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Abstract 

0.75Bi1-xSmxFeO3-0.25PbTiO3 i.e. (BSFPT)x solid solutions with x = 0.05 and 0.10 were 

successfully synthesized by solid state reaction method. The effect of Sm doping on ferroelectric, 

pizeoelectric and magnetoelectric properties has been investigated. Rhombohedral (R3c) and 

tetragonal (P4mm) phases are present in the produced solid solutions as a result of BiFeO3 and 

PbTiO3 compounds respectively. Ferroelectric study reveals the saturated ferroelectric loops with 

low remnant polarization (Pr) for prepared solid solutions. The pizeoelectric analysis shows the 

increase in the converse piezoelectric coefficient (d*33) with increase in Sm doping. 

Magnetoelectric coupling investigation reveals that the magnetoelectric coupling coefficient 

(αME) improves with Sm doping and reaches a maximum value of 1.616mV/cmOe. These 

enhanced features make the material attractive contender for possible applications. 

Keywords:   (BSFPT)x, PbTiO3, Tetragonal,  Magnetoelectric coupling coefficient,  Remnant 

polarization. 

 

1.   Introduction: 

          The development of multiferroic materials, which demonstrate the coexistence of 

ferroelectric and ferromagnetic ordering in the same phase, has received a lot of attention in the 

recent year [1,2]. These materials could be used for a variety of applications, such as 

spintronics, EMI filters, data storage, multiple state memory, transducers etc[3,4]. 

Magnetoelectric multiferroic systems have sparked research interest in the last decade due to the 

coexistence of ferromagnetism and ferroelectricity in a single phase, as well as the coupling 

between two ferroic orders [5-7]. More study of multiferroic materials has been stimulated by 

the discovery of magnetoelectric interaction in systems like BiFeO3 and TbMnO3 [8,9]. Because 

composites have a significantly stronger magnetoelectric (ME) effect than single phase 

materials, multiferroic composites with a magnetoelectric effect at room temperature have 

attracted researchers' interest for a variety of device applications [10].  
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      BiFeO3 (BFO) is one of the multiferroic materials that has been investigated the most in 

recent years and is the only one that is known to display both magnetic order (TN = 643 K) and 

ferroelectric order (ferroelectric transition temperature TC = 1103 K) at ambient temperature 

[11-13]. BFO is a single-phase multiferroic compound with distorted rhombohedral perovskite 

structure and R3c space group symmetry, which exhibits ferroelectricity as well as G-type anti-

ferromagnetism rhombohedral structure and permits the coupling between magnetism and 

ferroelectricity [10,14]. Magnetism is produced by the magnetic spins of unpaired Fe
3+

 ions, 

while ferroelectricity is produced by the displacement of Bi
3+

 ions from central-symmetric 

positions in relation to the oxygen ions around them [15]. BFO exhibits a very weak 

magnetoelectric coupling as a result of suppressed linear magnetoelectric coupling brought on 

by cycloidal spin modulation [16,17]. Weak ME coupling in BFO is predicted by theoretical 

calculations to be caused by a considerable discrepancy between the transition temperatures TC 

and TN [18]. In addition to these drawbacks, BFO also exhibits secondary phase development, 

low magnetization, high leakage current, poor ferroelectric reliability, and high dielectric loss 

[19-21]. The poor ferroelectric behavior was caused by the presence of secondary phase 

development, which caused substantial leakage current. Several efforts, including a doping at 

the Bi/Fe site, were performed to improve the magnetoelectric coupling, decrease the leakage 

current, and increase the dielectric constant in BiFeO3.  

