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Abstract 

Magnetoelectrics, due to their coupled magnetic and electric order parameters, have 

potential applications in the areas of data storage, sensors and actuators, etc. The known 

magnetoelectrics show very low magnetoelectric coupling or show the coupling only at very 

low temperatures. This makes them impossible to use for the practical applications. There are 

very few room temperature magnetoelectrics and they have very low magnetoelectric 

coupling constant. Perovskite oxides (ABO3) are the much investigated systems because of 

their various interesting properties such as ferromagnetism, ferroelectricity, ferroelasticity 

etc. Even though ferromagnetism and ferroelectricity are mutually exclusive, in perovskite 

oxides they can coexist, if magnetism can originate from one metal cation and ferroelectricity 

from the other. BiFeO3 (BFO) belongs to this category, where ferroelectricity is from Bi and 

weak ferromagnetism from Fe, and is one the few single-phase room temperature 

multiferroics, which received tremendous attention. Though it can show high ferroelectric 

properties, it is antiferromagnetic, and due to the poor magnetic parameters, the 

magnetoelectric coupling is very low. To improve the magnetoelectric properties, magnetic 

properties of BiFeO3 need to be improved. Many studies have been reported on attempts to 

enhance the multiferroic characteristics of BFO by different methods like reducing the size to 

nano dimensions below the spin periodicity, substitution at the Bi and Fe sites which destroys 

the spin cycloid structure, etc. Substitution by suitable metal ions of comparable size is a very 

effective method to alter the properties of BiFeO3.  Fe-site substitution by transition metal 

ions is widely studied to enhance the magnetic properties by the destruction of the spin 

cycloid structure due to the structural distortions as well as the magnetic contribution from 

the substituents. On the other hand, Bi- site substitution by rare earth ions and divalent ions 

can enhance the properties due to the structural distortions. Furthermore, in the case of 

divalent ion co-substituted compounds, in addition to the structural distortions, there will be 

charge compensation by the formation of Fe
4+

 and/or oxygen vacancies which may also 

improve the magnetic properties.  

Co-substitution, Bi1-xAxFe1-yMyO3 (x = y or x ≠ y), which is the simultaneous 

substitution at the Bi-site and the Fe-site in BFO, is attracting much attention, with 

possibilities of simultaneous tuning of the magnetic and electrical properties. The literature 

on the detailed magnetic properties of co-substituted BiFeO3 is rare and therefore, the aim of 

this work is to study the detailed structural and magnetic properties of the divalent ion and 
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Mn co-substituted BiFeO3. In this work, BiFeO3 is co-substituted at the Bi and Fe sites with 

divalent metal ions (Ca, Sr and Ba) and Mn. Mn
4+

 formed for the charge compensation is 

expected to lead to ferromagnetic double exchange interaction, and thus enhancing the 

magnetic properties. The structural, magnetic and dielectric properties are studied using 

powder XRD, Raman spectroscopy, SEM, XPS, SQUID VSM, etc.  

Chapter 1 deals with the general introduction to magnetic, ferroelectric and multiferroic 

properties of materials. Importance of BiFeO3, being one of the few room temperature 

multiferroics, have been discussed. Literature review on the structural, magnetic and 

ferroelectric properties of BiFeO3 is included. Various approaches to enhance the multiferroic 

properties of BiFeO3 emphasizing on the substitution effects in BiFeO3 are discussed in 

detail. 

Chapter 2 describes the synthesis method and the experimental techniques used. Solid 

state synthesis method was used to prepare different materials. The details of various 

characterization methods like X-ray diffraction, Raman spectroscopy, SEM, XPS, magnetic 

and dielectric measurements are included. A brief discussion on the Rietveld refinement of 

the XRD patterns using the GSAS-EXPGUI program is also discussed.  

Chapter 3 describes the structural, magnetic and dielectric properties of                       

Bi1- xAxFe1-xMnxO3 (A= Ca, Sr and Ba). Effect of ionic radii of the substituent ‘A’  on the 

structural, magnetic and dielectric properties of Bi1- xAxFe1-xMnxO3 has been investigated. 

Ca
2+

 has almost similar ionic radii to Bi
3+

, whereas Sr
2+ 

and Ba
2+

 are larger ions. For Ca-Mn 

co-substitution, XRD studies shows rhombohedral structure (R3c) for x ≤ 0.1 and 

orthorhombic structure (Pbnm) for x ≥ 0.2 and for Sr-Mn co-substitution R3c to    c 

structural change is observed around x = 0.1, whereas for Ba-Mn co-substitution, R3c to 

tetragonal (P4mm) structural change is observed around x = 0.25. Raman studies also 

supported this structural transition. Decrease in the unit cell parameters and the unit cell 

volume indicated the presence of smaller Mn
4+ 

in all the compositions. Room temperature 

magnetization of the samples increased with increasing the degree of co-substitution, showing 

a maximum remanence and coercivity at x = 0.15 for all the three co-substituted systems. 

Low temperature magnetization data implied a spin-glass-like nature of the samples. Among 

Ca/Sr/Ba-Mn co-substituted samples, Ca-Mn co-substituted samples showed better magnetic 

and dielectric properties around the morphotropic phase boundary (MPB) region, x = 0.15. 
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The anomalous properties around x = 0.15 can be due to the MPB region around this 

composition or due to various exchange interactions among Fe
3+

, Mn
3+

, Mn
4+

 etc 

Chapter 4 discusses the detailed structural, magnetic, dielectric, and 

magnetodielectric properties of Bi1- xCaxFe1-xMnxO3. Large number compositions were 

synthesised near the MPB region. Rietveld refinement of the XRD patterns revealed 

rhombohedral structure (R3c) for x ≤ 0.11 and orthorhombic structure (Pbnm) for x ≥ 0.2. 

Compositions with 0.12 ≤ x ≤ 0.175 showed R3c+Pbnm mixed phase. The magnetization of 

the samples increased with increasing co-substitution, showing a maximum remanence and 

coercivity at x = 0.175. Dielectric properties showed a maximum at x = 0.15 and 

magnetodielectric data showed a maximum at x = 0.1. Changes in the various structural 

parameters like Fe-O-Fe bond angle, rhombohedral angle, tilt angle, etc, along with the 

higher Mn
3+ 

content around the MPB region could be leading to the enhanced properties in 

this region. The higher magnetic, dielectric and magnetodielectric parameters around the 

MPB region suggested possible magnetoelectric coupling.  

Chapter 5 discusses the structural, magnetic and dielectric properties of                  

Bi1-xCaxFe1-yMnyO3 (x ≠ y). Five different series of compositions were prepared with the 

general formula, Bi1-xCaxFe1-yMnyO3 (0.1≤ y≤ 0.5). The Mn content was fixed and the Ca 

content was varied to study the effect of Ca on the properties of the co-substituted samples. 

The objective was to identify whether other combinations of Ca and Mn can show better 

properties than that obtained for Bi0.85Ca0.15Fe0.85Mn0.15O3. Rhombohedral (R3c) to 

orthorhombic (Pbnm) structural change was observed around x = 0.15 irrespective of the Mn 

content. Room temperature magnetization of the samples increased with increasing the 

calcium content with a maximum coercivity and remanence observed in the range x = 0.15 to 

0.25 for different series. Magnetization of the samples increased with Mn content whereas the 

coercivity and remanence decreased. Dielectric constant showed a maximum value in the 

range of x = 0.1 to 0.25 for different series. Among the various compositions studied in the 

series Bi1-xCaxFe1-yMnyO3, Bi1-xCaxFe0.9Mn0.1O3 showed better magnetic properties around x 

= 0.15. 

Chapter 6 is a summary of the work discussed on different co-substituted 

compositions in the previous chapters. The possible reasons for the weak ferromagnetism 

shown by the co-substituted BiFeO3 are discussed. Scope for future research based on the 

present results is also discussed. 
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1.1. Magnetoelectricity and multiferroism  

In 1894, Pierre Curie was the first one to explain magnetoelectrics as the materials 

which can be magnetized by an electric field and polarized by a magnetic field or the 

materials where electric and magnetic orders are coupled [1]. P Debye, in 1926 coined the 

term ‘magnetoelectric effect’ (ME) [2]. This new property can be used for many interesting 

applications. Later, Landau had given a theoretical explanation for the magnetoelectric effect 

[3]. In 1959, Dzyaloshinskii proposed ME effect in antiferromagnetic Cr2O3 [4]. 

