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 Abstract 

BiFe1-xMnxO3 nanoparticles were prepared by sol-gel method. The influence of Mn 

substitution on the structural transition, the ferroelectric and ferromagnetic properties of the 

Mn substituted BiFeO3 nanoparticles were systematically investigated. The structural 

transformation and reduction of leakage current favour enhanced ferroelectric property of Mn 

substituted BFO nanoparticles. The magnetic properties of BFO are strongly affected by the 

substitution of Mn ions. Mn substituted BiFeO3 nanoparticles shows the increased 

ferromagnetism with the magnetization of (Ms = 1.62 emu/g). The possible origin of these 

behavior is discussed in terms of structural transformation, grain size and grain boundary 

phenomena. 
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Introduction 

A prospect of devices using both charge and spin of electrons continuously gives 

impetus to the activities in the field of spintronics. Multiferroics is a rare class of 

multifunctional materials with coupled electric, magnetic, and structural order parameters that 

yield simultaneous effects of (anti)ferroelectricity, (anti)ferromagnetism, and ferroelasticity 

in the same material. These materials have received tremendous attention in recent years for 

basic science as well as its technological importance [1-8]. BiFeO3 is characterized as 

distorted perovskite-like rhombohedral structure with the space group R3c [9]. Its 

ferroelectricity relates to the large shifts of Bi3+ (by about 0.540 Å) and Fe3+ (by about 0.134 

Å) along [111]rh direction away from an ideal perovskite structure [10]. The shift of Bi3+ 

along threefold axis is ascribed to the stereochemically active Bi 6s2 lone pair [11,12]. 
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 BiFeO3 with the perovskite structure is such a material with ferroelectric and 

antiferromagnetic transition temperatures TFE 1103K and TAF  643 K, respectively [13]. It 

possesses a large ferroelectric polarization P70 mC/cm2 [14]. Another distorted perovskite 

BiMnO3 is also multiferroic with ferromagnetic and ferroelectric transition temperatures 

TFM105K and TFE770 K, respectively [15]. In this material, the FM transition is 

accompanied by a magneto-dielectric anomaly that is characteristic of multiferroicity [16]. 

While it is known that both BiFeO3 and BiMnO3 are ferroelectric, the related properties of 

their mixture BiFe1-xMnxO3 remain unexplored. 

In order to improve the electrical properties while preserving the magnetic ordering, 

several research groups adopted the strategy of doping BiFeO3 with different +3 valence ions 

on A, B or both A and B sites [17–21]. The doping has resulted in the reduction of the 

leakage current density and in the improvement of the ferroelectric properties to some extent. 

Such substitutions were also expected to shift the transition temperature towards the room 

temperature. The Mn3+ (ionic radius = 0.645 Å) ions can occupy the Fe3+ sites in BiFeO3 

materials, because both ions have the same valence state and similar ionic size to that of Fe3+ 

(0.645 Å). Mn has one 3d electron less compared to Fe, which performs a perfect 

perturbation on the FeO6 local structure [22]. Even if there are different oxidation states of 

Mn (3+, 4+) in Mn-doped BiFeO3 materials, the ionic radii of the different oxidation states of 

Mn are comparable to that of Fe3+. Consequently, the Mn ions can occupy the Fe sites only. 

Thus the present work focus on the effect of Mn substitution in BiFeO3 and its impact on the 

multiferroic properties. 

 

Method 

BiFe1-xMnxO3 have been synthesized by sol-gel auto-combustion technique.  In order 

to prepare the BiFe1-xMnxO3 by sol-gel method, pure (>99.5%) AR grade corresponding 

metal nitrates were used. Citric acid solution was thoroughly mixed with the solution of metal 

nitrates under continuous stirring. Ammonia solution was slowly added in mixture to keep the 

pH at 7.0. The solution was continuously heated on magnetic hot plate at 90°C to evaporate 

the water content. With this, the solution became viscous and finally formed a gel. Upon 

continuous heating and stirring the gel was ignited and the combustion propagated forward 

until the entire gel burnt out to form porous BiFe1-xMnxO3 samples.  

The prepared samples were characterizes by X-ray diffraction technique, X-ray 

diffraction patterns were recorded at room temperature in the 2θ range 20 to 70 using Cu-kα 
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radiation (λ=1.5404 Å). The magnetic properties such as saturation magnetization, magneton 

number, coercivity, remanence ratio etc. were studied by using Quantum Design Physical 

Property Measurement System. All the hysteresis curves were taken at room temperature. 

Ferroelectric properties of the samples were obtained by using an automatic P–E hysteresis 

loop tracer system. Dielectric properties with applied frequency were measured using LCR-Q 

meter. 

 

Results and Discussion 
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Fig. 1: X-ray diffraction patterns of BiFeO3 where (a) x = 0.0, (b) x = 0.1 and (c) x = 0.2. 