        Several studies have been conducted to explore the influence of rare earth (La, Eu, Gd, and 

Nd) modified BFO [22-24]. To improve thermal stability and reduce leakage and volatility of 

BFO, room-temperature ferroelectric PbTiO3 (PTO) with tetragonal symmetry (P4mm) and TC = 

490 
0
C was added to BFO. In their discussion of the  phase transition in the compounds, Correas 

et al. asserted that a combination of two solid solutions with different symmetry may result in 

an unstable morphotropic phase boundary known as an MPB, which is thought to have 

increased piezoelectric and dielectric properties [25]. Comyn et al. observed the tetragonal and 

rhombohedral phases coexisting in 70% BFO-30%PT. It should be noted that the morphotropic 

phase boundary (MPB) is a notion; it is a phase transition zone where a massive reaction can be 

detected in the presence of an external stimulus, such as an electric field or mechanical force 

[26]. This can be accomplished by fine-tuning the compositional variation of the ABO3 

perovskite systems by substituting rare earths or ions at the A or B-site. The stability, 

sinterability, lattice parameter, bulk, grain boundary, and total conductivity of ABO3 type 

materials are influenced by the various B-site dopants (Al, Sc, In, Lu, Tm, Y, Gd, Sm, Nd, and 

La). The oxygen ion vacancy and ferroelectric transition temperature (Tc) can both be controlled 

by substitution [27]. According to Singh et al., substitution  of La
3+

 in BFO supports collinear 

antiferromagnetic spin configuration and results in better dielectric and magnetoelectric 

properties of 0.50(Bi1-xLaxFeO3)-0.50(PbTiO3) compounds [28]. The rare-earth (Ga
3+

, La
3+

 and 

Mn
3+

 ) co-modified 0.6BFO-0.4PTO was explored by a number of researchers. The effect of the 

Nd
3+

 modified MPB system (0.7BFO-0.3PTO) was investigated by N. Kumar et al. They found 

that the transition temperature decreased as Nd
3+

 ion concentration increased. The conductivity 

of the sample was lowered when Dy
3+

 was substituted in 0.6BFO-0.4 PTO [29,30]. 
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       In recent years, various literary works have discussed the development of composites with 

perovskite-type materials such as BaTiO3, which improve optical and multiferroic properties 

[31]. Pradhan et al. measured ferroelectric loops and magnetoelectric coefficients to study the 

multiferroic characteristics of a La-modified (BiFeO3)1-x(PbTiO3)x system [32]. In earlier 

research, the structural, magnetic, piezoelectric, and optical properties of other binary 

multiferroic perovskites were investigated, and it was found that the multiferroic properties had 

significantly improved [33]. PTO is used in this work because of its high polarisation and 

dielectric constant ferroelectric material, which settles the perovskite phase of the composite 

and also produces an MPB with BFO due to the difference in crystal symmetry between PTO 

and BFO. In order to enhance the multiferroic properties of BFO-PTO combination, it is 

reasonable to substitute the Bi
3+

 ion with a rare earth ion that has a small ionic radius and a  

large magnetic moment. In this study, 0.75Bi1-xSmxFeO3-0.25PbTiO3 solid solutions with x = 

0.05 and x = 0.10 compositions were synthesized and their ferroelectric, piezoelectric and 

magnetoelectric properties were investigated. 

        

 2.  Experimental Details: 

          A solid state reaction technique was used to synthesize  0.75Bi1-xSmxFeO3-0.25PbTiO3 

solid solution with x = 0.05 and x = 0.10. Bi2O3, Sm2O3, Fe2O3, PbO, and TiO2 powders of 

analytical grade reagents were weighed and thoroughly mixed in an agate mortar for four hours 

in acetone medium. The finely powdered powder was calcined for two hours at 830°C in a 

furnace. To prevent subsequent phases, a 5% excess of Bi2O3 was added to the initial reactants 

throughout the synthesis process. After adding a few drops of a polyvinyl alcohol (PVA) binder 

to each powder composition, the mixtures were ground in the agate mortar for an additional two 

hours. Blended powders of various compositions were squeezed into circular discs with a 

pressure of 1.5x 0
8
 Pascal to prepare pellet specimens of 1 mm thickness and 7 mm in diameter. 