Experimental evidence for ME effect in Cr2O3 was given by Astrov in 1960 [5,6]. Cr2O3 

being paraelectric and antiferromagnetic, ME coupling was not significant enough for device 

applications and hence not much interest was generated in this area of research in the coming 

decades.  In 1994, a century after the discovery of ME effect, H. Schmid coined the term 

‘multiferroics’ which are materials showing more than one ferroic orders like 

ferromagnetism, ferroelasticity or ferroelectricity [7]. In the current scenario, this definition 

of multiferroics has diluted including other types of magnetic, electric and elastic properties 

(para, ferri, antiferro, etc.,) and not just confined to ‘ferro’ orders. It should be noted that 

according to the actual definition, multiferroism and magnetoelectricity are different. In 

magnetoelectrics, the electric and magnetic orders are coupled whereas it is not a necessary 

condition for multiferroics which are materials showing two primary ferroic orders. The 

Venn diagram in figure 1.1 clearly describes multiferroics and magnetoelectrics.  Figure 1.2 

gives examples of materials belonging to each class. The triangular part at the intersection of 

ferromagnetic and ferroelectric subgroup and magnetoelectric subgroup represents 

‘magnetoelectric multiferroics’ which are ferromagnetic ferroelectric magnetoelectrics. There 

are very few materials belonging to this class, hence it’s called as ‘holy grail’. Materials show 

high magnetoelectric coupling constant when they are multiferroic (both ferromagnetic and 

ferroelectric) [8-13].  

Due to the coupling between magnetic and electric orders, multiferroics are potential 

candidates for high-density data storage with four-bit logic state and multiferroic random 

access memory (MFRAM). High accuracy magnetic sensors (10
-12

 T), actuators and magnetic 

refrigeration are also some of the main applications of multiferroic materials [14-17]. 
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Figure 1.1. Venn diagram showing multiferroics and magnetoelectrics [18]. 

 

 

 

Figure 1.2. Venn diagram showing examples for different classes of magnetically and 

electrically polarizable materials [13]. 
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Figure 1.3. Year-wise publication in the field of ‘magnetoelectric’, generated from Web of 

Science [19]. 

 

Figure 1.3 gives the statistics of number of research articles on the topic 

‘magnetoelectric’ by the web of science based search results. The total number of research 

articles is around 7000 from 1990 to 2017 which is a really huge number, and the number of 

publications picked up after 2000. This shows the immense interest in this research area.  

‘Renaissance of magnetoelectrics’ actually started during the late 90’s and early 2000’s with 

the discovery of new materials showing magnetoelectricity and multiferroism as well as by 

the new theoretical approaches towards it.   

1.2. Magnetism in materials 

In atoms, magnetic moment arises from the spin and orbital motions of the electrons. 

In the case of spin magnetic moment, its direction is parallel to the spin axis and for orbital 

moment it is normal to the orbital plane. The orbital moment is given by,  

μorbit = eh/4πmc 

Simialrly, the spin moment is given as  

μspin = eh/4πmc 

where ‘e’ is the charge of the electron, ‘h’ is the Planck’s constant, ‘m’ is the mass of the 

electron and ‘c’ is the velocity of light [20]. 
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1.2.1. Types of Magnetism 

Magnetism can be classified into five main classes namely diamagnetism, paramagnetism, 

ferromagnetism, antiferromagnetism and ferrimagnetism [20-23]. 

When an atom is having closed shells or completely filled shells, it shows 

diamagnetism. When placed in a magnetic field, diamagnetic materials show repulsion, or it 

shows negative magnetism. Diamagnetism is a universal property and shown by all materials 

but may be suppressed by other types of magnetism. 

When materials possess unpaired electrons, it shows certain non-zero moment. Due to 

thermal energy, these moments will be randomly oriented and the net magnetic moment 

becomes zero. But when a magnetic field is applied, the moments try to orient towards the  

direction of the field and when the field is removed it goes back to the non-zero moment 

state. The classical theory of paramagnetism was given by Pierre Curie in 1895. Curie’s law 

states that the magnetic susceptibility, given by χ = M/H where M is the magnetization per 

unit weight and H is the strength of the applied field, is inversely proportional to temperature 

for paramagnetic materials. χm = C/T, where χm  is the susceptibility per mole of the 

substance and C is the curie’s constant, C = Nμ
2

eff /3k, where μeff is the effective paramagnetic 

moment in Bohr magnetons and k is the Boltzmann constant. 

Some materials show spontaneous magnetization even in the absence of an applied 

magnetic field and are called as ferromagnets. Below a particular temperature, known as 

Curie temperature (TC), they will be ferromagnetic and above TC they are paramagnetic. In 

ferromagnets, there exists a long-range ordering because of which the moments align parallel 

to each other. Within the microscopic regions called domains, the moments will be aligned in 

the same direction, but in the absence of a field, the moments in different domains are aligned 

in different directions. When a magnetic field is applied, the moments in all the domains 

align in the direction of the field. 

In antiferromagnetic materials, the moments are arranged anti-parallel to each other 

resulting in a zero net magnetic moment. Above the transition temperature, called Neel 

temperature (TN), the material is paramagnetic [24]. The arrangements of the magnetic 

moments atoms/ions in different types of magnetic materials are shown in figure 1.4 [20]. 

There are four types antiferromagnetism, A-type, C-type, G-type and E-type as shown figure 

1.5 [22,25]. In A-type antiferromagnetism, within a particular plane, the moments are 
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ferromagnetically coupled and among two neighbouring planes, the moments are 

antiferromagnetically coupled. In C-type, the moments are antiferromagnetically coupled 

within a plane and ferromagnetically coupled to the neighbouring plane. In G-type 

antiferromagnetism, moments are antiferromagnetically coupled to the nearest neighbours. 

 

 

Figure 1.4. Arrangement of magnetic moments in different types of magnetic materials. 

 

 

Figure 1.5. Different types of antiferromagnetism [25]. 

 

In ferrimagnetic materials, the adjacent moments are antiparallel, but there is only a 

partial cancellation of the moments due to the different magnitude of the adjacent moments. 

Like ferromagnets, ferrimagnets also shows a spontaneous magnetization below TC and a 

paramagnetic behaviour above TC. Most of the ferrites like cobalt ferrire, magnetite, etc., are 

ferrimagnetic. 
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For the ordered magnetic materials (ferro, antiferro and ferri), above their ordering 

temperature TC or TN, the susceptibility is inversely proportional to temperature given by,   

χm = C/(T- Θ) 

which is known as the Curie-Weiss law, where Θ is a constant known as the Weiss 

temperature, with the dimension of temperature. 

Figure 1.16(a) shows the susceptibility vs. temperature plots for different magnetic 

materials [20]. Ferromagnetic materials show a large susceptibility whereas diamagnetic 

materials show no variation with temperature. Figure 1.6(b) shows the corresponding inverse 

susceptibility plots [20]. For paramagnetic materials, it passes through origin whereas 

ferro(ferri)magnetic materials show a positive Θ value (intercept) and antiferromagnetic 

materials show a negative Θ value. 

 

 

Figure 1.6. Temperature dependence of (a) the magnetic susceptibility and (b) inverse 

magnetic susceptibility of different types of magnetic materials. 

 

1.2.2. Magnetic Hysteresis 

The typical nature of the field dependence of magnetization for the dia, para/antiferro 

and ferro/ferrimagnetic materials is shown figure 1.7 [20].  Paramagnetic materials show a 

linear increase in magnetization with increasing field and when the field is reduced to zero, 

magnetization becomes zero. Diamagnetic materials show a linear decrease in magnetization 
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with increasing field. Ferro- and ferrimagnetic materials show a nonlinear increase in the 

magnetization with increasing field and in most of the cases, magnetization saturates (Ms) at 

higher fields. When the field is reduced to zero, there exists a remnant magnetization (Mr) for 

the ferro/ferrimagnetic materials. The field required to make remanence to zero is known as 

coercive field or coercivity (Hc). A magnetic hysteresis loop is observed for ferro- and 

ferrimagnetic materials when the field is cycled. Antiferromagnetic materials show M-H 

behaviour similar to paramagnetic materials. 

 

 

Figure 1.7. Magnetization as a function of field for (a) para/antiferromagnetic, (b) 

diamagnetic, and (c) ferro/ferrimagnetic materials. 

 

1.2.3. Magnetic exchange interactions 

Magnetic exchange interaction is the quantum mechanical exchange interaction 

between two magnetic atoms/ions. According to Heisenberg, magnetic exchange interaction 

between two atoms with spins Si  and Sj is given as  

Eex = -2Jex (Si  . Sj) = -2Jex Si Sj cos   
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where Jex is the exchange constant or exchange integral. If Jex is positive, Eex is minimum 

when  = 0 (cos =1) or the moments are parallel. If Jex is negative, Eex is minimum when     

 = 180 (cos = -1), corresponding to antiparallel arrangement of moments. i.e., if Jex is 

positive it corresponds to ferromagnetic exchange and if Jex is negative, it is 

antiferromagnetic exchange interaction [20]. 

