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Abstract—In the present paper, the effects of (Fe3+ and La3+) 

and of Fe3+ on the properties of Pb(Zr0.53Ti0.47)O3 (PZT) 

ceramic materials have been studied. Conventional solid 

reaction method has been used for the sintering of the ceramic 

materials and their multiferroic properties have been 

investigated. The structure, the electric and magnetic 

properties of the ceramic materials have been explored. In case 

of iron ions or lanthanum and iron ions doping, the PZT 

ceramic materials show simultaneous effects of both 

ferromagnetism and ferroelectricity at room temperature with 

magnetic and dielectric properties suggestive of multiferroic 

behaviour in these systems. Introduction of the addition of La3+ 

together with Fe3+ has determined a major improvement of the 

electric properties. The magnetic properties decrease with the 

introduction of La3+ along with Fe3+. 

 

Keywords—multiferroics, PZT ceramics, dielectric, 

ferroelectric  

I. INTRODUCTION  

Multiferroics are a class of so-called intelligent materials 

in which at least two of the following three properties 

coexist simultaneously: ferroelectricity, ferromagnetism and 

ferroelasticity [1-4]. Thus, these materials have (i) a 

spontaneous polarization that can be reoriented when we 

apply an electric field, (ii) a spontaneous deformation that 

can be reoriented when we apply a stress, and (iii) a 

spontaneous magnetization that can be reoriented when we 

apply a magnetic field [5]. For “multiferroic” materials, 

multiplestate memory elements, magnetically modulated 

piezoelectric transducers and electric field-controlled 

ferromagnetic resonance devices have been suggested as 

applications [6,7]. The magnetoelectric effect (ME) is 

defined by the appearance of an electric polarization when 

applying a magnetic field or conversely the appearance of 

an induced magnetization under an applied electric field [8].  

In recent years, researchers' studies have focused on 

composites with functional properties [9 - 11]. Multiferroic 

composites (e.g., combination of piezoelectric and ferrite 

materials) occupy an important place in this research. In 

multiferroic materials, the applied magnetic field can 

modify/change the spontaneous electric polarization and 

conversely the applied electric field can modify/change the 

spontaneous magnetization. In multiferroics materials, the 

internal effects are dependent on the elastic coupling 

between the piezoelectric and magnetostrictive components. 

Thus, the mechanism of achieve the ME coupling is not well 

defined [12]. However, recently dynamic studies and 

relevant electronic models have been proposed [13]. The 

research has been directed to obtain multifferoic materials 

based on solid solutions with perovskite structure. Of 

particular interest are the compositions with the general 

formula Pb(B'B")O3, where the position B' is occupied by 

Fe3+. The piezoelectric commercial compositions 

Pb(Zr,Ti)O3 (PZT) have been used for high performance 

actuators and transducers in arrears to their superior 

dielectric and piezoelectric properties. The most studied and 

used piezoelectric materials with perovskite structures are 

those described by the general formula PbZr1-xTixO3 [14-

19]. 

A composition of interest is that in which Fe3+ is used as 

a dopant below the solubility limit in PZT. Defective dipole 

formation occurs and partial load is compensated by oxygen 

vacancies [20]. It is known that doping the A position with 

La3+ together with Pb2+ favors the electrical order in PZT 

compositions [21,22]. Doping with Fe3+ in position B 

generates the magnetic order by forming a magnetic 

moment. The appearance of the two phenomena that coexist 

in these modified PZT compositions is the basis of potential 

new applications [22]. In modified PZT compositions 

undesirable phases (pyrochlor) can occur which leads to a 

decrease in electrical properties [23], but very high values of 

piezoelectric coefficients can also be obtained together with 

relatively high ME coupling (e.g Fe3+ doped PLZT 9/65/35 

ceramics) [24]. Fe3+ has an important role in obtaining new 

perovskite structures with properties that change in the 

magnetic field, similar to PFN ceramics [20,25]. 

Multiferroic materials (in which, as mentioned above, 

electric polarization and magnetization can coexist) are the 

new candidates for spintronic compounds but so far only a 



few materials that are multiferroic have been reported 

[26,27]. 

