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  4.3.8  M–H hysteresis loops 

 (1-x)BF-x(0.7PMN-0.3PT) 

  (1-x)BF-x(0.7PMN-0.3PT) 

 800  900   M–H hysteresis loops 

 -8  Hc  8 kOe  1.36  1.37  M–H 

hysteresis loops  (1-x)BF-xPMN  

(1-x)BF-x(0.9PMN-0.1PT)   saturation magnetization 

(Ms)   x = 20  40 %wt  800  900    Ms 

 BF  0.2 emu/g  Ms  

0.7PMN-0.3PT   Ms  900  

 Ms  Ms  0.7PMN-0.3PT 

 

 

 

 1.36 M–H hysteresis loops  BF-(0.7PMN-

0.3PT)  800   2   
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 1.37 M–H hysteresis loops  BF-(0.7PMN-

0.3PT)  900   2   
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1)  (1-x)BF-xPT, (1-x)BF-
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 BF, PMN  PT 

2)  (1-x)BF-xPT 

  (1-x)BF-xPMN 

  (1-x)BF-

x(0.9PMN-0.1PT)  (1-x)BF-x(0.7PMN-0.3PT) 

 

3)  (1-x)BF-xPT 

 superparamagnetic  
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(1-x)BF-xPMN, (1-x)BF-x(0.9PMN-0.1PT)  (1-x)BF-x(0.7PMN-0.3PT) 

 ferromagnetic 

4)  (1-x)BF-xPMN 

  2   230  330  

  
 

6.  

1)  BF  

  BF  

2)   

BF  
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Abstract

Multiferroic composites containing bismuth ferrite (BF) and lead magnesium 

niobate–lead titanate (0.9PMN–0.1PT) phases were fabricated by solid–state reaction, with 

10–50 %wt of 0.9PMN–0.1PT. The phase formation and microstructure were investigated 

by X–ray diffraction (XRD) and scanning electron microscope (SEM). Vibrating sample 

magnetometer (VSM) was used to characterize the magnetic properties. The results 

indicate that all composites show the perovskite structure and PMN–PT phase is 

compatible with BF phase. The microstructure display the mix phases between BF, PMN 

and PT phases. Moreover, the composites exhibited typical magnetic hysteresis (M–H)

*
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loops at room temperature. The maximum saturation magnetization MS is observed for x = 

30 and 40 wt% and then decreases with PMN–PT contents is less than 10 wt%. 

Keywords: Multiferroic; Composites; BiFeO3-based ceramics; Magnetic Properties

1. Introduction

 Perovskite solid–solutions have been an active area of research due to their 

importance in ferroelectric, ferromagnetic and piezoelectric applications along with their 

fascinating physical properties [1–3]. In particular, Bi–based ferroelectric are under intense 

investigation, because of its multiferroic properties i.e., ferroelectricity with high Curie 

temperature (TC) [4] and antiferromagnetic properties below Néel temperature (TN) [5]. 

However, the choice of single–phase materials exhibiting coexistence of strong ferro–

ferrimagnetism and ferroelectricity is limited. Therefore, the composite concept has been 

proposed.

 The emergence of new class of two–phase materials, namely, multiferroic 

composites/ferroelectric–ferromagnetic or dielectric–ferromagnetic composites have been 

attracted widely attentions from academics and industries because composites are desirable 

for the synthesis of materials with unique or improved properties. The sum properties of 

the composites such as dielectric properties, ferroelectric properties, electrical 

conductivity, ferromagnetic properties, density, etc., are also equally important as they 

affect the product property and hence its application in various practical devices. 

 Multiferroic BiFeO3 (BF) shows antiferromagnetic G–type spin configuration 

along the [111]c or [111]h directions in its pseudocubic or rhombohedral structure. 

Interestingly, this ferromagnetic BF exhibits characteristic features in dielectric properties 
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around the magnetic transition temperature, highlighting useful multiferroic behavior [6]. 

