iron or iron oxide-related phases coexisting with perovskite phase in 
the sample. This suggests that the observed magnetic responses must 
to be associated to the PFW pure phase. For PT contain samples, a 
quasi linear relationship of the magnetization vs. magnetic field 
was obtained, for 150 and 300 K, i.e., in antiferromagnetic and 
paramagnetic phase.

The weak ferromagnetism at room temperature in PFW samples, 
in the antiferromagnetic phase, probed by a remanent magnetization, 
arises due the canted antiferromagnetic interaction in which the 
magnetic moment of two opposite sublattices are not exactly 
antiparallel aligned. The occurrence of Fe2+ and oxygen vacancies 
during the sintering and a significant difference in valence state 

Figure 7. a) Magnetic hysteresis loops M(H) for PbFe2/3W1/3O3-PbTiO3 system at 10 K, and 300 K dependence of the coercitive field (Hc); b) and remanent 
magnetization (Mr); and c) with PT content and temperature for PFW-PT system at 10 and 300 K.
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Figure 8. Temperature dependence of magnetic moment M(T) (dc measurements) for a) PFW; and b) m’(T) (ac measurements) for PFW-PT system, x = 0.10; 
c) 0.20; and d) 0.30.

and ionic size (radius) of Fe3+ and Fe2+ has produced even a small 
distortion in the structure of PFW, leading to the weak magnetization 
of PFW. It is important to take into account that the PFW samples 
prepared in different conditions can have different degree of ion 
disorder, and, correspondingly, different magnetic behavior26.

The temperature dependence of the remanent magnetization 
(MR) and magnetic coercive field (Hc) are presented in Figure 7b. 
MR changes to 0.26 at 300 K from 1.0 emu.g–1 for PFW and for 
from 0.19 emu.g–1 at 10 K to 0.004 emu.g–1 for PFW-30 PT, showing 
tendency to zero with increasing PT content at all temperatures.

However, the remanent magnetization is different from zero and 
decrease with PT content as the PT content increases. This tendency 
is oppositely to that presented in the literature at 10 K for single 
crystals9 where the remanent magnetization increased as the PT 
content increased from 0 to 30.

Two types of magnetic orders have been observed on the 
temperature dependence of magnetization which arises from 
different magnetic interactions (Figure  8). The low temperature 
magnetic order corresponding to the weakly ferromagnetic to 
antiferromagnetic order transitions occurs at TN2 = 10 to 17 K for 
x = 0-0.30 respectively. The high temperature ordering referred to 
antiferromagnetic to paramagnetic transition appears at TN1 = 360, 
274, 161 and 134 K for x = 0, 0.10, 0.20, 0.30. Bokov et al.25,26 by 
simulations, assuming different degrees of disorder of the Fe and W 
ions in the octahedral sites of the PFW lattice, extracted information 

about its antiferromagnetic properties. From the calculation with 
the assumption of a completely disordered Fe and W ions arise 
TN = 406 K, while the experimental values for PFW single crystal 
TN is 363 K. They concluded that if the ion-order degree is different, 
the properties (such as temperatures transitions and ferroelectric 
and magnetic proprieties) will be also different. The difference of 
the calculated and experimental values of TN, and between different 
ceramic samples prepared from different methods can be connected 
with a partial ion disordering in PFW, which is an additional support 
to consider a canted antiferromagnetic interaction.

There are two factors that affect the magnetic transition in PFW-
PT system: the dilution of the concentration magnetic ion Fe3+ by 
the addition the non magnetic component PT and, consequently, 
the change in distances of the adjacent Fe3+ ions due to lattice 
changes. The magnetic interactions that give rise to the observed 
behavior might be ascribed as follows: in the Fe/W ordered region, 
a weak superexchange of -Fe3+-O-W-O-Fe3+ type of interaction 
responsible for the magnetic anomaly at low-temperature TN2 and 
at high temperatures, in the Fe/W disordered regions, a stronger 
superexchange of -Fe3+-O-Fe3+ pathway interaction is responsible 
for the magnetic ordering at higher temperatures TN1.

Nevertheless, different dependences of TN1 on PT concentration 
were observed in ceramics and single crystals and between ceramics 
prepared in different conditions. In results published by Mitoseriu 
et al. the samples were prepared by a mixed oxide route too and TN1 
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rapidly decreases from 350 K x = 0 to 170 K x = 0.2, and above 
x = 0.25, no antiferromagnetic phase transition was distinguished8. 
On the other hand, in single crystals, was only observed a small 
decrease in TN2 with rising x was, and TN1 was detected even at higher 
PT concentration TN2 = 274 K at x = 0.27[9]. The unusual increase in 
TN2 with x was observed in PFW-xPT ceramics and was qualitatively 
confirmed in single crystals, but the TN2 values are practically smaller 
in crystals than in ceramics TN2 = 12.5 K for x = 0.27 in crystals and 
TN2 = 25 K for x = 0.25 in ceramics.

4. Conclusions

A two-stage solid-state reaction turned out to be appropriate for 
the formation of the majoritary PFW phase as well as PFW-PT solid 
solutions, with low percentage of spurious phases, high densities, 
dielectric constant and electric resistivity. Dielectric properties could 
be tailored by adding PbTiO3 in PFW composition to form (1-x)
Pb(Fe2/3W1/3)O3-xPbTiO3 ((1-x)PFW-xPT) solid solution, bringing 
the ferroelectric transition up to the room temperature and transform 
the phase transition from diffuse, typical for relaxors, to a sharp 
one, characteristic of “normal” ferroelectrics. It was found that PT 
additions decreased the electric conduction of the PFW ceramic. 
Samples with 20% PT showed the best conditions combined pure 
phase, density and resistivity, added to excellent dielectric properties 
and ferroelectric-paraelectric transition temperature close to room 
temperature. The presence of loss anomaly at high temperature in 
all PFW-PT samples is related to charge hopping.

Two types of superexchange magnetic interactions and a 
succession of magnetic transitions with Néel temperatures dependent 
on the composition were found in the solid solution.
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