The magnetic interaction between two magnetic ions through a nonmagnetic ion, like 

oxygen, is known as indirect or superexchange interactions. Goodenough and Kanamori 

proposed some empirical rules about these types of interactions, by which nature of the 

exchange interaction between two magnetic ions can be predicted [26,27]. Double exchange 

(in perovskite manganites) is the hopping of electrons from one species to another through 

oxygen where the oxidation states of ions are interchanged. Double exchange always leads to 

ferromagnetism whereas superexchange in most cases are antiferromagnetic [28-30].  

 

Figure 1.8. (a) Superexchange in MnO where indirect exchange of Mn dz
2
 electrons occurs 

through oxygen pz orbitals [20], and (b) double exchange interactions in manganites, where 

hopping of eg electrons between Mn
3+ 

and Mn
4+ 

occurs
 
[23]. 

 

1.2.4. Weak ferromagnetism and DzyaloshinskiiMoriya interaction 

Dzyaloshinskii proposed a new theory of exchange interaction to explain the weak 

ferromagnetism shown by some antiferromagnetic materials like α- Fe2O3, Cr2O3, MnCO3 

CoCO3, etc., [31]. Later Moriya [32] gave an explanation based on Anderson's superexchange 

theory [33]. This type of magnetic exchange interaction is known as the 

DzyaloshinskiiMoriya (DM) interaction. It is the relativistic correction to the superexchange 

interaction. This antisymmetric, anisotropic exchange interaction is a combination of 

superexchange interactions and spin-orbit coupling. DM interactions will be absent in a 

system with inversion center.  
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DM interaction is given by the Hamiltonian, 

                            

where ‘D’ is a constant which depends on (proportional to) the spin-orbit coupling.            

DM interaction usually causes a canting of the moments and thus leads to weak 

ferromagnetism as shown in figure 1.9. Direction of the canting is determined by the sign of 

‘D’. In many cases, a noncollinear spin structure or spiral spin structure is formed due to the 

DM interactions. This noncollinear spin structure can also break the symmetry and can create 

ferroelectricity in certain materials. 

 

 

Figure 1.9. Illustration of DzyaloshinskiiMoriya interaction [34]. 

 

As the microscopic origin of DM interaction is the relativistic spin-orbit coupling, its 

strength is proportional to Z
4
, where Z is the atomic number. Usually, in 3d transition metals, 

spin-orbit coupling is very small but materials in which magnetism arises from 4d or 5d 

orbitals, DM interaction will be strong [35]. In perovskites such as RMnO3 (R = Dy, Tb, Gd), 

DM interaction is linearly dependent on the displacement of the oxygen ions [36]. DM 

interactions play an important role in domain wall motions and in the formation of skyrmions 

(as in MnSi and Fe1-xCoxSi) [37,38]. DM interaction is a common phenomenon in 

incommensurate magnets, where the ferroelectricity is stabilised by DM interaction and this 

leads to a strong magnetoelectric coupling. For example, inverse DM interaction, which is the 

lattice response to the DM interaction, causes ferroelectricity in DyMnO3 [39].  
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1.2.5. Jahn-Teller distortion 

 

Figure 1.10. Jahn-Teller distortion of Mn
3+

 ion [46]. 

Jahn-Teller (JT) theorem states that in nonlinear molecules with degenerate orbitals, a 

distortion occurs in order to remove the degeneracy of the energy levels thus to lower the 

energy [40].  In an octahedral crystal field, d orbital of ions split into t2g and eg levels.  When 

these energy levels are asymmetrically filled, degeneracy of the orbitals is developed and this 

degeneracy should be removed in order to lower the energy and to stabilize the system. The 

energy levels are split as shown in the figure 1.10. Usually,  ions with asymmetrically filled 

eg level show strong Jahn-Teller distortion. Cu
2+ 

(d
9 

: t2g
6
, eg

3
) and

 
Mn

3+ 
(d

4
: t2g

3
, eg

1
) 

 

compounds are typical examples showing strong JT effect. Jahn-Teller distortion can cause 

structural distortions in a material. Interactions between the Jahn-Teller ions leads to 

lowering of the symmetry of crystal itself and is known as cooperative Jahn-Teller effect. 

 Compounds with ions having orbital degeneracy, Jahn-Teller active ions, shows 

many interesting properties like distorted crystal structure, structural phase transitions and 

complicated magnetic structure etc., than their analogous compounds without the orbital 

degeneracy [40-45]. Large anisotropy and high magnetostriction also result from Jahn-Teller 

effect [42]. Perovskite manganites, such as LaMnO3, having Mn
3+

 (t2g
3
, eg

1
) ions are well 

known for showing Jahn-Teller distortions, whereas the Mn
4+ 

(t2g
3
, eg

0
) is 

 
Jahn-Teller 

inactive [41,44]. In manganites, below a certain temperature, TJT, oxygen octahedra are 

distorted, leading to a structural transition. Usually an OI
 
(c/a < 2

½
) orthorhombic structure is 
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observed for manganites with only Mn
3+ 

ions [45]. In LaMnO3, Jahn-Teller effect leads to the 

formation of short and long Mn-O bonds and thus the Mn-O-Mn exchange interaction 

becomes anisotropic. This also leads to orbital ordering phenomena [45].  

1.2.6. Spin glasses 

Spin glass state is the third most magnetic state found in the materials after 

ferromagnetism and antiferromagnetism [47]. Spin glasses are disordered or frustrated 

magnetic systems. Spin glass phase was first observed in magnetic alloys like Cu1-xMnx,   

Au1-xMnx etc. The term spin glass was first introduced by B R Coles in 1970 [47]. For 

understanding, spin glasses can be illustrated by a triangular magnetic lattice as shown in 

figure 1.11(a) where the first and second spins are antiferromagnetically ordered; the third 

spin can choose two different spin states. This competing interactions lead to the frustrated 

magnetic system. In spin glasses, no long-range orders exist like ferromagnetism or 

antiferromagnetism, but they exhibit a spin glass transition temperature (Tg) or freezing 

temperature (Tf) below which the spins are disordered or frustrated [47] and show hysteresis 

and remanence. At high temperatures, they follow a Curie-Weiss behaviour.  

Classical examples for the spin glasses are noble metals like Cu, Au, At, Pt, etc. weakly 

diluted with transition metal ions like Fe or Mn. In these magnetically diluted systems, as the 

distance between the magnetic spins (magnetic impurities) are random; some moments will 

have parallel, ferromagnetic exchange and others will have antiferromagnetic exchange 

leading to frustration. These impurity spins polarize the conduction electrons and interact 

with each other through the ‘RKKY coupling’ (Ruderman-Kittel-Kasuya-Yosida). The 

RKKY coupling has an oscillating nature with distance and disappears at large distances 

(figure 1.11(b)). Hence the coupling between the spins can be ferromagnetic or 

antiferromagnetic with respect to the distance also. The random distribution of the magnetic 

spins leads to a random distribution of the magnetic interactions. All these factors lead to spin 

glass behaviour. When the concentration of the magnetic impurities is high, impurities 

become the  first or second neighbour to another impurity and magnetic clusters can form and 

usually show very large magnetic moments. The magnetic moments within these clusters will 

have the same direction, but in different clusters they will be randomly oriented and lead to 

frustration. This is known as ‘mictomagnetism’ or ‘cluster glass as illustrated in figure 1.12 

[47-51]. 
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To be exact, in order to exhibit a spin glass phase, there should be randomness in 

position of the spins or in the exchange interactions (ferromagnetic or antiferromagnetic); site 

randomness where magnetic ions are random or bond disorder where exchange interaction 

with neighbouring spins are ferromagnetic and antiferromagnetic as illustrated in figure 1.12. 

Combination of randomness, frustration and competing interactions lead to spin glass phase. 

 

Figure 1.11. (a) Triangular magnetic lattice showing frustrated magnetism [52] and (b) the 

oscillatory RKKY coupling [50]. 

 

  

Figure 1.12. a) Site disorder and cluster formation. b) bond disorder; dashed lines show 

ferromagnetic exchange and zigzag lines show antiferromagnetic exchange [48]. 
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1.3. Dielectrics and ferroelectricty 

Dielectric materials are insulating or nonconducting materials which can store 

electrical energy. These materials can be polarized with the application of an electric field. 

Most of the ceramic materials are dielectric. Dielectric constant is the term which gives the 

measure of dielectric properties or the degree of the polarizability [53,54]. Dielectric 

permittivity (dielectric constant) is defined as, 

εr = C/C0 

where C is capacitance with the material and C0 is the capacitance with vacuum in-between 

the plates of a parallel plate condenser.  