Moreover, BF compound is one of the ferro–electromagnetic multiferroic in which 

ferroelectric (TC = 830 oC) and antiferromagnetic (TN = 370 oC) [4,7] order parameter co–

exist up to quite high temperature. One of the main obstacles for BF applications is large 

leakage current. Recently, for high temperature applications and solve the problems, the 

binary system of multiferroic composite has been widely studies [8–10]. In this research 

report, an attempt has been made to study the ternary system BiFeO3–Pb(Mg1/3Nb2/3)O3–

PbTiO3 aiming at the development of multiferroic materials with desirable magnetic 

properties with reduction in leakage current. PbTiO3 (PT) was employed to form 

multiferroic composites with BF to improve the electro–magnetic properties because of its 

high ferroelectric transition temperature, large polarization and strong ability to stability 

the perovskite phase [11,12]. On the other hand, Pb(Mg1/3Nb2/3)O3 (PMN) has not been 

use for multiferroic composites.  

2. Experimental 

 The (1–x)BF–x(0.9PMN–0.1PT) (where x = 10, 20, 30, 40 and 50 %wt) composite 

materials were prepared by standard ceramic method. Firstly, laboratory grade reagents of 

Bi2O3 and Fe2O3 were used to prepare the BiFeO3 ferrite phase. The Pb(Mg1/3Nb2/3)O3 and 

PbTiO3 ferroelectric phases were synthesized from high purity oxides of PbO, MgO, 

Nb2O5 and TiO2 powders. BF, PMN and PT powders were prepared separately. The 

constituent BF compounds in suitable stoichiometry were thoroughly mixed in a ball 

milling for 24 h while PMN and PT phases were milled by vibro–milling for 1 h. The 

ferrite and ferroelectric phase were calcined separately at 850, 950 and 600 oC for 2 h, 

respectively. Multiferroic composites of (1–x)BF–x(0.9PMN–0.1PT) were prepared by 
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milling in a ball–mill for 24 h. The composite powders were pressed into disc pellets of 10 

mm in diameter and 1.5 mm in thickness using a uniaxial pressing. The pellets were 

sintered at 800 and 900 oC for 2 h in air. 

 The X–ray diffraction patterns of the composites were recorded by X–ray powder 

diffractometer with Cu K  radiation at room temperature. The microstructure of 

composites was examined with a Field Emission Scanning Electron Microscope (FE–

SEM) in backscattering electron mode. The magnetic data was recorded with the help of 

vibrating sample magnetometer (VSM) by applying an external magnetic field of 8 kOe at 

room temperature. 

3. Results and discussion 

 The typical X–ray diffraction patterns of (1–x)BF–x(0.9PMN–0.1PT) multiferroic 

composites with sintering temperature at 800 and 900 oC are shown in Figs. 1 and 2, 

respectively. It is clearly seen that ferrite and ferroelectric phases are indentified in 

composites. No phases other than BF–PMN–PT were observed in the X–ray analysis. It 

suggests that no significant chemical reaction were taken place during firing. All the 

reflection peaks were indexed using observed inter–plane spacing (d) were determined. 

The observed d values of all diffraction lines of (1–x)BF–x(0.9PMN–0.1PT) composites 

with different x content suggest that there is a change in the crystal structure from 

rhombohedral to mix cubic–tetragonal. A comparison between the XRD patterns reveals 

that the intensity of 0.9PMN–0.1PT peaks increase with increasing percentage of PMN–PT 

in these composites, while the intensity of ferrite peaks reduce continuously. As shown in 

the Figs. 1(b) and 2(b), the most strong diffraction peaks (104)(110) of BF shift toward 

lower angles for the composites. Especially, for Fig. 2, it can be easily seen that splitting 
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peaks (006)(200) shift toward lower angles and become one diffraction peak (111). It may 

be explained by the fact that the radius of Pb2+ (119 pm) is larger than that of Bi3+ (103 

pm) and Mg2+ (72 pm), Nb5+ (64 pm) and Ti4+ (61 pm) are larger than that of or Fe3+ (49 

pm) [13], resulting in an increase of unit cell volume with a shift of diffraction peaks 

toward lower angles. 

