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Abstract: In this paper, Pb1-xFex(Zr0.52Ti0.48)O3 (PFZT) nano-size powders, in which x changed from 0.00 up to 0.20, 
were synthesized, using the sol-gel method. The PFZT samples were characterized by X-ray diffraction (XRD), 
Raman spectroscopy, scanning electron microscopy (SEM), and impedance spectroscopy. According to the 
experimental results, a combination of rhombohedral and tetragonal symmetries was seen in all the samples. The 
SEM investigation indicated that the grains were homogeneous with regular morphology, and the average grain 
size changed with Fe concentration. The dielectric characterizations showed that the dielectric permittivity 
increases with increasing temperature, and the Fe amount shifts down the temperature of transition. Moreover, a 
dielectric resonance phenomenon is observed for all the PFZT ceramics. 

Keywords: Pb1-xFex(Zr0.52Ti0.48)O3, X-ray diffraction, Raman spectroscopy, Sol-gel, dielectric permittivity, 
resonance. 

 

1. INTRODUCTION 

Lead zirconate titanate PbZrxTi1-xO3 (PZT) is an 
ABO3 perovskite oxide type. These compounds 
display a multitude of properties (ferroelectric, 
magnetic piezoelectric...) and are extensively 
used in practical devices (piezoelectric, 
electrostrictive, pyroelectric electro-optic, and 
magnetoelectric, etc). PZT is among the most 
investigated ferroelectric materials, due to its 
various applications such as sensors,  
actuators microelectronic devices, infrared 
detectors, non-volatile ferroelectric memory 
devices, and accelerometers [1, 2], and 
microelectromechanical systems (MEMS) [3]. All 
these applications are intensively linked to the 
physical properties of the material, especially 
piezoelectric and ferroelectric ones. 
PZT material can be synthesized by several 
physicals, chemicals, and mechanical methods 
such as solid-state [3, 4], sol-gel [5, 6], 
hydrothermal [7], coprecipitation method, and 
others [8, 9]. However, although PZT ceramics 
have good dielectric, piezoelectric, and 
electromechanical properties [10, 11] these 
characteristics are generally improved by varying 
the Zr/Ti ratio, or by substituting cations on A site 
(replacing Pb2+) or site B (replacing Zr4+ and/or 
Ti4+). In this sense, much research has been 
conducted on Mn-doped PZT [12], La-doped PZT 

[13], and K-doped PZT [14]. On the other hand, 
PZT materials with a ratio Zr/Ti of about 52/48 
(PbZr0.52Ti0.48O3: PZT52) near the morphotropic 
phase boundary, corresponding to the coexistence 
of both the rhombohedral and tetragonal phases, 
are well known to present high piezoelectric and 
dielectric properties [5, 15, 16]. 
Moreover, it's known that in a ferroelectric 
perovskite structure ABO3, substituting A and /or 
B cation with a magnetic ion leads to a 
multiferroic property combining ferroelectric and 
ferromagnetic properties, consequently, the 
magnetization can be switched with an applied 
electric field and vice versa the polarization by a 
magnetic field. This property can be very useful 
for random access memory elements, by 
switching magnetization by an applied electric 
field RAMs could operate at very low voltage 
values with fast and non-destructive Write/ Read 
operations. 
However, most known multiferroics (such as 
terbium manganites TbMnO3 or TbMn2O5) 
switch only a few nC/cm2 with applied magnetic 
fields too small for reliable discrimination 
between “1” and “0” states [17], [18]. Moreover, 
they operate only at cryogenic temperatures. 
BiFeO3 might operate at room temperature, but its 
magnetism is very weak and it neither permits 
switching large magnetizations with electric fields 
nor large polarizations with magnetic fields [17], 
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[19], [20]. PZT as a composite with ferrite was 
already investigated as a multiferroic [21, 22]. 
However, these sintered ceramic composites had 
lower Magneto-Electric (ME) coefficients. An 
important step in multiferroic materials was the 
development of rare-earth-iron-based composites 
with relatively high ME [23-26]. Although many 
different compound families have been widely 
investigated as multiferroic ME materials, high 
inherent coupling between multiferroic order 
parameters (especially above room temperature) 
has not yet been found in a single-phase 
compound. Hence, in this paper, we are interested 
in the synthesis and characterization of Pb(1-x) Fex 
(Zr0.52Ti0.48)O3, we are interested in the structural 
and dielectric study of these ceramics. 
Doping PZT with transition metals like Fe also 
helped it develop ferromagnetic characteristics. 
These doped materials and ferromagnetism are 
produced as a result of oxygen vacancies and 
hybridization of the p and d orbitals of the O and 
Fe atoms [27] There are only a few studies related 
to PZT-doped Fe compounds reported in the 
literature. The doped acceptor ions such as Fe 
present a high p-type electrical conductivity, a 
decrease in dielectric constant, an increase in 
frequency constant, and electromechanical 
properties [28, 29]. Some researchers have tried 
to study the properties of Fe-doped PZT. For 
example, Kumari et al. reported that the 
crystallite size of PZT ceramics decreases with an 
increase in the Fe dopant ratio [30]. This effect 
decreased the ferroelectric polarization and 
increased the magnetization. Sangawar et al. 
synthesized Fe-doped PZT materials by solid-
state method and they studied the effect of 
sintering temperature on the dielectric and 
piezoelectric properties of these materials [31]. 
Samanta et al. fabricated Fe-doped PZT ceramics 
by the sol–gel process [32]. They reported that the 
unit cell volume of the samples decreased with 
subsequent Fe doping. Li Jin reported the 
piezoelectric and mechanical properties of PZT 
doped with Fe [10]. 