 

Figure 1.13. Different polarization mechanisms [53]. 
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There are four different types of polarization mechanisms [53,54] such as electronic, 

ionic, dipolar and interface polarization as illustrated in figure 1.13. Electronic polarization 

(atomic polarization) occurs when the electron clouds are displaced away from the nucleus 

and the dipole is created due to the application of an electric field. Ionic polarization occurs 

in materials having ionic character, like in NaCl, where dipoles are already present. But due 

to symmetric structure, the net moment gets cancelled out. In the presence of an electric field, 

small displacement to these ions from the equilibrium position can lead to net dipolar 

moment. Dipolar or orientation polarization exists in materials having molecular dipoles 

which are randomly oriented due to thermal energy. Upon the application of an electric field, 

these dipoles get aligned and the materials get polarized. Interface polarization occurs when 

grain boundaries and the electrode-material interfaces have charge accumulation, which on 

application of electric field gets aligned and causes polarization in materials. 

 

 

Figure 1.14. Polarization vs. electric field curve, known as P-E loop [59]. 

The phenomenon of ferroelectricity was first found in Rochelle salt (potassium 

sodium tartrate) by Anderson and later studied in detail by Valasek [55,56]. Materials 

showing spontaneous polarization (similar to a ferromagnetic material showing spontaneous 

magnetization in the absence of a magnetic field) even in the absence of an electric field are 

known as ferroelectric materials. The direction of the polarisation can be switched by 

applying an external electric field. To be ferroelectric, a material should be                        
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non-centrosymmetric. Above certain temperature known as Curie temperature, TC, 

ferroelectric materials become nonpolar paraelectric which is usually a centrosymmetric 

structure. Ferroelectric materials show a very high dielectric constant. BaTiO3 is a typical 

example of ferroelectric materials where the ferroelectricity originates due to the 

displacement of the Ti atom in the crystal structure [57,58]. A typical polarization vs. electric 

field hysteresis (P-E loop) is shown in figure 1.14. 

 

1.4. Magnetoelectric coupling 

According to the Landau theory, free energy for the magnetoelectric system in terms 

of electric and magnetic fields can be expressed as [8] 

F(E, H) = F0 – Pi
S
Ei – Mi

S
Hi – 1/2 ε0 εij EiEj – 1/2  µ0µij HiHj – αij EiHj – 1/2 βijk EiHjHk –     

1/2 γijkHiEjEk − ….. 

where F0 is the ground state energy. 

From the above equation, polarization can be expressed as,  

Pi (E, H) = − ∂F /∂Ei  = Pi
S
− ε0 εij Ej – αij Hj – 1/2 βijk HjHk −  γijkHiEjEk  − ….. 

And magnetization can be expresses as,  

Mi (E, H) = − ∂F /∂Hi  = Mi
S
 – 1/2  µ0µij Hj – αij Ei – βijk Ei Hj −  1/2 γijkEjEk  − ….. 

Here P
S 

and M
S 

are spontaneous polarisation and magnetization, respectively, ε is the electric 

susceptibility, µ is the magnetic susceptibility, and α is the linear magnetoelectric coupling 

coefficient. β and γ are the second order and the third order coupling coefficients, 

respectively, which are negligibly small. For application purposes, the linear or the first order 

magnetoelectric coupling coefficient, α, should be large enough. 

To be magnetoelectric, the symmetry consideration also should be satisfied. For 

ferromagnets, magnetic moment, ‘m’ is independent of spatial inversion whereas the time 

reversal switches the magnetic moment. For ferroelectrics, time reversal produces no change, 

but the spatial inversion switches the polarisation. Multiferroics which are both ferromagnetic 

and ferroelectric does not have these two symmetries (figure 1.15). 
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Figure 1.15. Time-reversal and spatial-inversion symmetries in multiferroics [11]. 

 

1.5. Type-I and type-II multiferroics 

Multiferroics can be divided into two classes, type-I multiferroics and type-II 

multiferroics based on the mechanism of the origin of the magnetoelectric coupling [18]. 

Type-I multiferroics are multiferroics where magnetism and ferroelectricity have different 

origins. Type-I multiferroics have high ferroelectric properties and higher TC. But usually, 

very low magnetoelectric coupling is observed in type-I multiferroics. 

There are very few multiferroics since ‘ferroelectric metals’ cannot exist. To be 

ferroelectric, a material should be having high resistivity (no free electrons or unpaired 

electron) so that electric field could polarize it. And to show magnetism, it should have 

unpaired electrons. Again these unpaired electrons in ferromagnets cause conduction of 

electricity, and usually all ferromagnets are metals and ferroelectrics are insulators. To be 

magnetic, an atom should have unpaired electrons and to be ferroelectric, it should possess a 

closed shell. This “d
0
 vs. d

n
 issue” leads to the scarcity of multiferroics [60].  

Ferroelectricity in materials can also arise from other mechanisms as discussed below 

1.5.1. Lone pair ferroelectrics 

Here ferroelectricity in the material originates from the lone pair of electrons which are 

stereochemically active. Especially in the bismuth and lead-based compounds, the ns
2
 lone 

pairs cause this type of ferroelectricity. Here mixing of ns
2 

ground state with low lying ns
1 
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and np
1 

excited levels occurs. The lone pair does not make a chemical bond with the oxygen 

but an electron density is formed around it as shown in figure 1.16. BiFeO3, BiMnO3, PbVO3, 

etc., are some typical examples of this class of materials [18,61,62]. Though in PbTiO3 the 

main contribution to ferroelectricity is from the displacement of the Ti ions, s
2
 lone pair effect 

also should be taken into account [18, 63]. 

 

Figure 1.16. Stereochemical activity of Bi 6s
2
 lone pair in BiFeO3 [18]. 

 

1.5.2. Geometrically frustrated ferroelectrics 

In YMnO3 hexagonal manganites, MnO5 bypyramids tilt inorder to form a rigid close-

packed structure (figure 1.17). This tilting of the bypyramids breaks the inversion symmetry 

and leads to ferroelectricity [18,64]. CuFeO2 also exhibit geometrically induced 

ferroelectricity [65]. These types of compounds usually show a very high ferroelectric 

transition temperature than for the magnetic transition [18, 64-65]. 

 



Introduction 

20 
 

 

 

Figure 1.17. Tilting of the polyhedron in YMnO3 [64]. 

 

1.5.3. Charge ordering 

In compounds having mixed valent metals, charge ordering can be possible which leads 

to ferroelectricity [66-70]. Many of the hole-doped manganites are known to show charge 

ordering and ferroelectricity by this mechanism. Pr1-xCaxMnO3 is a typical example of charge 

ordered multiferroics [67-69]. LuFe2O4 and Fe3O4 also belong to this class [66,70]. Different 

types of charge ordering are possible as shown in figure 1.18. In site-centered charge ordering 

(figure 1.18(a)), the Mn
3+

 and Mn
4+ 

ions are arranged at
 
the alternative sites in a checkerboard 

arrangement where the metal sites become inequivalent but a centre of symmetry exists. 

Figure 1.18(b) shows the case where the charge is localized not on the sites but on the bonds, 

where the metal sites are equivalent and there exist a centre of symmetry. But the 

combination of these two (figure 1.18(c)) leads to non-centrosymmatric pattern and thus can 

exhibit ferroelectricity. 
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Figure 1.18. a) Site-centered charge ordering, b) bond centered charge ordering, and c) a 

ferroelectric intermediate state. The charge-ordered structure in which c lacks inversion 

symmetry, where the green arrow shows the direction of polarization [67]. 

 

 

In type-II multiferroics, ferroelectricity originates due to magnetic ordering, and in 

these materials the coupling is strong [71-79]. Here the inversion symmetry is broken due to 

the magnetic ordering. The recently discovered materials like TbMnO3 [71,72,76], TbMn2O5 

[73,74,77,78], Ni3V2O8 [76], MnWO4 [76], and DyFeO3 [79] are examples for type-II 

multiferroics. Due to the low magnetic ordering temperature and very low polarization    

(≈10
-2

 μC/cm
2
), these materials cannot be used for room temperature applications [75,76]. 

As explained above, single phase multiferroic materials which show 

multiferroism/magnetoelectricity are very few. However, the property of multiferroism can 

be achieved by the ‘product rule’, where two materials having different properties can be 

combined and a new property can be achieved [80-83]. Composites of magnetostrictive 

materials (CoFe2O4) with piezoelectric materials (BaTiO3) exhibit magnetoelectric coupling. 

When a magnetic field is applied to the composite, there occur a change in the dimension of 

the magnetostrictive material and this change in dimension acts a stress and is passed to the 

piezoelectric component of the composite. Due to this stress in the piezoelectric material, a 

polarization is produced. Thus, by applying a magnetic field, electrical polarization develops 

in the composites. The magnetoelectric effect in composites are relatively much less than that 

in the single phase materials and hence it is important to have single phase materials which 

show higher ME properties.  
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Table 1.1. Examples for single phase multiferroic compounds with their structure along with 

the magnetic and ferroelectric transition temperatures. 