On this background, in the present paper a systematically 

investigations of the structural, electrical, ferroelectric and 

magnetic properties of PZT modified ceramic system is 

descibed.  

II. EXPERIMENTAL PROCEDURE 

High purity powders (> 99.5%) of PbO (Aldrich), TiO2 

(Aldrich), ZrO2 (Alfa Aesar), La2O3 (Merck) and Fe2O3 

(Loba), were used to prepare the desired compositions of 

PFZT and PLFZT ceramics by the conventional solid 

reaction method. The oxide constituents were weighed in 

accordance with the molecular formula: Pb(1-3x/2) (Fe0.5)x 

(Zr0.57Ti0.43)(1-x/4) O3 - named PFZT and Pb(1-3x/2) (Fe0.5 La0.5)x 

(Zr0.57Ti0.43)(1-x/4) O3  - named PLFZT, where x = 0.09. 

The milling process was carried out in a Retsch planetary 

ball mill for 10 h at room temperature using distilled water. 

Once dried, the mixtures were calcinated at 870 oC for 5 h. 

The heating/cooling rate was 5 oC/min. Then the calcination 

compositions were milled again for 16 hours in distilled 

water, dried and mixed with 5% polyvinyl alcohol (PVA) 

solution as a binder and uniaxially pressed as discs using 

hydraulic pressing at a pressure of 110 MPa.  

The green ceramic discs, each measuring 12 mm in 

diameter and 1.5 mm in thickness, were sintered for 2 h at 

1200 oC and 1230 oC in a closed alumina crucibles which 

contained PbZrO3 to inhibit PbO evaporation from the 

ceramic samples. The heating and cooling rates being fixed 

at 5°C/min. After sintering, all the samples were lapping at 

1 mm height and then silver electroded on both plan parallel 

surfaces and fired at 650 °C for 30 min. The density of each 

sintered sample was determined by Archimede’s method. X-

ray diffraction (XRD) was performed in θ - 2θ configuration 

using a Bruker D8Discover diffractometer with CuKα 

(1.5406 Å) radiation with a 1D LynxEye detector. The XRD 

measurements were performed at room temperature in 

continuous scan mode at 2θ angle from 10˚ to 70˚, with an 

increment of 0.004˚. The experimental patterns were 

indexed by ICDD PDF2 database. Then the structure was 

studied using Rietveld refinements [28]. The morphology 

and grain size of the sintered samples has been studied by 

Scanning Electron Microscopy (SEM) with FEG-SEM-FIB 

Auriga Workstation produced by Carl Zeiss, Germany. The 

capacitance and the  dielectric loss (tan δ) were measured 

using LCR meter HM 8018 (HAMEG type), at 1kHz. The 

P-E hysteresis loops of unpoled samples were measured 

using the TF analyzer 2000 (Aixact System). Magnetic 

measurements of the samples were carried out using a 

laboratory-fabricated vibrating sample magnetometer (VSM 

Lake Shore model 7300). 

III. RESULTS AND DISCUSSION 

A. Structural analysis 

By X-ray diffraction analysis, it is found that all the 

compositions have main perovskite tetragonal phase. The 

addition of Fe3+ and La3+ did not significantly modify the 

ferroelectric phase at MPB, but leads to a slightly lower 

tetragonality (i.e., c/a ratio) and lattice shrinkage on c axis 

noticeable also on unit cell volume. Mass differences, 

electron structure and radius among Pb2+, Zr4+, Ti4+ and 

dopants ions which relieve the tetragonal lattice distortion 

lead to the reduced lattice parameter values (Tab. 1).  
 