2. EXPERIMENTAL PROCEDURE  

We have prepared our samples (PFZT) by the sol-
gel method, using solutions of lead acetate 
trihydrate (PbC2H3O2)2 3H2O), Zirconium 
Acetate Zr(CH3COO)4, titanium isopropoxide 
Ti(OCH(CH3)2)4, and Iron II Acetate Fe(C2H3O2)2 

as starting precursors. The first step is to 
stoichiometrically mix the solutions of these 
precursors according to the formula Pb(1-x)Fex 

(Zr0.52Ti0.48)O3 (0.00≤ x≤ 0.20) and stir them for 
one hour, forming a xerogel and then a gel. After 
drying it at 80°C, the obtained product is then 
ground using an agate mortar and calcined at 
700°C for 4 hours. Ones the mentioned steps are 
done, the milled powders were compacted 
uniaxially under a pressure of about 7 tons/cm2 to 
form pellets of 12 mm in diameter and 2 mm in 
thickness. The pellets were then sintered in an air 
atmosphere for 4 h at 1100°C. To limit the Pb 
volatilization which makes the material non-
stoichiometric [33, 34]; the sintering was 
performed under a rich PbO atmosphere. The 
synthesized materials were characterized by X-
ray diffraction (XRD) (XPERT- PRO with Cu Kα 
radiation with λ= 1.5406 Å, 2θ range 20°-70°), 
and fitted using Rietveld refinement in ʺFullProfʺ 
software. Raman spectroscopy was also studied 
and scanning electron microscopy (SEM) was 
used to study the morphology of the sintered 
pellets. The dielectric properties were studied as a 
function of temperature (up to 400°C) and 
frequency (up to 2MHz) using an Agilent 
impedance analyzer (Agilent E4980A). 

