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1. Introduction
As is well known, PZT (Pb(ZrxTi1-x)O3) as a ferroelectric 

system can be improved by changing the composition in 
order to make it suitable for technological applications, 
such as piezoelectric transducers, pyroelectric detectors, 
and nonvolatile ferroelectric memories1-3. In the same way, 
multiferroic materials, in which electric and magnetic 
orderings coexist in a single phase, have attracted the 
attention of the scientific community4,5. These materials 
have great potential for creation of magnetoelectric and 
magneto-optical devices and the simultaneous occurrence 
of electric and magnetic orderings in the same phase have 
made multiferroic materials interesting for technology 
in information storage and sensors. However, there is a 
scarcity of materials exhibiting multiferroic behavior,6,7 and, 
generally, they have some inherent problems, characterized 
predominantly by a high leakage current, due to the 
existence of a large numbers of charge carriers, mainly 
attributed to oxygen vacancies or Pb evaporation during 
the sintering process, which makes difficult to achieve high 
electric resistivity4,5,8. In order to overcome these problems, 
doping appears as a possible option.

In particular, lead iron tungstate (Pb(Fe2/3W1/3)O3 
- PFW) has been studied looking for applications in 
dielectrics for capacitors, due to the high relative dielectric 
permittivity, relaxor properties, low sintering temperatures 
(below 900°C). Otherwise PFW presents conditions for 
the coexistence of ferroelectricity and magnetism, due 
to the presence of two kinds of cations (Fe3+ and W6+) 
randomly distribute at the octahedral B-site positions. 
PFW is ferroelectric (Tc~180K) and antiferromagnetic 
(TN~340K)9. An interesting peculiarity of the PFW system, 
by comparison with other multiferroic materials, 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 temperature10. 
However, in multiferroic materials, a superposition 
between ferroelectric ordering and electric conductivity 
can occurs when polyvalent cations, e.g., Fe, Mn or Cu, are 
incorporated. For example, the electron transferred between 
mixed valence states, Fe3+ and Fe2+, may lead to an increase 
in the electric conductivity. High electrical conductivity 
can mask Curie points, phase transition temperatures and 
ferroelectric domain reorientation measurements.

In this context, the present work aims to study the 
influence of magnetic ions addition on the phase transition 
and relaxor characteristics of PFW ceramics. The dielectric 
response for non-doped and Mn, Cr and Gd -doped PFW 
is analyzed in the frequency and temperature domain. The 
changes in the diffuse phase transition, electric conductivity 
and relaxor character by the addition of magnetic ions 
are discussed. Dielectric properties at high frequencies 
(microwave region) permitted us to characterize the 
dielectric response and magnetic phase transitions without 
conductive influences.

2. Experimental Procedure
A two-stage solid-state reaction, synthesis process 

similar to that used by Swartz and Shrout11 to fabricate 
perovskite lead manganese niobate (PMN), was used in this 
work to prepare the PFW ceramics. In this case, Fe2O3 was 
first reacted with WO3 to produce Fe2WO6, followed by a 
second reaction between the Fe2WO6 and PbO, according 
the solid-reactions sequence:

( ) ( )2 3 3 2 6 950  –  3   + −→ oFe O WO Fe W hO C FW 	 (1)

in the first stage and:

( )2 6 2/3 1/3 3 800  –  3 3 3( )  + → oFe WO PbO Pb Fe W C hO PFW 	 (2)