The backscattered electron images of composite samples with various compositions 

are shown in Figs. 3 and 4 (sintered at 800 and 900 oC, respectively). Since the composites 

are multiphase, it is desirable to know the distribution of the constituent phases which are 

observed in the microstructure. It should be noted that the overall microstructure of 

composites sintered at 800 and 900 oC are totally different from those observed in the BF–

based solid–solution case [14,15]. As a result, the microstructure became non–uniform. 

However, the uniform structure were obtained at x = 30 %wt for both sintering 

temperature. In the images, the dark color grains are ferrite grains and the light color ones 

are PMN–PT ferroelectric grains. It is very clear that two component phases are co–existed 

in the sintered composites. It is also identified that the grain sizes of two phases vary with 

the relative content of the components. Moreover, the grain size of PMN–PT and BF are 

found to be different. The ferrite grains are found to be of 0.5–1.25 m size while for 

PMN–PT grain size varies in the range of 1.0–3.75 m. The average grain size of 

ferroelectric phase is found larger than the ferrite phase in these composites. However, 

there were some large pores and agglomeration of the ferrite particles. Those could be 

found in the composites containing 10 and 20 %wt of PMN–PT.  

The SEM results substantiate with XRD results, indicating the successful formation 

of BF–PMN–PT composites. The microstructures of composites did not show any third 

phase caused by chemical reaction between BF and PMN–PT phases. For higher–

temperature sintering, a pronounced second phase is segregated at the grain boundaries. 
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The observation of these layers could be attributed to a liquid–phase formation during the 

sintering process as proposed by many researchers [16,17]. Uneven grain boundaries were 

also observed in Fig. 4(a) and (e). This uneven grain boundary seems to be a diffusion 

induced grain boundary migration [18]. In general, this mechanism is the evidence of the 

chemical composition gradient. Therefore, dissolution of Fe3+ ions from ferrite into 

ferroelectric phase can be expected in this composition. In this work, we did not control 

the connectivity, the actual connectivity was random mixture of 3–0 and 0–3 connectivities 

[19].

The magnetic hysteresis (M–H) loops of BF–PMN–PT composites are investigated 

at room temperature using VSM with an applied magnetic field of -8 kOe H  8 kOe as 

shown in Figs. 5 and 6 which samples sintered at 800 and 900 oC, respectively. The 

magnetic properties of materials are usually characterized by a hysteresis loop, which 

gives the behavior of materials when excited by an external magnetic field. Moreover, the 

magnetic characteristics of the composites follow from the ferrite’s properties, which are 

sensitive to composition, processing and firing conditions. If the presence of the 

ferroelectric in these composites does not change the intrinsic magnetic properties of the 

BF phase, a proportional reduction of the sum magnetization of composites with reducing 

the amount of the ferrite phase is expected. From the graphs, it is noted that composites 

exhibits a typical magnetic hysteresis, indicating that the composites in the BF–PMN–PT 

system are magnetically ordered. For x = 10, the saturation magnetization is 2.45 (1.46) 

emu/g, and for x = 20, 30, 40 and 50, the values of 2.10 (2.82), 0.97 (4.67), 3.28 (3.86) and 

1.26 (2.84) emu/g were obtained, respectively, when samples were sintered at 800 oC (900 

oC). These values are larger than the value of ~0.2 emu/g for pure BF [11]. The saturation 

magnetization (MS) of the composites decreases with an increase in “x” as shown in Figs. 7 
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and 8. Figs. 7 and 8 show the composition dependence of the saturation magnetization for 

the samples sintered at 800 and 900 oC, respectively.