3. RESULTS AND DISCUSSION 

3.1. X-ray Diffraction 

Fig .1.a shows the diffractograms of the powders 
(PFZT) (x= 0.00, 0.025, 0.05, 0.075, 0.10, 0.15, 
and 0.20) calcined at 700°C for 4 hours. The 
results of these diffractograms show that all PFZT 
powders crystallize in the pure perovskite phase 
without the presence of secondary phases. The 
zoom of the peak (110) in fig. 1.b, reveals no 
change in this peak position for x= 0.00 to 0.75 of 
Fe content. While at x= 0.10, we notice a 
displacement of this peak towards the higher 
angles. Beyond x= 0.10, the peak (110) fluctuates 
between x= 0.15 and x= 0.20. The shift of the 
peak (110) towards the higher angles can be 
attributed to the substitution of the Pb atom of 
ionic radius ri(Pb2+)= 1.2 Å by an atom of smaller 
ionic radius ri(Fe2+)= 0.76 Å). While the 
fluctuation observed may be due to the 
substitution of the Zr4+/Ti4+ couple by Fe2+. 
The Rietveld refinement was performed using 
XRD data for PFZT powders (x= 0; 0.025; 0.05; 
0.075; 0.10; 0.15 and 0.20). The results are shown 
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in fig .2. The refinement analysis of the samples 
indicates that all PFZT powders crystallize in two 
distinct phases; tetragonal and rhombohedral with 
space groups P4mm and R3m respectively 
without change in phase structure with Fe doping. 
The coexistence of the two phases during the 
insertion of the dopants in the PZT perovskite is 
in good agreement with the results of the literature 
[14, 35, 36]. The values of the lattice parameters of 
the PFZT powders, the reliability factor χ2, the R-
parameters (Rp profile residual) and (Rwp weighted 
profile residual) as well as the percentages of the 
two phases (tetragonal and rhombohedral) as a 
function of the Fe content are shown in table 1. All 
the parameters are calculated using the Rietveld 

refinement method. These results show that the 
lattice parameters for the tetragonal and 
rhombohedral structure of PFZT samples are 
fluctuating; they decreased for certain values of x 
and increased for others. However, the decrease in 
the lattice parameters is attributed to the fact that the 
Fe with ionic radius ri(Fe2+)= 0.76 Å, substitutes for 
another atom with a larger ionic radius (Pb of ionic 
radius ri(Pb2+)= 1.2 Å). While the increase in lattice 
parameters may be due to the substitution of Ti ions 
with ionic radius ri(Ti4+)= 0.605Å or Zr ri(Zr4+)= 
0.72Å lower than that of the Fe ion ri(Fe2+)= 0.76 Å. 
On the other hand, we observed that R< 15.0 and 
χ2< 2.0, for all the samples, which indicates a good 
crystallinity of the powders.  

     
Fig. 1. . a. XRD patterns and b. Zoom of the peak (110) of Pb(1-x) Fex(Zr0.52Ti0.48)O3 samples (0.00≤ x≤ 0.20), 

calcined at 700°C for 4h. 

Table 1. Lattice parameters (a,c), Rp, RWP, and χ2, values for the structures of PFZT ceramics for 0≤ x≤ 0.20. 

x 
Tetra Rhom Rp 

(%) 
Rwp χ2 

Lattice parameters (a,c) % Lattice parameters (a,c) % 

x=0.00 
a=4.0402 
c=4.1098 

51.58 
a= 5.7510 
c=14.1262 

48.
42 

3.92 4.97 1.12 

x=0.025 
a=4.0278 
c=4.1212 

39.44 
a= 5.7451 
c=14.1502 

60.
56 

5.06 6.53 1.31 

x=0.05 
a= 4.0495 
c= 4.0791 

93.92 
a= 6.0406 
c=11.9728 

6.0
8 

4.35 5.69 1.59 

x=0.075 
a= 4.0512 
c= 4.0783 

91.67 
a=5.76534 
c=13.6599 

8.3
3 

5.48 6.98 1.34 

x=0.10 
a= 4.0250 
c= 4.0690 

82.57 
a= 5.7087 
c=14.0647 

17.
43 

4.06 5.20 1.33 

x=0.15 
a= 4.0383 
c= 4.0770 

82.27 
a= 5.7275 
c=13.7447 

17.
73 

5.20 6.54 1.30 

x=0.20 
a= 4.0137 
c= 4.0793 

87.91 
a= 5.6890 
c=14.1103 

12.
09 

4.20 5.37 0.80 

 

20 25 30 35 40 45 50 55 60 65 70

0,0

0,5

1,0

1,5

2,0

2,5

3,0

3,5

4,0

(0
2

2
)

(0
02

)

(0
01

)

(2
20

)

(1
1

2
)/

(2
1

1
)

(2
01

)/
(2

1
0

)

(2
00

)

(1
1

1
)

(1
00

)

x=0.00

x=0.05

x=0.15

x=0.075

x=0.025

x=0.10

In
te

ns
ity

(u
,a

)

2deg)

x=0.20

PFxZT

(1
10

)

(1
01

)(a)  

29,0 29,5 30,0 30,5 31,0 31,5 32,0 32,5 33,0
2deg)

(b) (110)

 [
 D

O
I:

 1
0.