at the second stage.
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Fe2O3 (99.99%, Alfa) and WO3 (99.8%, Alfa) were 
mixed in distilled H2O media for 2 h, and then dried and 
preheated at 850oC, 950oC and 1000oC for 3 h to study 
the phase formation of Fe2WO6. Afterward ground milling 
for 5 hs, PbO (99.99%, GFS Chemicals) was mixed in a 
stoichiometric ratio to Fe2WO6 in distilled H2O media for 
1 h. The mixture was initially calcined at 800°C for 3 h 
and reground for 5h in distilled H2O media. After, part of 
the reaction product PFW was mixed with Cr2O3, Gd2O3 
or MnO2 (1% weight) and re- calcined at 800oC for 3h. 
Such a synthesis procedure enhances the efficiency of the 
formation of the desired perovskite phase. Ceramic bodies 
were prepared by adding 3wt% polyvinyl alcohol (PVA) 
binder to the calcined powders, prior to pressing as pellets, 
with 10 mm in diameter and 1-2 mm thickness, in a 100 
MPa pseudo-uniaxial die and then isostatically. Finally the 
pellets have been sintered at 830oC for 5 h in an alumina 
crucible. The pellets were covered with powder of the 
same composition, in order to reduce the Pb-evaporation 
during the sintering process. The temperature ramps were 
controlled at 5°C/min for heating up and 2°C/min for cooling 
down. Analysis performed by EDX and SEM confirmed 
the compositional stoichiometry and microstructural 
homogeneity for all compositions. The crystallinity, present 
phases and symmetry of all samples was checked by XRD 
using a least mean square method to find the cell parameters. 
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.

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 sintered ceramic 
bodies were cut in disc form and polished to a thickness of 
0.5 mm and 2mm of diameter for dielectric measurements. 
After that, they were annealed at 873 K for 0.5 h to release 
mechanical stresses introduced during the polishing. Gold 
electrodes were sputtered on the samples. Dc resistivity was 
measured by a two probe method, applying low voltages, 
using a 6517A Keithley electrometer. Microwave dielectric 
measurements were carried out in the temperature range 
of 80-420 K (network analyzer HP-8719C), while RF 
measurements (HP 4194A) were performed an in the range 
15-600 K.

3. Results
Table 1 presents physical characteristics of the 

investigated samples. It can be seen that densities of about 
96-99% of the theoretic values (8.91g/cm3 for pure PFW) 

were achieved. The theoretic densities were calculated 
considering the nominal composition and the cell volume 
obtained from the XRD patterns, assuming a cubic 
symmetry. The highest density was obtained for the sample 
containing MnO2, indicating that the addition of Mn ions 
helps to increase the densification of the samples. Lattice 
parameter listed in Table  1 show that doping decreases 
the unit cell volume. As can be seem in Figure 1, room 
temperature XRD patterns of the PFW ceramics indicate 
the formation of a majority PFW perovskite phase, to a first 
approximation, with a cubic perovskite-type structure with 
space group symmetry 3pm m . A minor phase (In Figure 1 
(*) CrPb2O5 and MnPb2O4) could be detected, only for the 
sample doped with Cr2O3 and MnO2, indicating that 1% is 
already above the limit of solubility of these oxides in PFW.

High degrees of densification is also inferred by the 
SEM observation (Figure 2). The microstructure in Figure 2 
shows an average grain size around 2-3 μm for all samples 
and no systematic variation of grain size with doping 

Table 1. Relative density, Lattice parameter and electric (DC) resistivity for sintered PFW, PFW-1% Gd2O3, PFW-1% Cr2O3 and PFW-
1%MnO2 ceramics.

Sample % Relative density Lattice parameter (A) Electric Resistivity (Ω.m)
PFW 98% 3.98837 1.1X104

PFW-MnO2 99% 3.98171 2.0X1011

PFW-Cr2O3 96% 3.97808 5.0X106

PFW-Gd2O3 97% 3.97765 8.3X104

Figure 1. XRD patterns for sintered (a) PFW, (b) PFW-1% Cr2O3, 
(c) PFW-1% Gd2O3 and (d) PFW-1%MnO2 ceramics.
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element was observed. However, the “pure” or MnO2 and 
Gd2O3 doped samples have a mix characteristic between 
intergranular and transgranular fracture, where the last is 
the predominant. In the case of Cr2O3 intergranular fracture 
is characteristic. Again, this phenomenon can be related to 
the extra chromium phase (CrPb2O5). However, it was not 
observed for the MnO2 doped sample.

The room temperature dc electric resistivity for the PFW 
based ceramics are also listed in Table 1. All compositions 
showed relatively high conductivity, except the manganese 
doped sample. In this case occurs an increase in resistivity 
from 104 to 1011 Ω.m, when comparing with the pure sample.