Asterisk denotes the impurity phase 

 

X-ray diffraction (XRD) patterns were studied to analyse the crystal symmetry and to 

investigate the number of phases presented in the BiFe1-xMnxO3 samples. Fig. 1 shows the 

room temperature X-ray diffraction patterns of BiFe1-xMnxO3 powders. The diffraction peaks 

for x = 0.0 can be indexed as R3c space group. All the major XRD peaks may be indexed to 

the rhombohedral structure of BiFeO3. The perovskite-related rhombohedral structured BiFe1-

xMnxO3 samples do not showed secondary phases for x = 0.0. Impurity phases appeared with 

the increase in Mn substitution in BFO. These impurity phases are marked in the XRD 
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patterns. It has been reported that the substitution of Mn brought about an orthorhombic 

crystal phase [space group P4mm and P4/mbm] and a suppression of secondary phases, 

where a mix phase of tetragonal and rhombohedral also obtained [23].  
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Fig. 2: (left) variation in lattice constant (a and c) with Mn substitution. (right) variation in 

crystallite size (txrd) and unit volume cell with Mn substitution.  

 

It has also been observed from Fig. 1, that (110) and (104) peaks are obviously 

separated in the pure BiFeO3 sample. XRD patterns of BiFe1-xMnxO3 nanoparticles exhibit 

the merging of the most of the peaks in comparison to the pure BiFeO3, indicating the 

structural transformation is initialized by Mn substitution. The distinct neighbouring peaks 

combined with broader and shifter to higher 2q angles indicating that the inter-planar spacing 

in the BiFe1-xMnxO3 lattice is slightly changed (Fig. 2). This result might also pointed 

towards the transformation of the rhombohedral structure of the pure BiFeO3 (x = 0.0) 

nanoparticles to the orthorhombic or tetragonal crystalline structure with the Mn substitution 

[24]. This is also an indication of small crystal lattice distortion of the rhombohedral structure 

of BiFeO3 because of the Mn substitution [25]. It is to be noted that Mn3+  and Fe3+ ions have 

similar ionic radii in octahedral coordination ( rMn3+ = rFe3+ = 0.645Å), where Mn in general 

reside as Mn2+ (0.83 Å) rather than Mn4+ (0.53 Å) [23]. The variation in lattice constant and 

unit volume cell in BiFeO3 with Mn substitution is shown in Fig. 2. The variation in lattice 

constant can further be explained on the following basis [26]:  

i. The predominant and stable state of oxidation for Fe is 3+, compared to the Mn ions are 

likely to be incorporated at the octahedral B site of the perovskite structure as Mn4+ 

(Mn4+↔Fe3+) resulting in the decrease of the structure parameters due to the small ionic 
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radius of Mn4+ (0.53 Å) compared to Fe3+. It is to be noted that the values of the Shannon 

ionic radii of the octahedral coordination (CN = 6) of the Mn and Fe ions at the 

perovskite unit cell were considered. Here the high spin state of Fe3+, Fe2+ and Mn3+ ions 

were assumed;  

ii. The hypothesis of a redox coupling among the Fe ions cannot be neglected which could 

also be reduced partially with the oxidation of some of the Mn ions, through the relation:  

Mn3+ + Fe3+ ↔ Mn4+ + Fe2+  

It is very unlikely that Mn resides in lower (+2) and higher (+7) oxidation states in the 

present scenario, because of the larger difference between the values of ionic radii of these 

extreme valance states (+7 or +2) with that of Fe ions. Large difference in the ionic radii 

making it difficult to accommodate in the BiFeO3 perovskite structure.  
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Fig. 3: Variation in magnetization (H) with applied magnetic field (M) for all the samples 

of BiFeO3 measured at room temperature.  

 

The variation in magnetization (M) with applied magnetic field (H) (magnetic 

hysteresis loop or M–H loops) of the pure BFO and the Mn substituted BFO nanoparticles are 

measured at 300 K is shown in Fig. 3. Mn substituted BFO shows weak ferromagnetic 

behavior compared to pure BiFeO3 (x = 0.0). BiFeO3 do not shows a linear hysteresis loop 

which is a typical antiferromagnetic behaviour with almost negligible zero coercivity and 

zero remanent magnetization. Mn substituted BFO for x = 0.2 exhibits the largest 

magnetization among all the samples with a value of (Ms = 1.62 emu/g at 9T), although the 
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magnetization curves are yet to saturated with at applied magnetic field of 9T. The increment 

in the magnetization in Mn substituted BFO sample could be related to the following facts 

[25]: (i) the spiral spin structure can be suppressed [28]; (ii) the increase in spin canting 

(Jahn-Teller distortion) due to the modification in FeOFe bond angle resulted in the net 

macroscopic magnetization [29-31]; (iii) The decrease in crystallite size with increase in Mn 

substitution (true only for x ≤ 0.1). It is also worth mentioning here that the structural phase 

transition of rhombohedral to other phases occurred in Mn substituted BFO nanoparticles. 

Such structural transformation can destroys the spin cycloid resulting in releases of locked 

magnetization. Therefore, enhancement in the net magnetization of Mn substituted BFO 

could be related to the asymmetry of the structure due to the structural transformation, and 

the collapse of space modulated spin structure [27]. Therefore, the quantum confinement has 

contributed to the ferromagnetism [32]. 
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Fig. 4: Variation in polarization (P) with applied electric field (E) for all the samples of 

BiFeO3 measured at room temperature.  