22
06

8/
ijm

se
.2

93
8 

   
] 

 [
 D

ow
nl

oa
de

d 
fr

om
 c

em
st

.iu
st

.a
c.

ir
 o

n 
20

26
-0

6-
11

 ]
 

                             3 / 14

http://dx.doi.org/10.22068/ijmse.2938   
https://cemst.iust.ac.ir/ijmse/article-1-2938-en.html


Ahabboud Malika, Gouitaa Najwa, Fatima Zahra Ahjyaje, Lamcharfi Taj-dine, Abdi Farid 

4 

     

     

     

 
Fig. 2. Rietveld refined the XRD pattern for the PFZT samples calcined at 700°C/4h. 
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Also, the evolution of the percentage of phases 
shows a significant variation with the Fe content 
with a dominance of the tetragonal structure for 
all the samples, except 2.5% where the 
rhombohedral structure is present with more than 
60%. 

3.2. Raman Spectra 

Fig. 3 shows the evolution of the Raman spectra 
of PFZT samples in the frequency range of 100-
1000 cm-1. For pure PZT, all Raman bands are 
broad and asymmetric, and we have observed six 
peaks at 110 cm-1, 188 cm-1, 266 cm-1, 321 cm-1, 
470 cm-1, and 525 cm-1 and three broad peaks at 
606 cm-1, 709 cm-1 and 730 cm-1. These peaks are 
attributed to the A1(1TO), E(2TO), E + B1, 
A1(2TO), E(3TO), E(4TO), A1(3TO), E(4LO), 
and A1(3LO) modes, respectively. These results 
are in good agreement with the literature 
[6,37,38]. The A1(1TO) Raman mode observed 
around 110 cm-1 is associated with the vibration 
of Pb-O [39]. The tetragonal phase is represented 
by the two modes A1(2TO) and E(2TO), and the 
E+B1 mode confirms the existence of the two 
rhombohedral and tetragonal structures [39]. The 
E (3TO) (470 cm-1) and A1 (3TO) (606 cm-1) 
modes correspond to the bending of the O-Zr/Ti-
O. The E(TO2) and B1+E modes are related to the 
TiO6 rotation, while the A1(3LO) mode is due to 
the Zr/Ti-O stretching of the oxygen octahedron 
[40]. On the other hand, for Fe-doped PZT 
samples, all the modes of pure PZT are present in 
the Raman spectra of the different compositions 
(PFZT) but we observed, that when the Fe content 
increases, a decrease in intensity and a shift of 
some peaks (like A1(2TO), A1(1TO)) towards 
low frequencies for some values of x and towards 
high frequencies for the others. In addition, a new 
band was detected around 900 cm-1 for x= 0.15 
and x=0.20. This band can be attributed to the 
A1g mode which is due to the FeO6 octahedra. 
This mode is found by researchers who 
substituted iron in BaTiO3 of tetragonal structure 
and by others who studied the phase transition of 
Bi5Ti3FeO15 material by Raman 
spectroscopy[41,42]. We can also notice that the 
intensity of the A1 (2TO) and A1 (1TO) bands 
decreased with the increase of the Fe rate. 
Furthermore, the intensity of the E (3TO), E 
(4TO), and A1 (3TO) modes decreases relatively 
when the Fe content increases. These results may 
be due to the distortion of Zr/TiO6, probably 

caused by the substitution of Zr4+ / Ti4+ by Fe2+, 
which is confirmed by the work of Hasitha 
Ganegoda [43]. The presence of E(2TO), B1 + E, 
E(3TO), A1(3TO), E(4LO), and A1(3LO) modes 
indicates the dominance of the tetragonal phase in 
all samples, which confirms the X-ray diffraction 
results. These bands are shifted towards low 
frequencies and others towards higher 
frequencies which can be due to the substitution 
of the Pb or Zr/Ti atom by another atom (Fe) 
confirming the variation in the fluctuation of the 
lattice parameters in the XRD. 

 
Fig. 3. Raman spectra of PFZT powders for x= 0.00, 

0.025, 0.05, 0.075, 0.10, 0.15, 0.20. 