TABLE 1. LATTICE PARAMETERS A, C,  TETRAGONALITY AND 

CRYSTALLITE SIZE RESULTED BY RIETVELD REFINEMENT 

 
Samples Tempera 

ture 

T [°C] 

Cell  

parameter 

a [Å] 

Cell 

parameter 

c [Å] 

Tetrago- 

nality  

c/a 

Crystallite  

size [nm]/ 

Space  

group 

PZT (PDF 

01-072-

7166) 

- 4.0174 4.1420 1.03 -/ 

Tetragonal 

P4mm(99) 

PFZT 1200 4.0248 4.1191 1.02 57/  

Tetragonal 
P4mm(99) 

1230 4.0249 4.1226 1.02 51/ 
Tetragonal 

P4mm(99) 

PLFZT 1200 4.0213 4.1145 1.02 74/ 

Tetragonal 

P4mm(99) 

1230 4.0187 4.1181 1.02 75/ 

Tetragonal 

P4mm(99) 

 

All the sintered compositions reveal a perovskite structure 

meaning that the dopants (La3+ and Fe3+) diffuse into the 

PZT lattice and form a solid-solution.  

B. Microstructural analysis 

The SEM images (x50000) reveal for all sintered 

samples a dense microstructure with a grain distribution, 

which is influenced by the nature of the dopant and by the 

sintering temperature. Figure 1 shows that the samples 

(PFZT and PLFZT) sintered at 1200 °C have a 

homogeneous microstructure. There are two types of 

tetragonal grains, some of which are of small size and 

placed at the intergranular boundary of large granules. The 

addition of the La3+ leads to increase the homogeneity of the 

microstructure. 
 

 

 

 

       (a) (b) 
  Fig. 1. SEM images of samples sintered for 2 h at 1200°C,  

(a) PFZT and (b) PLFZT 

 

Similarly to the previous images, the samples sintered at 

1230 °C appear with a homogeneous microstructure (Fig. 2)  

 

 

 

 

   (a) (b) 

Fig. 2. SEM images of samples sintered for 2 h at 1230 °C, 

 (a) PFZT and (b) PLFZT 



and show a morphology with rounded polyhedral 

particles. 

For the donor (La) and acceptor (Fe) doped 

composition PLFZT, the effect of grain growth inhibition 

was lowered as shown in Fig. 2(b); this is because of the 

lowered vacancy density resulting from charge 

compensation by substitution of lower valency cation 

Fe3+ on B site. 

 

C. Electrical properties 

For all sintered samples the values of the dielectric 

parameters (dielectric constant - εr and dielectric losses - tan 

δ) have been collected in Tab. 2. 

TABLE  2. THE DIELECTRIC PROPERTIES FOR THE SAMPLES  PFZT 

AND PLFZT SINTERED AT 1200 °C AND AT 1230 °C 

Temperature 

T [°C] 

Samples dielectric 

constant Ɛr 

loss factor 

 tgδ *10-3 

 

1200 

PFZT 848 2.89 

PLFZT 1143 1.82 

 

1230 

PFZT 1028 2.36 

PLFZT 1050 3.26 

 

The increase of the crystallites and the size of the 

granules leads to the increase of the value of εr with the 

development of the ordered regions inside the disordered 

matrix. This dielectric behavior is consistent with the 

structural results obtained [29]. The increase in tan δ 

observed in PFZT samples sintered at 1200 °C and in 

PLFZT samples sintered at 1230 °C can be attributed to 

structural defects, existing pores or can be attributed to the 

development of nanoregions due to the complex 

composition [30]. 

D. Ferroelectric properties 

Ferroelectric hysteresis loops of the unpoled samples 

measured at room temperature are presented in Fig. 3. All 

the sintered samples are ferroelectrics. As it can be 

observed, typical hysteresis loops were obtained for all the 

sintered compositions, showing a remnant polarization (Pr) 

and coercive field (Ec) of 2.48 (μC/cm2) and 1586.49 

(V/cm), respectively, for the PLFZT sample sintered at 1230 

°C. 

 
(a) 

 
(b) 

Fig. 3. Room temperature histeresis loops for the samples  PFZT 

and PLFZT sintered at (a)1200 °C and at (b) 1230 °C 

TABLE 3. FERROELECTRIC PARAMETERS OBTAINED FROM THE HYSTERESIS 

LOOPS OF THE FIG. 3. 