From Fig. 7, when the amount of PMN–PT increases, the dilution effect dominates 

the magnetic properties of composites. This behavior can be attributed to size effect with 

two contributing factors: the structural distortion in the perovskite i.e., the content spin 

arrangement of unpaired electron on Fe3+ ions is caused by incorporating Pb2+ ions to A 

sites and/or Mg2+, Nb5+ and Ti4+ ions to B sites of the perovskite structure of BF [20] and 

at low ferrite concentration, the ferrite crystallite size is smaller. Other possible reason is 

the individual ferrite grains acts as center of magnetization and ferroelectric materials 

incorporate into the ferrite phase and break the magnetic circuit [21]. This results in 

decrease of magnetic parameters with increasing PMN–PT concentration in multiferroic 

composites. 

4. Conclusion 

Composite materials consisting BiFeO3 as a ferrite phase and 

0.9Pb(Mg1/3Nb2/3)O3–0.1PbTiO3 as a ferroelectric phase have been synthesized 

successfully by using solid-state reaction method. The coexistence of BF and PMN–PT 

phases in these composites has been confirmed from the XRD analysis and SEM images. 

The sintered composites were consisted of BiFeO3 and 0.9Pb(Mg1/3Nb2/3)O3–0.1PbTiO3

phases and no impurity phase was detected by XRD spectra. The SEM observations 

revealed that the co–existed two phases affect the sintering behavior and grain growth of 

components. These composites show typical magnetic behavior, which found to exhibit 

good magnetic properties. Moreover, the saturation magnetization values are found to 

decrease with increasing PMN–PT content.
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List of Figure Captions

Fig. 1 XRD patterns of (1–x)BF–x(0.9PMN–0.1PT) multiferroic composites sintered at 

800 oC with (a) 10, (b) 20, (c) 30, (d) 40 and (e) 50 %wt of 0.9PMN–0.1PT.

Fig. 2 XRD patterns of (1–x)BF–x(0.9PMN–0.1PT) multiferroic composites sintered at 

900 oC with (a) 10, (b) 20, (c) 30, (d) 40 and (e) 50 %wt of 0.9PMN–0.1PT.

Fig. 3 SEM micrographs of (1–x)BF–x(0.9PMN–0.1PT) multiferroic composites sintered 

at 800 oC with (a) 10, (b) 20, (c) 30, (d) 40 and (e) 50 %wt of 0.9PMN–0.1PT.

Fig. 4 SEM micrographs of (1–x)BF–x(0.9PMN–0.1PT) multiferroic composites sintered 

at 900 oC with (a) 10, (b) 20, (c) 30, (d) 40 and (e) 50 %wt of 0.9PMN–0.1PT.

Fig. 5 M–H hysteresis loops of (1–x)BF–x(0.9PMN–0.1PT) multiferroic composites 

sintered at 800 oC.

Fig. 6 M–H hysteresis loops of (1–x)BF–x(0.9PMN–0.1PT) multiferroic composites 

sintered at 900 oC.

Fig. 7 Composition dependence of the MS and HC of (1–x)BF–x(0.9PMN–0.1PT)

multiferroic composites sintered at 800 oC.

Fig. 8 Composition dependence of the MS and HC of (1–x)BF–x(0.9PMN–0.1PT)

multiferroic composites sintered at 900 oC.
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Table 1 

Sintering

temperature 

(ºC for 2 h) 

Composition (x)

(weight 

fraction)

Magnetic properties 

Ms

(emu/g) 

Mr

(emu/g) 

Hc

(Oe)

800 10

20

30

40

50

2.45

2.10

0.97

3.28

1.26

0.39

0.30

0.17

0.62

0.19

55.36

62.90

72.97

50.33

60.39

900 10

20

30

40

50

1.46

2.82

4.67

3.86

2.84

0.18

0.39

0.57

0.51

0.33

47.81

55.36

42.78

52.84

40.26
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Fig. 1 
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Fig. 3 
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Fig. 4 
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Fig. 5 

Fig. 6 
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Fig. 7 

Fig. 8 
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