Compound Crystal structure, 

space group 

TFE 

 (K) 

TM  

(K) 

 

Reference 

Cr2O3 Rhombohedral,      Paraelectric 307 6 

BiMnO3 Monoclinic, C2/c 760  105  84,85 

BiFeO3 Rhombohedral, R3c 1103  673  12 

BiCrO3 Monoclinic, C2/c 420  114 85,86 

YMnO3 Hexagonal, P63cm 914  80  87 

DyFeO3 Orthorhombic, Pnma 3.5 645 88 

TbMnO3 orthorhombic, Pbnm 28  41  76 

TbMn2O5 Orthorhombic, Pbam 38  43  78 

LuFe2O4 Rhombohedral, R3m 330 330  66 

CoCr2O4  Cubic,        25 93 89 

HoMnO3 Hexagonal, P63cm 900 70  90 

YbMnO3 Hexagonal, P63cm 900 80  91 

Ni3B7O13I Cubic,        64 64  92 

Ni3V2O8 Orthorhombic, Cmca 6 9 93 

 

 

1.6. Perovskite oxides as multiferroics  

Perovskites have the general formula ABX3, where ‘X’ can be halogens or oxygen. 

The ‘A’ cations are bigger than the ‘B’ cations and are coordinated by 12 anions. B cations 

occupy at the octahedral position formed by the anions. Ideal perovskites have a cubic 

structure [94, 95]. A perovskite unit cell is shown in figure 1.19 
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Figure 1.19. The Perovskite structure [96]. 

 

Perovskites are known to show various interesting properties like ferromagnetism 

(BiMnO3, YMnO3, TbMnO3), ferroelectricity (PbTiO3, BaTiO3), ferroelasticity (CaTiO3, 

LaCoO3), pyroelectricity, piezoelectricity, superconductivity, multiferroism, 

magnetoelectricity, etc. Even though ferromagnetism and ferroelectricity are mutually 

exclusive, in perovskite oxides (ABO3), they can coexist, since magnetism can originate from 

one metal cation and ferroelectricity from the other [60]. Easy synthesis methods, stability 

and easy tuning of the properties make perovskites an important class of compounds. 

 

1.7. Bismuth ferrite as a ‘super candidate’ for multiferroism 

Among the bismuth based perovskite oxides, BiMnO3 and BiFeO3 are the most studied 

ones. However,  the low ferromagnetic transition temperature (105 K) and the requirement of 

high pressure synthesis methods make it difficult to use BiMnO3 for applications [84]. Also, 

the ferroelectricity in BiMnO3 is a controversial topic in the literature as in many cases it 

crystallises in C2/c phase (rather than C2) which is centrosymmetric and thus                    
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non-ferroelectric [97]. Whereas the relatively simple synthesis methods and high  

magnetic/ferroelectric transition temperatures make BiFeO3 the favourite one. 

 

 

Figure 1.20. Year-wise publication in the field of ‘BiFeO3’, generated from Web of Science 

[98].  

 

Figure 1.20 gives the statistics of the number of papers published on the topic 

‘BiFeO3’ from web of science based search for the period of 2000 to 2017. Around 6400 

research articles are published which is relatively a huge number. The interest in BiFeO3 

started after Wang’s paper published in the journal ‘Science’ in 2003 with enhanced magnetic 

and ferroelectric properties in the thin films [61]. Though the authors claimed to obtained 

enhanced magnetism from the epitaxial stress, later it was shown by Eerenstein et al. [99] 

that magnetism was coming from Fe
2+

 species in the samples. This article caused a 

tremendous impact on the worldwide researchers to work on bismuth ferrite based 

multiferroics. After 2003, an exponential rise in the number of publications can be seen in 

figure 1.21. 

1.7.1. Crystal structure of BiFeO3 

BiFeO3 has a distorted rhombohedral structure with R3c space group, with the unit 

cell parameters a = 5.58 Å and c = 13.9 Å [100,101]. The unit cell of BiFeO3 is shown figure 

1.22. Ferroelectricity in BiFeO3 is from the 6s
2
 lone pair electrons of bismuth. The 

stereochemical lone pair of electrons make a covalent bond with oxygen 2p orbitals which 
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makes the Bi atom to shift towards [111] direction breaking the centre of symmetry and 

polarizing the molecule.  

 

Figure 1.21. The unit cell of BiFeO3 [102]. 

  

1.7.2. Phase diagram of Bi2O3-Fe2O3 system 

It is very difficult to synthesise single phase BiFeO3 by solid state synthesis method 

according to the phase diagram of Bi2O3-Fe2O3 system, shown in figure 1.22. BiFeO3 is a 

thermodynamically metastable system. Phase pure BiFeO3 is formed only in a very narrow 

composition range of the Bi2O3-Fe2O3 system in a very narrow temperature range. At higher 

temperatures, it dissociates into Bi2O3 and Fe2O3. Usually the bismuth-rich impurity phase 

Bi25FeO40 and the iron-rich Bi2Fe4O9 are formed as impurities [103, 104].  
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Figure 1.22. Bi2O3-Fe2O3 phase diagram [103]. 

 

1.7.3. Magnetic properties of BiFeO3 

BiFeO3 (BFO) has a G-type antiferromagnetic structure with a Neel temperature of 

643 K [105,106]. In G-type antiferromagnetism, the Fe atoms are antiferromagnetically 

coupled to the neighbouring atoms. It is actually canted antiferromagnetism with a canting 

angle of 153° which can allow a net magnetic moment. But Sosnowska et al. [107] have 

investigated the structure of BiFeO3 by neutron diffraction and shown that BiFeO3 has a spin 

cycloidal structure with a wavelength of 64 nm (figure 1.23). Within this 64 nm, the moments 

get cancelled and lead to zero net magnetic moment. Because of the low magnetic moment, 

BFO has a very low magnetoelectric (ME) coupling coefficient. This makes it difficult to use 

for application purposes. If the spin cycloidal structure is destroyed, BFO can show higher 

magnetic parameters and hence higher magnetoelectricity [107-111]. 
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Figure 1.23. Spiral spin cycloidal structure of BiFeO3 [112]. Green and blue arrows show the 

Fe moments. The red arrow is the resultant moment which has cycloidal form with a 

wavelength of 64 nm and a propagation vector (q) towards [10-1] direction. The resultant 

polarisation (shown by the red thick arrow) is towards the [111] direction. 

 

1.7.4.    Ferroelectric properties of BiFeO3 

BiFeO3 is ferroelectric with Curie temperature of 1103 K [113,114]. BiFeO3 can show 

high saturation polarization value upto 150 μC/cm
2
.  In BiFeO3, ferroelectricity arises from 

the stereochemical activity of 6s
2
 lone pair of electrons of Bi

3+
. Though theoretically it is a 

better ferroelectric, the low resistance and leakage currents in the samples deteriorate the 

ferroelectric properties. Modified synthetic methods can improve the resistance and the 

dielectric properties [115-118]. 

 

1.8. Methods to improve multiferroicity of BiFeO3 

BiFeO3 is already a better ferroelectric which can show a very high saturation 

polarisation. However, the poor magnetic properties make it a weak magnetoelectric. 

Improving the magnetic properties can enhance its multiferroic properties. There are different 

approaches used by researchers in order to achieve better magnetic properties and thus better 

multiferroism. 
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1.8.1. Nanoparticles and thin films 

The weak magnetic nature of BiFeO3 is due to the spiral spin cycloidal structure which 

has wavelength around 64 nm.  Therefore, in bulk samples, the net magnetic moment which 

arises from the canted spin structure gets cancelled.  If the size of the particles is below this 

spin periodicity (64 nm) range, BiFeO3 can show a higher net magnetic moment. Park et al. 

studied the size dependent magnetic properties of BiFeO3 for the first time and shown that 

with lowering the size, the magnetic properties of BiFeO3 particles are enhanced [119] . Even 

in thin films, this size dependent magnetization exists. However, in thin films, the epitaxial 

stress of the films can cause distortion of the crystal structure and helps to enhance the 

magnetic properties. 

 

1.8.2. Substitution  effects 

Proper substitution at the A (Bi) site or B (Fe) site in the ABO3 structure can lead to 

enhancement of magnetic and ferroelectric properties of BiFeO3. 