In Figures 3a-d the relative dielectric permittivity 
(εr – real ε´ and imaginary ε” components) for PFW, PFW 
doped with 1 mol% of MnO2, Gd2O3 or Cr2O3, respectively, 
are shown as a function of temperature at RF frequencies 
ranging from 1 KHz to 1 MHz.

In the temperature range 150-400 K real and imaginary 
components present a strong frequency dependence. For 
the imaginary component, the peak around 180 K, which 
can be attributed to the ferroelectric–paraelectric transition 
(FE), increases the temperature of the maximum with the 

measuring frequency (Figure 3a). This indicates a diffuse 
character of the phase transition, typical for relaxors.

The dispersion observed in the real and imaginary part 
in Figure 3, at temperatures higher than those related to 
the FE transition (in the range 200-400 K), shift as well 
towards higher temperatures with increasing frequency. 
The maximum permittivity values decrease with raising 
frequencies suggesting that are originated from thermally 
activated relaxation process. These phenomena, superposed 
to the dielectric contribution, are assumed to be related with 
hopping conductivity mechanisms.

In this work Tc was practically not altered with Cr2O3 
and Gd2O3 doping (~190K at 1MHz), but 1% MnO2 
reduces the transition temperature from 184 K to 165 K. 
Likewise, the addition of manganese decreases and moves 
to high temperatures the conductive contribution above the 
ferroelectric transition. This phenomenon agrees with the 
increase of electrical dc resistivity for this kind of doping. 
The influence of the added dopants on the temperature and 
absolute values of the maximum dielectric permittivity, 
corresponding to the ferroelectric–paraelectric transition 
is consistent with the results reported by Miranda,12 who 

Figure 2. SEM micrograph of (a) PFW, (b) PFW-1% Gd2O3, (c) PFW-1% Cr2O3 and (d) PFW-1%MnO2 ceramics. The magnification 
factor of the SEM is 6000x.
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revealed that Co doping in PFW, at the level of 1-10 at 
%, caused a shift to lower temperatures in the transition 
temperature. However, not with the results reported by 
Szwagierczak,13 where the transition temperature does not 
change with MnO2.

Several empirical models were proposed for describing 
the temperature dependence of the dielectric constant 
systems with relaxor behavior and diffuse phase transitions 
(DPT). Many authors introduced the concept of a Gaussian 
distribution of the Curie temperatures characteristic to the 
small microregions considered non-correlated14-16. However, 
ceramics materials generally do not present a quadratic 
dependence in the temperature.

To determine the characteristics of the dielectric 
response measurements the experimental results can be 
better fitted using the Santos and Eiras equation17 that takes 
into account both the normal and the relaxor behavior of the 
ferroelectric phase transition

'
'

1
γ

ε
ε =

− +  δ 

m

CT T 	 (3)

Where γ and δ are constants that describe the diffusivity 
of the FE transition, in special the parameter γ varies from 
1 to 2 indicating the character of the phase transition: 

from normal (1) to complete diffuse phase transition-DFT 
(2). εm is the maximum of the dielectric permittivity and 
TC is considered as representative of the phase transition 
temperature. In this way, the experimental results can be 
fitted as well at temperatures higher than Tc_ε as at some 
temperature interval bellow Tc_ε. In despite of this, here 
we present in Figure 4, for better visualization, the curves 
with adjusted parameter in all temperature interval. The 
dot curves in Figure  4 corresponds to the best fit of the 
experimental results using Equation 3. The values for TC_ε 
,δ and γ are presented in Table 2.