3.3. SEM Results 

The SEM micrographs for the PFZT ceramics 
sintered at 1100°C for 4 h are shown in figure 4. 
These images show that the morphology is well 
developed and the grains are homogeneous and 
regular in form with the presence of some pores. 
For x= 0.00 and 0.025 samples, the microstructure 
is characterized by grains of quasi-tetragonal 
form with the presence of small spherical grains. 
When the Fe content increases, the number of 
pores increases, and the ceramics are formed with 
a mixture of spherical grains. This indicates a new 
rearrangement of the structure. In addition, the 
average grain size changes with the change in the 
Fe content. Indeed, the values of the average grain 
size are presented in table 2. We notice that the 
average grain size of the undoped ceramic is 
about 3.45 µm which decreases and reaches a 
minimum value of 1.17 µm when the Fe content 
increases to 0.15. Furthermore, we have traced the 
evolution of the average grain size of PFZT 
ceramics as a function of Fe content as presented 
in figure 5. 
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Fig. 4. SEM micrographs of PFZT ceramics for 0.00≤ x≤ 0.20 sintered at 1100°C for 4 h. 
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This figure shows a considerable decrease in the 
average grain size from 0.00 to 0.05 of the Fe 
ratio, then a rapid increase at x= 0.075. Beyond 
x= 0.075, the grain size decreases until x= 0.15 
followed by an increase for x= 0.20. This 
evolution of the grain size is probably due to the 
substitution of Pb ions by Fe ions that decrease 
the lattice parameters found in XRD and so 
decrease also the grains size for doping ratios 
x= 0.00, 0.025, 0.05,0.10, and 0.15. While the 
increase in grain size for x= 0.075 is possibly due 
to the substitution of Ti/Zr ions by Fe2+. These 
results are in good agreement with the XRD 
results presented previously. 

Table 2. Average grain size of different composition 

of PFZT ceramics sintered at 1100°C. 
Composition of Fe Average grain size (µm) 

x=0.00 3.45 
x=0.025 3.20 
x=0.05 1.26 

x=0.075 3.51 
x=0.10 1.60 
x=0.15 1.17 
x=0.20 1.28 

 
Fig. 5. Variation of grain size of PFZT ceramics 

sintered at 1100°C for 4 h. 

3.4. Dielectric Properties 

3.4.1. Dielectric constant (ԑr) as a function of 
temperature 

Fig .6 shows the evolution of the dielectric 
constant of PFZT samples with (x= 0.00; 0.025; 
0.05; 0.075; 0.10; 0.15 and 0.20) as a function of 
temperature at different frequencies. For the pure 
PZT (x= 0.00), the dielectric permittivity 
increases with increasing temperature and reaches 
a maximum at a temperature Tc= 410°C. This 

maximum is independent of the frequency from 
50 to 900 kHz, it indicates the phase transition 
between the ferroelectric phase and the 
paraelectric phase at this temperature (Tc) [34, 
35]. This result is confirmed by the literature [13, 
45]. Similar behavior to pure PZT is observed for 
PFZT ceramic at x= 0.025 of Fe rate. While for 
other values of x the dielectric permittivity of 
PFZT samples (x= 0.05, 0.075, 0.010, 0.015, and 
0.020) show the same behavior as pure PZT for 
frequencies ≤100KHz and the maximum of the 
dielectric constant is not observed at the limit 
temperature of measurement in the case of  
x= 0.075 and 0.010 which indicates the shift of 
the transition temperature towards the higher 
temperatures while it is shifted towards the lower 
temperatures for x= 0.025, 0.05, and 0.015 and 
0.020, in where the transition peak is obtained. 
Furthermore, the maximum value of the dielectric 
permittivity (ɛrmax) shows a significant decrease 
for x= 0.025, then it increases beyond x= 0.025 
and it remains almost constant for x >0.10 of Fe 
content. Fig.7 shows the variation of the dielectric 
constant with temperature for the PFZT ceramics 
at higher frequencies. For x= 0.00 and 0.025 and 
the frequencies f ≥1 MHz, the dielectric 
permittivity increases with increasing 
temperature and reaches a maximum, then 
decreases and reaches a minimum and increases 
thereafter. The maximum dielectric constant εr, max 
moves towards the low temperatures when the 
frequency increases. This is the phenomenon of 
dielectric resonance [46, 28]. 
This behavior of the dielectric constant is 
observed for the other samples of different Fe 
concentrations but for frequencies f ≥500KHz. 
Table 8 shows the values of εr,max, and Tm at three 
various frequencies 1 MHz, 1.4 MHz, and 
1.8MHz. We observe that the maximum dielectric 
permittivity and the transition temperature 
increase as the frequency decreases. For all the 
tree frequencies, the value of Tm decreases with 
the increase in Fe concentration. While the value 
of εr,max is minimal at x= 0.075 of Fe content. 