1.8.2.1. Bi-site substituted BiFeO3 

i.  Rare earth substitution 

Ionic radii of trivalent rare ions are comparable to that of bismuth. Therefore, almost 

all rare earths can be substituted at the Bi site [120-125] in BiFeO3. Thakuria and Joy [121] 

have studied different rare earth ions substituted BiFeO3 and shown that Ho substituted 

BiFeO3 shows the highest magnetic parameters as shown in figure 1.24. La-substitution for 

Bi has been studied widely in the literature, as La
3+

 eight coordination ionic radii is 1.16 Å 

which is very much closer to that Bi
3+

 (1.17 Å). But the lone pair effects from the Bi’s 6s
2
 

lone pairs will be suppressed upon La-substitution. A structural transition from rhombohedral 

R3c to orthorhombic Pbnm is observed in bulk and nanoparticles of La-substituted BiFeO3 

[122,123].  
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Figure 1.24. Magnetization vs. field curves for rare earth ions substituted BiFeO3 [121]. 

ii. Divalent ion substitution 

Bi-site can be substituted with divalent metal ions like Ca, Sr, Ba and Pb. Except for 

Ca, these ions have larger ionic radii than that of Bi [126-128]. Khomchenko et al. [126] have 

intensively studied divalent ion substitution in BiFeO3. The authors have shown that with 

increasing ionic size, magnetization increases and Ba
2+

 having the larger ionic radius shows 

higher magnetic parameters (figure 1.25). Furthermore, with the increase in the degree of 

substitution, magnetic properties are improved as shown figure 1.26 [129] 

 

Figure 1.25. Magnetization vs. field curves for divalent ion substituted BiFeO3 [126]. 
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Figure 1.26. Magnetization vs. field curves for Ca substituted BiFeO3 [129]. 

 

1.8.2.2. Fe-site substituted BiFeO3 

The Fe-site in BiFeO3 can be substituted by transition metal ions having similar size 

to that of Fe
3+ 

[130-135]. In addition to the structural changes by the substitution effect, 

magnetic contribution from the substituent atom also comes into the picture. Out of all the 

transition metals, Mn substitution has been studied extensively, as trivalent Mn and Fe have 

almost similar size, and therefore, the structural distortion due to size mismatch can be 

minimized. But Mn
3+

 being a Jahn-Teller active ion, structural distortion can occur. Also Mn 

has various stable oxidation states, which can also lead to better magnetic properties. Neutron 

diffraction studies by Sosnowska et al have shown that spiral spin structures get destructed in 

the case of Mn substituted BiFeO3 [130]. Enhancements in the magnetic and ferroelectric 

properties in the Mn substituted samples are reported as shown figure 1.27 (a) and 1.27 (b), 

respectively. Similarly, substitution with Cr (figure 1.28) also show enhanced magnetic 

properties. 
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Figure 1.27. (a) P-E loops for Mn-substituted BiFeO3 thin films and (b) magnetization vs. 

field curves for Mn-substituted BiFeO3 thin films [133]. 

 

 

Figure 1.28. Magnetization curves for Cr-substituted BiFeO3 nano particles [136].  

 

1.8.3. Application of high magnetic field 

When a very high magnetic field is applied, the spin cycloidal structure of BiFeO3 is 

destroyed, and subsequently weak ferromagnetism is observed [138,139]. Popov et al have 

shown a linear magnetoelectric response in BiFeO3 system in the presence of a very high 

magnetic field (280 kOe) [138]. 



Introduction 

32 
 

1.9. Morphotropic phase boundary (MPB) 

Morphotropic phase boundary (MPB) region is the phase composition region where 

the structural change from one phase to another occurs. In the case of dielectric and 

ferroelectric materials, it was observed that dielectric and ferroelectric properties show an 

anomaly in this structural phase transition region [140] as illustrated in figure 1.29. Even for 

magnetic properties, such an anomaly is observed in the MPB region [122,123].         

Thakuria et al. [122] have shown that enhanced magnetic properties are observed in the MPB 

region for La substituted BiFeO3 where a rhombohedral to orthorhombic structural transition 

occurs (figure 1.30). Magnetic parameters like Tc, Mr, Hc and Ms showed higher values at 

the MPB region, x = 0.15 as shown in figure 1.31. 

 

 

Figure 1.29. Structural transitions (left) and the enhanced parameters (right) around the MPB 

region of the piezoelectric compositions in the lead zirconate titanate system, PbZr1-xTixO3 

(PZT) [140]. 
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Figure 1.30. Powder XRD patterns indicating structural transition from rhombohedral (R) to 

orthorhombic (O) in nanoparticles of Bi1-xLaxFeO3 [123]. 

 

 

Figure 1.31. Higher magnetic parameters in the MPB region for nanoparticles of               

Bi1-xLaxFeO3 [123]. 

 

1.10.  Simultaneous A-site and B-site substitution (co-substitution) in BiFeO3 

Co-substitution is the simultaneous substitution at more than one sites, for example in 

the A and B sites of the ABO3 perovskite structure. Interest in co-substitution of BFO began 

when higher resistivity and electric properties were observed in the co-substituted BFO 
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samples [141, 142]. Later on, higher magnetic, ferroelectric and multiferroic properties were 

reported in many of the co-substituted BFO systems [143-145].  

 In Bi1-xAxFe1-yMyO3 (x = y or x ≠ y), both the Bi- and Fe- sites are substituted 

simultaneously, where A is trivalent rare earth ion or divalent ions and M is a transition metal 

ion. The Bi-site can be substituted by trivalent rare earth ions or divalent ions like Ca, Sr, Ba 

or Pb of comparable size and the Fe-site can be substituted by first-row transition metal ions.  

In the case of trivalent rare earth ion substitution, magnetism may be improved from the 

structural changes associated with the difference in sizes of Bi the substituted ions as well as 

the contributions from the transition metal ion due to the suppression of the spiral spin order. 

However, in the case of divalent co-substituted compounds, there will be charge 

compensation by the formation of Fe
4+

 and/or M
4+

 and this may improve magnetism. Figure 

1.32 shows the M-H curves of La and Mn/Co co-substituted BFO, where the co-substituted 

compositions show enhanced magnetic parameters (coercivity and magnetization) than the 

single site substituted BFO [143]. Gd and Ti co-substitution [144] also show similar trend as 

shown in figure 1.33. 

 

Figure 1.32. Comparison of the M vs. H curves of Bi-site, Fe-site and co-substituted  

BiFeO3 [143]. 
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Figure 1.33. M vs. H curves for Bi0.9Gd0.1Fe1-xTixO3 [144] 

 

1.11. Scope of the present work 

Magnetoelectric multiferroics are one of the most studied research areas in the recent 

times because of their application in the fields of information storage, sensors, actuators, etc. 

However, their practical application in real life is still far because of various issues. One of 

the main issues is that sufficient magnetoelectricity at room temperature is not yet achieved. 

Most of the known magnetoelectrics show maximum magnetoelectric coupling constant only 

at very low temperatures. This makes them impossible to use for practical applications and 

the known room temperature magnetoelectric multiferroics have very low magnetoelectric 

coupling constant. A material with the magnetic transition (TC or TN) and ferroelectric 

transition much above the room temperature is required for the application purposes. If it is 

possible to get a multiferroic material with a high magnetoelectric coefficient at room 

temperature it will be a great boom in the area of spintronics, data storage and sensors. 

Many perovskite oxides like BiMnO3, BiFeO3, YMnO3, etc., show multiferroic 

properties. Out of all the multiferroic materials, BiFeO3 is the only known room temperature 

magnetoelectric multiferroic. However, because of its antiferromagnetic character and spiral 

spin structure, the magnetoelectric coupling value achieved is very low. To improve the 

magnetoelectric properties, magnetic properties of BiFeO3 should be improved. By the 

destruction of the spin cycloidal structure of BFO, it may be possible to achieve 

ferromagnetism. A suitable substitution at the Bi- and/or Fe-site can break the spin 
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periodicity due to structural distortions and therefore can give rise to enhanced magnetic 

properties and thus possibly very high magnetoelectric coupling. Co-substitution is an 

effective method than the single site substitution to fine-tune the magnetic and electric 

properties concurrently. Co-substitution is very effective in reducing leakage current and 

hence enhancing the ferroelectricity. However, there are very few reports in the literature on 

the effect of co-substitution on the magnetic properties of BiFeO3.  

The objective of this work is to enhance the magnetic properties of BiFeO3 through 

co-substitution. Current literature does not provide much information on the magnetic 

characteristics of the co-substituted systems. In this context, this study on the co-substitution 

of the BFO system has great significance. A detailed study on the structural and magnetic 

properties can throw light on the effect of co-substitution on improving the magnetic 

characteristics suitable for applications. The changes in the bond angle and bond length on 

co-substitution can affect the strength of the magnetic exchange interactions apart from the 

suppression of spin periodicity, which determine and improve the magnetic properties 

because of the effective overlapping of the orbitals. Therefore, it is essential to investigate the 

structure-property relations of the co-substituted materials.  