Temperature 

T [°C] 

Samples Polarization 

Pr 

(C/cm2) 

Polarization 

PS 

(C/cm2) 

Coercive 

field Ec 

(V/mm) 

 

1200 

PFZT 0.4541 2.2805 802.623 

PLFZT 0.5638 3.3803 600.023 

 

1230 

PFZT 0.200  1.9393 296,473 

PLFZT 2.4859 4.2164 1586.49 

E. Ferromagnetic properties 

The obtained values of the ferromagnetic parameters, e.g 

remnant magnetization (Mr) and coercive field (Hc), are 

shown in the Tab. 4. The PLFZT samples are not 

ferromagnetic which can be explained by the fact that La3+ 

has an influence on exchange interaction between Fe3+ ions. 
 

 
(a) 

 
b) 

Fig. 4. Room temperature ferromagnetic hysteresis loops for the 

samples  PFZT and PLFZT sintered at (a)1200 °C and at (b) 

1230 °C 
 

TABLE 4. FERROMAGNETIC PARAMETERS OBTAINED FROM THE 

FERROMAGNETIC HYSTERESIS LOOPS OF THE FIG. 4. 

Temperature 

T [°C] 

Samples Magnetization 

Mr 

(emu/g) 

Magnetization 

MS 

(emu/g) 

Coercive 

field Hc 

(Oe) 

 
1200 

PFZT 0.12 0.3 1109 

PLFZT 0 0.02 285 

 

1230 

PFZT 0.13 0.31 1252 

PLFZT 0.007 0.04 578.1 

 

The remnant magnetization (Mr) and coercive field (Hc) 

values of the samples sintered at 1200 °C and at 1230 °C 

decrease with the addition of La ions (Fig. 4 and Tab. 4). 

The compositional dependence may be attributed also to the 

presence of the small amount secondary phase, undetected 

by XRD, in the PLFZT compositions, in good agreement 

with the previous report by Raevski et al. [33] in the PFT–

PT solid solution ceramics. 

 



IV. CONCLUSIONS 

PZT (Zr/Ti=57/43) ceramics, modified with Fe3+ and 

La3+ and Fe3+dopants, have been synthesized by a solid-state 

reaction process. When the La ion content is adding in the 

Fe doped PZT, the electrical properties have the tendency 

showing the increased values (εr). 

 

ACKNOWLEDGMENT 

The authors acknowledge the financial support of the 

Ministry of Research and Innovation, through PN 

19310103/ 2019 for making possible the dissemination of 

these results. The authors are especially grateful to their 

colleagues Marinescu Virgil and Manta Eugen for their help 

for SEM micrographs and magnetic measurements. 

REFERENCES 

[1] W. Eerenstein, N. D. Mathur and J. F. Scott, “Multiferroic and 
magnetoelectric materials,” Nature, vol. 442, pp. 759-765, Aug. 2006.  

[2] N. A. Spaldin, S.-W. Cheong, and R. Ramesh, “Multiferroics: Past, 
present, and future,” Phys. Today, vol. 63, pp. 38–43, 2010.  

[3] J. Jin, F. Zhao, K. Han, M. A. Haque, L. Dong, and Q. Wang, 
“Multiferroic polymer laminate composites exhibiting high 

magnetoelectric response induced by hydrogen-bonding interactions,” 

Adv. Funct. Mater., vol. 24, pp.1067–1073, 2014.  
[4] M. Fiebig, T. Lottermoser, D. Meier, and M. Trassin, “The evolution 

of multiferroics,” Nat. Rev. Mater., vol. 1, pp. 1-14, August 2016.  

[5] N. A. Hill, “Why Are There so Few Magnetic Ferroelectrics?,” J. 
Phys. Chem. B, vol. 104, pp. 6694–6709, 2000. 

[6] Y. J. Wang, J. Q. Gao, M. H. Li, Y. Shen, D. Hasanyan, J. F. Li, and 

D. Viehland, “A review on equivalent magnetic noise of 
magnetoelectric laminate sensors,” Philos. Trans. Royal. Soc. A., vol. 

A372:20120455, pp. 1-13, November 2014.  

[7] J. Das, M. Li, S. S. Kalarickal, S. Altmannshofer, K. S. Buchanan, J. 
F. Li, and D. Viehland, “Control of magnetic and electric responses 

with electric and magnetic fields in magnetoelectric heterostructures,” 

Appl. Phys. Lett, vol. 96, pp. 222508-1-222508-3, 2010. 
[8] M. Fiebig, “Revival of the magnetoelectric effect,” J. Phys. D Appl. 