The parameter γ shows no significant differences 
(γ~1.94-2) between non-doped and doped PFW samples. 
These γ values are characteristic of the broadened peaks 
observed in Figure 3, indicating that the phase transition 
should be classified as incomplete DPT for all studied 
materials. However, the δ parameter displays a small 
difference between doped and pure samples, indicating that 
the diffusivity decreases for Gd and Mn doped samples and 
increases with Cr doping. Likewise, no tendency is observed 
on either δ or γ parameters for magnetic ions doped PFW 
systems. The transition temperatures shift (∆Tm=T@1GHz-
T@1kHz) values in Cr and Gd doped samples are lower 
than in non-doped and Mn doped samples. Permittivity 
values and transition temperatures for all studied materials 
are reported in Table 2. As may be appreciated, the value 

Figure 3. Relative Dielectric permittivity at various frequencies as a function of temperature for (a) PFW, (b) PFW-1% Gd2O3, (c) PFW-
1% Cr2O3 and (d) PFW-1%MnO2 ceramics.
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of εm for doped PFW is higher than the value for non doped 
ceramics, except in the Cr doped case. Increase in the 
dielectric constant can be attributed to the fact that Mn and 
Gd doping increases create B site vacancies in the PFW 
lattice, thereby facilitating the mobility of the ferroelectric 
domain walls, as in the case donor doping in PZT. In another 
side, Cr doping seems decrease this mobility. However, due 
the big dispersion observed, mainly for Gd doped samples, 
the dielectric contribution should be verified at higher 
frequencies, to suppress conductive contributions.

At higher frequencies, conductive contributions to 
the dielectric permittivity can be minimized, suggesting 
microwave dielectric spectroscopy as a more accurate tool 
to investigate phase transitions in multiferroic. Microwave 
dielectric spectroscopy has been used as a powerful 

technique to probe structural phase transitions, dynamical 
changes in domain and nanodomain structures and lattice 
instabilities18-21. In this way, a systematic study of the elastic 
behavior also provides useful information for probing phase 
transitions and, therefore for detect magnetic transitions. 
On other hand, the presence of an elastic subsystem in the 
crystal leads to the emergence of electrostriction, which 
accompanies the FE ordering and changes the crystal 
size and, in turn, changes the magnetic state through 
magnetostriction, and vice versa.

Figure 5 illustrates the frequency dependence at MW 
frequencies (f >108 Hz) of the dielectric permittivity 
for PFW, at different temperatures. A well pronounced 
relaxation like dielectric dispersion is observed in the 
microwave region (around 1GHz). The microwave dielectric 

Figure 4. Experimental and Equation 3 generated curves with fit parameters dielectric constant as a function of temperature at 1 MHz 
for (a) PFW, (b) PFW-1% Gd2O3, (c) PFW-1% Cr2O3 and (d) PFW-1%MnO2 ceramics.

Table 2. Values of some dielectric properties and phase transitions parameters obtain from dielectric permittivity curve.

Sample Εmax @1MHz Tc@1KHz(K) Εmax @1GHz Tc@1GHz(K) ∆Tc γ δ TN(K)
PFW 3696 189 3264 235 46 2.00 82 325
PFW-Cr2O3 2937 194 1679 205 11 1.94 93 334
PFW-Gd2O3 5332 186 3696 204 18 2.00 72 332
PFW-MnO2 6529 165 3190 203 38 2.00 73 326
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dispersion does not vanish in the measured temperature 
interval and persists at temperatures up to 200 K above Tm.

The experimental data of Figure 5 can be fitted with 
a damped harmonic oscillator model as adopted for PLT 
ceramics, where ε(f,T) takes the form19:

( )
2

inf 2 2, ∆ε
ε = ε +

− + γ
R

R

ff T
f f i f

	 (4)

where ∆ε(f,T)=ε(f0 ,T)-ε (finf,T) (f0<<fR<<finf) is the dielectric 
strength, fR(T) the characteristic frequency, γ(T) a damping 
coefficient and εinf(T ) the high-frequencies contribution 
by phonons and electronic polarization. ε(f0,T) should be 
interpreted here as the dielectric permittivity at frequencies 
lower than fR, without any additional contribution (due to 
phase transitions or conductive contributions).