Among the Bi-site substituted compositions, divalent ion substitution in BiFeO3 is 

well studied due to the enhanced magnetic, ferroelectric and magnetoelectric properties. On 

the other hand, Mn substitution is well studied among the Fe-site substituted compositions 

which also enhance the magnetic and magnetoelectric properties of BFO. As already 

discussed, in the former case, in addition to the structural distortions caused by the 

substituent, oxygen vacancies formed also may enhance the properties. In the latter case, 

structural distortions along with the contribution from exchange interactions involving Mn 

may enhance the magnetic properties. In this context, we have carried out co-substitution at 

the Bi- and Fe-site with divalent ions and Mn, respectively, with general formula               

Bi1-xAxFe1-xMnxO3 (A = Ca, Sr, Ba) where Mn will exist in Mn
4+

 state in order to attain 

charge neutrality. The mixed valency of Mn can enhance the magnetic properties through 

ferromagnetic double exchange.  

The end members of the Bi1-xAxFe1-xMnxO3 have different structures compared to that 

of BiFeO3 and thus the co-substituted compositions may show different crystal structures than 

that of BFO. Thus, an MPB region may exist in Bi1-xAxFe1-xMnxO3, where the properties may 

be enhanced. Furthermore, not much literature is available on the low-temperature magnetic 



Introduction 

 

37 
 

properties of substituted and co-substituted BFO. In this regard, we have tried to analyse the 

low-temperature magnetic properties of divalent ion and Mn-substituted BiFeO3. We have 

used X-ray diffraction (XRD) and Raman spectroscopy for the structural studies. Detailed, 

structural analyses in each case have been carried by Rietveld refinement of the XRD 

patterns. XPS studies have been carried out to check the oxidation states of Mn. Detailed, 

magnetic studies have been carried out using a SQUID magnetometer. Additionally, 

dielectric measurements have also been carried out for all the compositions.  
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2.1. Synthesis 

The most common method used for the preparation of bulk polycrystalline material is 

the solid-state reaction or ceramic or the high-temperature method [1-4]. In the solid state 

reaction involving a mixture of starting components, ions leave their respective positions and 

diffuse into another lattice thus forming a new composition. To overcome the lattice energy 

and to leave the lattice, high energy is required and hence high temperature is required for the 

completion of the reaction. Initially, the reaction takes place at the interfaces of the solid 

reactants and then the ions move from the bulk to the interface. Grinding of the reactants 

homogeneously mixes the components, increases the surface area and thus maximizes the 

contact area of the reactants thus making the reaction more feasible [5]. 

The co-substituted bismuth ferrite bulk samples, with the general formula               

Bi1-xAxFe1-yMnyO3, were prepared by the solid-state reaction method. Synthesis of single 

phase BiFeO3 and related systems by the solid-state method is rather difficult due to the 

kinetics and metastability of the system [6,7] and hence extra precautions were taken during 

the synthesis. Bi2O3, CaCO3/SrCO3/BaCO3, Mn2O3, and Fe2O3 (all from Aldrich) were 

weighed in the required stoichiometric ratio and ground well in an agate mortar for 1 hour 

using high purity acetone as a medium. Extra Bi2O3 (5 wt%) was added in order to 

compensate for the evaporation of bismuth during the heating process, as reported in the 

literature [8]. This avoids the formation of bismuth deficient impurity Bi2Fe4O9. The mixed 

powder was pressed into circular disks of 13 mm diameter and 5 mm thickness, by applying a 

pressure of 25 MPa. The pressed pellets were then heated at 850 °C in air, in a programmable 

furnace, at a heating rate of 5 degrees/minute. The samples were heated for 12 hours and then 

furnace-cooled to room temperature. The samples were kept in a closed alumina crucible in 

order to avoid the evaporation of Bi2O3. In the case of the synthesis of the unsubstituted 

BiFeO3, the temperature was fixed at 800 °C, since higher temperature will cause melting, 

evaporation and dissociation of BiFeO3. 

2.2. Powder X-ray diffraction 

 

Powder X-ray diffraction (XRD) is the basic characterization technique used in   

solid-state chemistry [9,10]. Each crystalline solid material can be identified by its own 

characteristic powder XRD pattern, and hence an XRD patterns is a “fingerprint” of the 

material. A PANalytical X’PERT Pro X-ray diffractometer with Cu-Kα radiation (1.5418 Å) 
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is used to record the X-ray diffraction patterns of the samples. The voltage and current 

applied were 40 kV and 30 mA respectively, to produce the X-rays. Kβ X-rays were filtered 

using a nickel filter. Samples were scanned in the 2θ range of 10 to 80 degrees at a scan rate 

of 1°/minute. The incident X-rays contain both the Kα1 and  Kα2 components. The diffracted 

beams were detected using a Pixel detector. The ‘Powder Cell for Windows (PCW)’ software 

was used to simulate the XRD patterns of the compositions and to compare with the 

experimental patterns for the initial identification of phases [11]. Structural parameters such 

as space group, unit cell parameters and atomic positions were taken from the literature to 

simulate the patterns. Detailed structural analysis was carried out by the Rietveld refinement 

method. 

 

XRD pattern of a certain compound carries much information about the crystal 

structure such as its lattice parameters, crystal symmetry, atomic positions, etc. The peak 

positions, peak width, splitting and intensity of the peaks are signatures of a particular crystal 

structure. In 1967 Hugo Rietveld made the first programme for the analysis of powder 

neutron diffraction data and later in 1969, it was fully developed to solve crystal structures 

[12,13]. Young and Wiles used this method for refining the powder XRD patterns to solve 

crystal structures [14]. Generally a high-intensity pattern is required for the refinement 

analysis. The Rietveld refinement is based on the least-squares method to obtain the 

minimum difference between the experimental and calculated patterns or the best fit. The 

residual Sy is minimized in the least-squares method, where Sy is given as  

    =              
   

   

where    is the observed intensity at the i
th

 step,     is the calculated intensity at the i
th

 step 

and      
 

   
, is the statistical weight assigned to each observation point, yi. For refinement of 

the XRD pattern to obtain the structural information, a good starting model is required.  

The Rietveld method can precisely determine the crystal structure as it can virtually 

separate the overlapping reflections. Another important advantage of the Rietveld refinement 

is the key feedback during the refinements between improving structural understanding and 

improving the allocation of experimental intensity to overlapping individual Bragg 

reflections. During the Rietveld refinement process, the refinable parameters get adjusted 

until the residual is minimized and the refinement process is continued until the best fit of the 
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entire calculated pattern to the entire observed pattern is obtained. The following residual 

factors or R factors indicate the goodness of fit 

 
R-structure factor,     = 

   
    

    
   

   
    

 

 R-Bragg factor,    = 
       

    
  

 
R-pattern,    =  

         

   
 

 

 
R-weighted pattern,     =  

            
 

     
  

 

 
R-expected,    =  

   

     
  

 

 

where    is the intensity of the k
th

 Bragg reflection and     is the calculated intensity of the k
th

 

Bragg reflection, M is the number of steps in the pattern and m is the number of refinable 

parameters.  Among these R factors,      is the most meaningful, as its numerator is the 

residual which is being minimized.  -factor is another goodness of the fit indicator which is 

given by  

 
   =

   
  

  
 

In the present work, the General Structure Analysis System (GSAS-EXPGUI) 

software was used for the Rietveld refinement analysis of the powder X-ray diffraction data 

[15].
 

The recorded raw XRD data was used as such without any data smoothening, 

background correction or  α  stripping. A reasonably good starting model is required for the 

refinement. If the initial model is not close to the true model, it may lead to a false minimum 

by a non-linear relationship between the adjustable parameters and the intensities. Therefore 

known structural parameters of the corresponding compounds were used for the refinement. 

For the Rietveld refinement of the XRD pattern, the reported procedure is followed.  

At the first step, scaling factor and the background functions were refined. Secondly, 

the lattice parameters were refined which almost fix the positions and intensity of the 

reflections. Using the pseudo-Voigt function, profile and symmetry parameters were refined. 

Pseudo-Voigt function is mixture of Gaussian and Lorentzian functions. Finally, the atomic 



Experimental methods 

50 
 

coordinates were refined. The refinement was performed until the best fit and lowest χ
2
 

values are obtained. 