Phys., vol. 38, pp. R123–R152, 2005.   

[9] L. M. Hrib, and O. F. Caltun, “Effects of the chemical composition of 
the magnetostrictive phase on the dielectric and magnetoelectric 

properties of cobalt ferrite–barium titanate composites,” J. Alloys 

Compd., vol. 509, pp. 6644–6648, 2011.  
[10] H. Zhang, and C.-L. Mak, “Impedance spectroscopic characterization 

of fine-grained magnetoelectric Pb(Zr0.53Ti0.47)O3–(Ni0.5Zn0.5)Fe2O4 

ceramic composites,” J. Alloy. Compd., vol. 513, pp. 165–171, 2012. 
[11] J. Ryu, S. Priya, K. Uchino, and H.-E. Kim, “Magnetoelectric effect 

in composites of magnetostrictive and piezoelectric materials,” J. 

Electroceram., vol. 8, pp. 107–119, 2002.  
[12] I. A. Sergienko, and E. Dagotto, “Role of the Dzyaloshinskii-Moriya 

interaction in multiferroic perovskites,” Phys. Rev. B, vol. 73, pp. 

094434-1-094434-5, 2006.  
[13] W. W. Li, J. J. Zhu, J. D. Wu, J. Gan, Z. G. Hu, M. Zhu, and J. H. 

Chu, “Temperature dependence of lectronic transitions and optical 
properties in multiferroic BiFeO3 nanocrystalline film determined 

from transmittance spectra,” Appl. Phys. Lett., vol. 97, 121102-1-

121102-3, 2010.  
[14] D. Bochenek, P. Niemiec, J. Korzekwa, B. Durtka and Z. Stokłosa, 

“Microstructure and Properties of the Ferroelectric-Ferromagnetic 

PLZT-Ferrite Composites,” Symmetry, vol. 10, pp. 1-14, March 
2018.  

[15] J. A Bartkowska and J. Ilczuk, “The internal friction and the 

relaxation time spectrum of ferroelectric ceramic PZT type,” Acta 
Phys. Pol. A, vol. 114, pp. A7–A13, 2008.  

[16] L. Kozielski, M. Adamczyk, J. Erhart, and M. Pawełczyk, 

“Application testing of Sr doping effect of PZT ceramics on the 
piezoelectric transformer gain and efficiency proposed for MEMS 

actuators driving,” J. Electroceram.,  vol. 29, pp. 133–138, June 2012.  

[17] P.-H. Xiang, X.-L. Dong, H. Chen, Z. Zhang, and J.-K Guo, 
“Mechnical and electrical properties of small amount of oxides 

reinforced PZT ceramics,” Ceram. Int., vol. 29, pp. 499–503, 2003. 

[18] K. H. Cho, C. E. Seo, Y. S. Choi, Y. H. Ko, and K. J. Kim, “Effect of 
pressure on electric generation of PZT(30/70) and PZT(52/48) 

ceramics near phase transition pressure,” J. Eur. Ceram. Soc., vol. 32, 

pp. 457–463, 2012.  
[19] R. Sitko, B. Zawisza, J. Jurczyk, D. Bochenek, and M. Płońska, 

“Multielement XRF Semimicroanalysis of Pb(Zr,Ti)O3 Type 

Ferroelectric Ceramic Materials Doped with Pb(Nb,Mn)O3 and Bi2O3 
by the Thin Layer Metod,” Microchim. Acta, vol. 144, pp. 9–15, 

2004.  

[20] H.-J. Kleebe, S. Lauterbach, L. Silvestroni, H. Kungl, M. J. 
Hoffmann, E. Erdem, and R.-A. Eichel, “Formation of magnetic 

grains in ferroelectric Pb[Zr0.6Ti0.4]O3 ceramics doped with Fe3+ above 

the solubility limit,” Appl. Phys. Lett.,  vol. 94, pp. 142901-1-142901-
3, 2009.  

[21] V. V. Efimov, S. S. Khasanov, B. N. Mavrin, N. N. Novikova, A. V. 