The temperature dependence for ∆ε and fR, reversible in 
the cooling and heating cycles, is shown in Figure 6(a) and 
(b) for all samples. The observed temperature dependence of 
fR and ∆ε around 200 K, fR reaches a minimum value, while 
∆ε goes through a maximum, is associated with that of the 
dielectric permittivity peak, observed in RF range (Figure 3). 
Otherwise, remarkable are also the change of fR curve around 
330 K, which are correlated to the secondary maximums 
of Δε. These secondary maximums cannot be detected in 
the radio frequency dielectric measurements (Figure  3), 
probably because it is masked by conductive contributions 
superposed to the dielectric response. The same anomalies 
could be observed in Figure  6c, where the dielectric 
constant a high frequencies (1GHz) is represented. In this 
sense, is shown that avoiding conductive contributions at 
high temperatures, the dielectric anomaly observed around 
330 K coincides very well with the temperature of the 
paramagnetic-antiferromagnetic ordering (TN1 ≈ 340 K). 
Therefore, based on our previous results in multiferroic 
systems,20,22 this dielectric anomaly in the PFW system 
results from a magnetoelectric contribution via strain, 
due to a spin-lattice coupling (magnetostriction), in the 
paramagnetic-antiferromagnetic ordering.

Comparing the magnetic ordering temperature of 
the samples, results that while TN increases for samples 

doped with gadolinium and chromium (334 and 332K, 
respectively), TN decreases for samples doped with 
manganese (326 K).

We summarize the principal results obtained from all 
measurement as follows:
i)	 A two-stage solid-state reaction turned out to be 

appropriated for the formation of the majoritarian PFW 
phase as well for “pure” PFW as for magnetic doped 
ceramics, with low percentage of spurious phase and 
high density (>98%);

ii)	 Doping decrease the lattice parameter but no systematic 
variation of grain size was observed;

iii)	 All doping increased DC electric resistivity of PFW 
ceramics. It is remarkable the change induced by Mn 
doping, where the electrical resistivity is 8 orders of 
magnitude higher than in pure samples;

iv)	 The magnetic ions introduced in PFW lattice induced 
changes of less than 10% in the ferroelectric ordering 
temperatures, but did not change the character of the 
phase transition. The value of the dielectric constant 
increases for Gd and Mn doping, and decrease for Cr 
doping;

v)	 MW dielectric responses were investigated in magnetic 
ions doped Pb(Fe2/3W1/3)O3 multiferroic ceramics. A 
dielectric dispersion occurs in the frequency range 
of 100MHz-3GHz for all samples and at different 
temperatures;

Figure 5. Real (ε') and imaginary (ε'') components of the relative 
dielectric permittivity for PFW ceramics as a function of the 
frequency in the microwave range, at 110 K and 300 K.

Figure 6. Temperature dependence of the characteristic coefficients 
of the microwave dispersion in PFW doping ceramics (a) dielectric 
strength (Δε), characteristic frequency (fR) and (c) dielectric 
susceptibility at 1GHz.
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vi)	 At low temperatures, dielectric microwave measurements 
show the ferroelectric phase transition, close to 205 K;

vii)	At high temperatures,  dielectric microwave 
measurements prove the coupling between the elastic 
and magnetic parameters. Ion doping change less than 
8% the temperature of magnetic phase transition .
Despite all ions improved dielectric and electric 

properties in PFW multiferroic ceramics, without change 
the characteristics of the ferroelectric and magnetic phase 
transitions temperatures, our results demonstrated that 
Mn doping is the best option to suppress conductive 
contributions, which is supported by the increase in the 
electric resistivity.

4. Conclusions
Structural, electric and dielectric properties were 

investigated in “pure” and with MnO2, Gd2O3 or Cr2O3 
doped Pb(Fe2/3W1/3)O3 ceramics. Dielectric and ferroelectric 
properties could be “tuned” by the adding magnetic 

ions to PFW. The microstructure of PFW did not change 
significantly on substitution of Mn/Cr ions at the Fe-sites. 
Detailed studies of dielectric constant and loss as a function 
of temperature at different frequencies showed that all 
compounds present a relaxor like response with Tm below 
room temperature. The maximum dielectric constant (εm) 
increases in doped PFW, except for the Cr doped samples. 
High frequencies measurements showed changes smaller 
than 8% in TC and TN with doping, and all doped samples 
keeping the main characteristics of the PFW ferroelectric 
relaxor phase transitions, improving electric properties.
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