3.5. Dielectric Constant as a Function of 
Frequency 
The variation of dielectric permittivity as a 
function of frequency in the range of 100 Hz to 2 
MHz at different temperatures for PFZT ceramics 
with (x= 0.0, 0.025, 0.05, 0.075, 0.10, 0.15 and 
0.20) is shown in fig. 8. 
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Fig. 6. Temperature dependence of dielectric permittivity at low frequencies of PFZT ceramics for 0.00≤ x≤0.20. 
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Fig. 7. Temperature dependence of dielectric permittivity at higher frequencies of PFZT ceramics for 

0.00≤x≤0.20. 
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Fig. 8. Dielectric constant variation as a function of frequency at different temperatures for PFZT samples. 
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Table 3. Dielectric constant εr max, Tc, and Tm at different frequencies of PFZT samples. 
Frequencies 1 MHz 1.4 MHz 1.8 MHz 

x Tm εr max Tm εr max Tm εr max 
x= 0.00 402 5877 377 4640 344 3787 

x= 0.025 351 1760 316 1514 297 1178 
x= 0.05 353 5383 312 4711 266 4071 

x= 0.075 294 796 277 759 243 734 
x= 0.10 355 1288 328 1154 300 1115 
x= 0.15 333 1486 308 1310 279 1352 
x= 0.20 330 1450 301 1256 267 1256 

 
For the pure PZT, the dielectric permittivity 
decreases at low frequencies and then becomes 
almost constant up to 5.105 Hz, which is typical 
of classical ferroelectrics. For temperatures 
higher than 320°C, the dielectric permittivity 
increases with the increase of the frequency and 
reaches a maximum value corresponding to the 
resonance frequency (fr) then it decreases rapidly 
for a frequency called antiresonance (fa). For 
temperatures under 320°C, the maximum 
dielectric constant can be observed for 
frequencies above 2 MHz. The resonant 
frequency increases with increasing temperature 
and shifts to the lower frequencies. These results 
are in good agreement with the literature [47, 48]. 
The same behavior as pure PZT was found for  
x= 0.05 but from 380°C the maximum of the 
dielectric permittivity shifts to high frequencies 
when the temperature increases suggesting 
dielectric relaxation [42]. For the other samples, 
the dielectric permittivity decreases rapidly with 
increasing frequency and the maximum value 
becomes lower compared with x= 0.00 and x= 
0.05. At low frequencies, the high dielectric 
permittivity is attributed to the existence of space 
charge polarization at the grain boundaries, which 
creates a potential barrier, causing a high value of 
the dielectric constant. 

4. CONCLUSIONS 

In summary, The Pb(1-x)Fex(Zr0.52Ti0.48)O3 (PFZT) 
ceramics with compositions (0≤ x≤ 20%) was 
prepared by the sol-gel method. The result of the 
X-ray diffraction study showed the formation of 
the crystalline structure without any trace of the 
secondary phase. Besides, the Rietveld 
refinement method confirmed the coexistence of 
rhombohedral and tetragonal phases. The Raman 
spectra of pure PZT powder showed the presence 
of eight peaks attributed to the tetragonal and 
rhombohedral bands. While for Fe-doped 

samples, we showed the disappearance of some 
peaks observed in pure PZT. The SEM 
micrographs of PFZT samples indicated the 
decrease of the grain size when Fe content 
increases and the number of pores was increased. 
The dielectric measurements as a function of 
temperature indicated that the dielectric 
permittivity was minimal at x= 0.075 while the 
transition temperature was decreased with 
increasing the Fe concentration in PZT ceramic 
until x= 0.075 and then it was increased. The 
phenomenon of resonance dielectric was obtained 
from the variation of dielectric permittivity as a 
function of frequency. 
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