 

The variation in polarization with electric field (P-E) loops of the BiFe1-xMnxO3 were 

measured at room temperature (Fig. 4). These P-E loops show that the polarization value of 

BFO increased upon Mn substitution. It is assumed that the decrease in leakage current 

resulted in the increment of the ferroelectricity in the Mn substituted BFO. The modified 

ferroelectricity/polarization may be ascribed to the structural distortion and increased grain 

size. In general, grain size affects the domain nucleation, domain structure and domain 

mobility which affect the ferroelectric properties of ferroelectrics materials [33]. With the 

increasing  grain size, domains in the ferroelectric nanoparticles become easier to be switched 
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with the applied electric field. At the same time, grain size can affect the number of the 

defects where larger grain size reduced the defects. Thus, the small grain size in pure BFO (x 

= 0.0) experience more depression of ferroelectric characteristics. The grain boundaries 

behave as a pinning center for polarization that interrupt the polarization switching. The 

structural transformation of BFO with increase in Mn doping may lead to tetragonal crystal 

structure phase which could be one of the reason for the increase of ferroelectricity character 

as described by Ederer et al. [34]. 

At the same time, various oxidation states of Fe2+, Fe3+, Mn2+ and Mn3+ cations in Mn 

substituted BFO also generate some oxygen vacancies. Mixed valence states of these cations 

and the generation of oxygen vacancies  provides free charge carriers to increase leakage 

current. This resulted in the formation of dipolar defect complexes that come into short-range 

ordering upon the application of electric field [35]. Thus, enhanced polarization of Mn 

substituted BFO may arise from the distorted symmetry with the contribution of dipolar 

defect complexes. Space charges such as oxygen vacancies [(VO
2)..] and acceptors 

 such as   from a defect polarization align along the spontaneous 

polarization direction that alleviates the pinning of domain [36,37]. The Mn substitution in 

BFO at B site decrease the defect complexes content of  by reducing 

the oxygen vacancy percentage that resulted in incensement in 2Pr [38]. Further, we 

speculate that the effect of structure distortion is leading to the increment in polarization 

which outplay the leakage current with Mn substitution resulting in the enhancement of 

polarization. 
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Fig. 5: Variation in real part of dielectric constant (e) with frequency for all the samples of 

BiFeO3 measured at room temperature.  
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Fig. 5 exhibit the dielectric constant of BiFe1-xMnxO3 nanoparticles measured as a 

function of frequency. The measurements were done at room temperature in the frequency 

range of 20 Hz to 1 MHz. Fig. 5 shows that the dielectric constant of all the BiFe1-xMnxO3 

samples decreased with increase in frequency. Such a decrease in dielectric constant is 

ascribed to the inertia possessed by charges that hinder the spontaneous polarization 

switching with the application of electric field. At lower frequency, dielectric constant 

decreased rapidly because of the charge accumulation effect. Such a spontaneous polarization 

dispersion at the lower frequency level is a common characteristics of ferroelectrics ascribed 

to the small ionic conductivity [39].  

Fig. 5 shows that the dielectric constant enhanced with the Mn substitution in BFO. A 

dielectric constant of 40 was noted in pure BFO which increased to 101 for Mn substituted 

BFO (x = 0.2) at a frequency of 20 Hz. It is known that the dielectric constant of ferroelectric 

materials is generally attributed to the intrinsic as well as extrinsic contributions. In the 

intrinsic contribution for the dielectric response where the single domains and grain size 

contribute majorly [40]. The increased grain size of Mn substituted BFO nanoparticles could 

favour the formation of 180° domain that resulted in increase in dielectric constant. On the 

other hand in case of the extrinsic contribution depends on two factors. (i) Grain size and 

grain boundaries; the number of grain boundaries decreased with increase in Mn substitution. 

The grain boundaries possess the low permittivity that greatly decrease the capacitance of the 

materials at sub-micron level. Smaller the number of grain boundaries higher is the 

polarization intensity, and thus contributed positively to increase the dielectric constant. (ii) 

Interfacial layer between the sample and electrode is the second factor [41]. 

 

Conclusions 

Polycrystalline BiFe1-xMnxO3 (x = 0, 0.10 and 0.20) samples were successfully 

synthesized through sol–gel auto-combustion route. The crystal structure transformation from 

rhombohedral R3c to orthorhombic Pbnm took place in BFO with the Mn substitution. The 

lattice constant, unit volume cell and crystallite size increased with the increase in Mn 

substitution in BFO. These structural distortion favour the enhanced ferroelectric and 

magnetic properties of Mn substituted BiFeO3. Pure BiFeO3 do not showed ferromagnetism 

whereas weak ferromagnetism in the Mn substituted BFO nanoparticles were observed. The 

origin of ferromagnetism is ascribed to the competition between structural distortion and 

increase of crystallite size due to Mn substitution. Further, the increase in magnetization 
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related to the collapse of the space modulated spin structure, which is again resulted from the 

structural distortion. 
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