The specimens were then sintered for two hours at 850
o
C. The crystal structure and phase 

development of the samples were examined using an X-ray diffraction at room temperature with 

CuK radiation at a wavelength of 1.5406 Å on a Bruker D8 Advance X-ray diffractometer.  A 

Ferroelectric loop tracer (aiXACCT Systems GmbH aixPES) was used to analyze the 

polarization (P) versus electric field (E) loops of shrunk, polishable pellets coated with high 

conducting silver paste at ambient temperature. The magnetoelectric (ME) coefficient (ME) was 

determined using highly precise magnetoelectric apparatus consisting of electromagnetic poles 

with 10 inch diameters and magnetic field homogeneity ranging from 1 to 10
6
. A lock-in 

amplifier and a power amplifier were used to generate AC magnetic fields. A lock-in amplifier 

measured the induced voltage across the sample in differential mode to subtract the common-

mode induction contribution. The applied frequency's phase was fixed in order to separate the 

sample's pure induced signal from it. Before to ME measurements, the sample was poled in an 

electric field for an hour. A 10 Oe AC magnetic field with a frequency of 999 Hz was used in 

parallel with a variable DC magnetic field ranging from 0 to 5000 Oe to perform dynamic ME 

coupling measurement.  
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Results and Discussion: 

        The ferroelectric behavior of the BiFeO3 compound is constrained by its larger leakage 

current. Due to the presence of the Nd
3+

 ion, it has been observed that the leakage current in Nd 

doped BiFeO3-PbTiO3 system is lower than in binary BiFeO3-PbTiO3 systems [34].  

Ferroelectric hysteresis loops for prepared samples obtained at room temperature for x = 0.50 

and x = 0.10 are displayed in Figure 1. The prepared samples have ferroelectricity due to the 

coexistence of the rhombohedral phase of BiFeO3 and the tetragonal phase of PbTiO3 which is 

caused by the ferroelectric distortion of the Ti (3d) orbital and the O (2p) orbital of PbTiO3, as 

well as the Bi (6s
2
) lone pair and the O (2p) orbital of the BiFeO3 crystal. It is seen that 

saturation polarization and remnant polarization are larger for x = 0.05 Sm composition and then 

decrease with increasing Sm concentration.  Table 1 shows the coercive field (Ec), remnant 

polarization (Pr), and saturation polarization (Ps) for with x = 0.05 and x = 0.10 compositions. 

The decrease in remnant polarization may be caused by structural distortions in produced 

compounds and differences in the ionic radii of the Sm
3+

 and Fe
3+

 ions. In BiFeO3-PbTiO3 

compounds with Sm doping, Sahu et al. found a comparable decrease in rem polarization values 

[35].  

       Furthermore, various studies have shown that oxygen vacancies have an impact on 

polarization, both theoretically and empirically [36,37]. In particular, PbO evaporation causes the 

lead and oxygen vacancies to form defect dipoles during the high-temperature sintering process. 

[38]. These dipoles provide an induced polarization vector that requires more energy to reorient 

in the field direction. The constant polarization vector also creates a restoring force that favours 

the domains returning to their initial state, which causes the remnant polarization to diminish.  

Similar connections between oxygen vacancies and residual polarization were reported in Sr 

doped BiFeO3-PbTiO3 ceramics [39].The region under the loops represents energy dissipation of 

the samples. The PE-hysteresis loop exhibits the structural change (rhombohedral-tetragonal). 

The prepared samples only cover a small region, which may be connected to the ability of the 

samples to store energy [40]. The  similar observations has been observed for Nd doped BiFeO3-

PbTiO3 solid solutions [41]. 

 

Table 1. Saturation polarization (Ps), remnant polarization (Pr), and coercive field (Ec) for  

0.75Bi1-xSmxFeO3-0.25PbTiO3 solid solutions  with x = 0.05 and x = 0.10 compositions. 

 

 

 

 

 

 

 

 

Composition         

(x) 
Ps(µC/cm

2
)  Pr (µC/cm

2
) Ec (kV/cm) 

0.05 0.6955 0.4428 5.6144 

0.10 0.2737 0.0869 2.9074 
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Figure 1.  Ferroelectric hysteresis loops (P-E loops) of  0.75Bi1-xSmxFeO3-0.25PbTiO3 solid 

solution with x = 0.05 and x = 0.10 compositions. 