Shilnikov, A. I.Burkhanov, V. V. Sikolenko, A. Sternberg, S. I. 
Tiutiunnikov, D. M. Toumlbbens, V. A.Yakovlev, “Structure and 

lattice dynamics in PLZT 8/65/35 ceramics irradiated by highcurrent 

pulsed electron beam,” Ferroelectrics, vol. 302, pp. 327 – 333, 2004. 
[22] R. Blinc, P. Cevc, A. Zorko, J. Holc, M. Kosec, Z. Trontelj and J. 

Pirnat, N. Dalal, V. Ramachandran, and J. Krzystek, “Electron 

paramagnetic resonance of magnetoelectric Pb(Fe1∕2Nb1∕2)O3,” Journal 

of Applied Physics, vol. 101, 033901-1-033901-5, 2007.  

[23] P. Amonpattaratkit, P. Jantaratana, and S. Ananta, “Influences of PZT 

addition on phase formation and magnetic properties of perovskite 
Pb(Fe0.5Nb0.5)O3-based ceramics,” J. Magn. Magn. Mater., vol. 389, 

pp. 95–100, 2015.  
[24] S. Dutta, and R. N. P. Choudhary, “Effect of trivalent iron 

substitution on structure and properties of PLZT ceramics,” Appl. 

Phys. A, vol. 90,  pp. 323–328, 2008. 
[25] L. Kozielski, and M. Płońska, “Magnetic and Piezoelectric Properties 

of the Fe3+ Doped PLZT Electroceramics,” Mater. Sci. Forum, vol. 

730-732, pp. 117–122, 2012.  
[26] J. Wang, et al, “Epitaxial BiFeO3 Multiferroic Thin Film 

Heterostructures,” Science, vol. 299, pp. 1719–1722, March 2003. 

[27] N. A. Hill, “Why Are There so Few Magnetic Ferroelectrics?,” J. 
Phys. Chem. B, vol. 104 , pp. 6694-6709, 2000.  

[28] H. M. Rietveld, “Line Profiles of Neutron Powder-Diffraction Peaks 

for Structure Refinement,” Acta Crystallogr. A, Vol. 22, pp. 151-152, 
1967. 

[29] X. G. Tang, J. Wang, X. X. Wang, and H. L. W. Chan, “Effects of 

grain size on the dielectric properties and tunabilities of sol-gel 

derived Ba(Zr0.2Ti0.8)O3 ceramics,” Solid State Commun., vol. 131, 

pp. 164–168, May 2004. 

[30] D. A. Sanchez, A. Kumar, N. Ortega, R. Martinez, and R. S. Katiyar, 
“Investigation of Multiferroic Properties of (PbZr0.53Ti0.47 O3)(1-x)-

(PbFe0.5Ta0.5O3)x Ceramics,” Integr. Ferroelectr., vol. 124, pp. 61–72, 

2011.   
[31] R. J. Portugal, J-C.M’Peko, A. C. Hernandes, C. A. Guarany and J. D. 

S. Guerra, “Synthesis and Electrical Properties of PZT/BaFe12O19 

Multiferroic Ceramics,” Key Eng. Mater., vols. 512-515, pp. 1291–
1295, 2012. 

[32] A. Pelaiz-Barranco, J. D. S. Guerra, R. Lopez-Noda, and E. B. 

Araujo, “Ionized oxygen vacancy-related electrical conductivity in 
(Pb1−xLax)(Zr0.90Ti0.10)1−x/4O3 ceramics,” J. Phys. D: Appl. Phys., vol. 

41, pp. 215503-1-215503-5, 2008.  

[33] I. P. Raevski, V. V. Titov, M. A. Malitskaya, E. V. Eremin, S. P. 
Kubrin, A. V. Blazhevich, H. Chen, C. C. Chou, S. I. Raevskaya, I. N. 

Zakharchenko, D. A. Sarychev, S. L. Shevtsova, “Studies of 

ferroelectric and magnetic phase transitions in multiferroic 
PbFe0.5Ta0.5O3–PbTiO3 solid solution ceramics,” J. Mater. Sci., vol. 

49, pp. 6459–6466, 2014.  

 