 

         The ratio of the maximum strain (Smax) to the maximum field (Emax) in the cycle was used 

to determine the converse piezoelectric coefficient (d
*

33) [42]. Figure 2 illustrates the variation of 

the converse piezoelectric constant (d*33) with composition (x) of 0.75Bi1-xSmxFeO3-

0.25PbTiO3 solid solution at room temperature. The value of d*33 was found to rise as 

composition x increased. The structural transition with composition close to the morphotropic 

phase boundary may be connected to the anomalous change in piezoelectric characteristics [43]. 

In perovskites, the possibility of hybridization between the p-orbital of an oxygen anion and the 

d-orbital of a transition metal (Fe/Ti) is decreased by increased tetragonal strain (c/a). The 

maximum value of d*33 was found to be 45.06 pm/V for x = 0.10 composition. Long Xue et al. 

found a similar behavior in the piezoelectric characteristics of BiScO3-PbTiO3-based 

piezoelectric ceramics [44].          
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Figure 2.   Variation of  the  converse  piezoelectric coefficient (d*33) with composition (x) for    

                  0.75Bi1-xSmxFeO3-0.25PbTiO3 solid solution. 

             The interaction of the electric and magnetic order factors results in the magnetoelectric 

(ME) effect in multiferroics. ME coupling can be calculated using the ME voltage coefficient 

related to the applied magnetic field and the observed voltage change. The ME coupling 

coefficient (αME) was calculated using the dynamic approach. The linear ME coefficient ‘α’   

derived from output voltage is as follows: 

             
  

  
 

 

 
  
  

  
 
    

   
  

 

Where h0, Vout and d  are  AC  magnetic field, induced output voltage and  sample thickness 

respectively. A fixed DC magnetic field is used to determine the linear coefficient while an AC 

magnetic field is being simultaneously swept. A parallel 10 Oe AC magnetic field with a 999 Hz 

frequency and a variable DC magnetic field ranging from 0 to 5000 Oe were applied in order to 

conduct dynamic ME coupling measurement. The ME coupling coefficient (αME) is calculated by 

dividing the output voltage by the sample thickness and the AC magnetic field. Figure 3 displays 

plots of αME  for 0.75Bi1-xSmxFeO3-0.25PbTiO3 solid solution at room temperature. αME steadily 

increases with increasing magnetic field, reaches a peak, and then gradually drops with 

increasing magnetic field f. According to Ramana et al., this type of behavior is typically 

connected with magnetic field dependency of magnetostriction [45]. Due to domain expansion 

brought on by the applied magnetic field, the value of αME increases between 1 kOe and 2.5 kOe. 

Above this field, however, further domain development causes deformation to decrease, which 

causes the value of αME to decrease [46]. Table 2 displays the maximum value of αME for 

prepared solid solutions . Additionally, it is found that αME rises with Sm doping, which is 
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connected to the quenching of the cycloidal spin structure of BiFeO3. For Nd-doped BiFeO3 

ceramics, Jartych et al. reported a comparable result [47].  

 

Table  2.   Maximum value of ME coupling coefficient (αME) for 0.75Bi1-xSmxFeO3- 0.25PbTiO3 

solid solution 

 

 

 

 

 

 

 

Figure 3.  Variation of ME coupling coefficient (αME ) with dc  magnetic field (Hdc ) for 0.75Bi1-            

                        xSmxFeO3-0.25PbTiO3 solid solution 

3. Conclusions: 

0.75Bi1-xSmxFeO3-0.25PbTiO3 solid solutions with x = 0.5 and x = 0.10 compositions were 

successfully synthesized using the solid-state reaction technique. The pinning effect in 

ferroelectric loops suggests the energy storage performance of the solid solutions with 

increasing Sm doping. The prepared samples are capable of producing a modest piezoelectric 

effect, with a maximum converse piezoelectric coefficient (d*33) of 45.06pm/V. The 

magnetoelectric coupling coefficient, which affects the ferroelectric and ferromagnetic 

behavior of compounds, is improved by an increase in Sm doping. The BiFeO3 compound's 

spin cycloid is affected by Sm doping, which can be exploited to enhance multiferroic 

characteristics and make the substance a desirable contender for future uses.       

 

Composition         

(x) 
αME(mV/cmOe) 

0.05 1.122 

0.10 1.616 
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