2.3 . Raman spectroscopy 

Raman spectroscopy is another important experimental technique to evaluate the 

structural properties of materials. It is a non-contact non-destructive spectroscopic technique 

based on the vibrational transitions. Raman spectra can probe even local symmetry changes 

[16]. The sample is irradiated by a high-intensity laser beam and the scattered light is 

detected. The main principle of Raman spectroscopy is the change in polarizability of a 

molecule when it interacts with light [17,18]. The elastically scattered light having the same 

frequency (energy) as the incident light is called as Rayleigh scattering. Inelastically scattered 

rays with higher frequency than the incident rays are called as stokes line and the lower 

frequency rays are known as anti-stokes lines. In Raman spectroscopy, vibration frequencies 

of different bonds are measured as the frequency shift with respect to the incident rays. 

Raman spectroscopy can be used to identify an unknown substance, to differentiate different 

polymorphs, and to track the changes in the molecular structure and crystal structure. Stress 

and orientation of molecules can also be determined using Raman spectroscopy. In crystalline 

materials, the photon interacts with the lattice vibrations or phonons. The first derivative of 

polarizability is nonzero for a Raman active phonon. The number of Raman active modes 

depends on the space group of the materials. In this work, Raman spectra were recorded on a 

Lab RAM HR micro Raman spectrometer (HORIBA JOBIN YVON, Model No.HR 800) 

using a 632.8 nm He-Ne laser.  

 

2.4. Scanning Electron Microscopy 

The scanning electron microscope (SEM) technique is used to get information about 

the topography, morphology and microstructure of materials [19]. High-resolution surface 

imaging with three dimensional characteristics can be obtained using SEM. Tungsten or LaB6 

cathodes are used to create thermionic electrons which are accelerated to an anode using very 

high potential. Typically, an electron beam with energy of 100 eV to 50 keV is produced. 

Electromagnetic lenses are used to focus the beam of electrons to the sample. Secondary 

electrons and backscattered electrons from the sample are detected by photomultiplier 

detector to produce images. In the present work, a FEI Quanta 200 3D ESEM is used for 

collecting the micrographs. The samples in pellet forms were fixed on stubs using a carbon 
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tape and to avoid charging of the specimen, a thin layer of gold was coated on the sample 

surface using the sputtering technique.  The cross-section of the broken faces of the pellets 

was imaged. 

2.5. X-ray Photoelectron Spectroscopy 

X-ray Photoelectron Spectroscopy (XPS) or Electron Spectroscopy for Chemical 

Analysis (ESCA) can give chemical information on the surface of materials [20,21]. Working 

principle of XPS is the photoelectric effect, where electrons (photoelectrons) are emitted 

from atoms when excited with X-rays. Both the elemental and chemical environment 

information of a material can be obtained from XPS analysis. Electron spectrometer measures 

the kinetic energy (KE) of the emitted electron and the binding energy (BE) of the electron is 

calculated using the formula, 

 BE = hν – (KE + ϕ)  
 

 

 

Where ϕ is the work function and hν is the energy of the X-rays used. XPS is a surface 

sensitive technique since the typical penetration depth of X-rays is less than 10 nm. A VG 

Microtech Multilab ESCA 3000 X-ray Photoelectron Spectrometer with a                         

non-monochromatized Mg-Kα X-ray source (1253.6 eV) and a Thermo Fisher Kalpha+ 

Spectrometer with monochromated Al-Kα radiation with energy 1486.6 eV were used to 

record the spectra. Binding energies are corrected with respect to the adventitious carbon 1s 

peak at 284.6 eV as reference.  
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Figure 2.1. Energy level diagram showing the photoelectron emission by X-rays [22]. 

2.6. Magnetic measurements 

The magnetization of samples can be measured as a function of field or temperature to 

know the magnetic characteristics of the material [23]. A vibrating sample magnetometer 

(VSM) was used for these measurements. VSM works based on the principle of Faraday’s 

law, which states that a change in magnetic flux induces an electromotive force (emf) on a 

conductor that is proportional to the rate of change in flux [24, 25]. In a VSM, the sample is 

vibrated in a uniform magnetic field, and that induces a voltage on the pickup coils located 

near the sample. The emf on the pickup coil is directly proportional to the magnetic moment 

of the sample. Superconducting quantum interference device (SQUID) sensors can enhance 

the sensitivity of the measurements. SQUID works based on the Josephson junction, where a 

non-superconducting layer is placed in-between two superconducting layers and the electrons 

tunnel through the non-superconducting layer indefinitely [26]. SQUID has high sensitivity 

up to 10
-8

 emu in zero field [27]. 

In the present work, magnetic measurements at low temperatures were carried out on 

a Quantum Design make MPMS SQUID VSM DC Magnetometer. Helium-cooled 

superconducting magnets, which can go up to 7 T, were used. The sample chamber was 

cooled using liquid helium, down to a temperature of 1.8 K. Sample filled cups were fixed in 



Experimental methods 

53 
 

a gold plated brass sample holder attached to a sample rod which vibrated at a frequency of 

13.8 Hz. Temperature-dependent magnetization measurement was carried out using both the 

zero field cooled (ZFC) and field cooled (FC) protocols. In the ZFC protocol, the sample was 

cooled to the lowest temperature in zero field and the magnetization was measured while 

warming up the sample back to room temperature in a constant magnetic field. In the FC 

protocol, the sample was cooled in the presence of a field and magnetization was measured 

while warming the sample in the same field. The cooling rate used was 20 K/ minute whereas 

the magnetization was recorded at a heating rate of 2 K/minute. For field-dependent 

magnetization measurements, the sample was allowed to stabilize at a particular temperature 

for sufficient time and magnetization was recorded by varying the field at a rate of 250 Oe/s. 

The instrument was calibrated using standard palladium samples with known weight whose 

susceptibility is taken as 5.25 x 10
-6

 emu/g Oe at 298 K. Temperature calibration was done 

using an indium sample which shows a superconducting transition at 3.4 K. 

To determine the magnetic transition temperature, magnetization as a function of 

temperature was measured in the temperature range 30500
o
C, on an EG&G PAR 4500 

Vibrating Sample Magnetometer, in a magnetic field of 5000 Oe (0.5 T). The sample taken in 

a boron nitride cup was heated at the rate of 2 
o
C/min, and magnetization was recorded while 

heating the sample from room temperature. 
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Figure 2.2. Schematic diagram of the VSM components [24]. 

 

2.7. Dielectric measurements 

For the dielectric measurements, the sintered cylindrical pellets (13 mm x 1 mm) were 

used. Silver paste was applied on the surfaces of pellets for better electrical contact and was 

placed in-between two disc-shaped electrodes of almost 13 mm diameter. In the present 

work, a Novocontrol Βeta N Impedance Analyser was used to measure the dielectric constant 

of the materials in the range of 1 kHz to 1 MHz at an applied voltage of 1 V.  

  For the magnetodielectric measurements, a General Radio 1608-A Impedance Bridge 

was used. The silver paste applied pellets were placed in a home-built sample holder and the 

holder was placed at the center of a DC magnet poles. Parallel capacitance at 1 kHz was 

measured using the impedance bridge, at an applied magnetic field of 10 kOe. Dielectric 

constant (  ) was calculated from the formula [28] 

 

   = 
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where    is the capacitance of the sample, t is the sample thickness, A is the surface area of 

the conducting plate and    is the permittivity of air. Measurements were repeated many 

times in order to get a good reproducibility for the measurement. 

 

2.8. Estimation of Mn
4+ 

content 

 

Due to the substitution of the divalent ion, Ca
2+

, in place of the trivalent ion Bi
3+

 in 

BiFeO3, equivalent amount of the substituted Mn will exist as Mn
4+ 

inorder to maintain 

charge neutrality. Moreover, due to the presence of oxygen vacancies, some of the substituted 

Mn ions are expected to be present as Mn
3+

.  Therefore, to estimate the Mn
3+

/Mn
4+

 content, 

permanganometric redox titration was carried out, which is commonly used in the case of the 

perovskite manganates [29-31]. Here the Mn
3+

 and Mn
4+

 get reduced to Mn
2+

 in an acidic 

solution in the presence of Fe
2+

 which is oxidized to Fe
3+

. Solutions (around 0.02 N) of oxalic 

acid (H2C2O4.2H2O), potassium permanganate (KMnO4), and Mohr’s salt (ferrous 

ammonium sulphate, FeSO4.(NH4)2SO4.6H2O) were prepared. KMnO4 was standardized 

using standard oxalic acid solution which in turn was used to standardize the Mohr’s salt 

solution. About 20 mg of the finely powdered sample was weighed accurately and dissolved 

in sufficient amount of a known volume (excess) of ferrous ammonium sulphate solution. 

Titration of this solution against the standard potassium permanganate solution gave the 

amount of unreacted Fe
2+ 

after the reduction. The total amount of Fe
2+

 consumed for the 

reduction of Mn ions can be back-calculated from the titre values. One mole of Mn
3+

 reacts 

with one mole of Fe
2+

, but it takes 2 moles of Fe
2+ 

to react with one mole of Mn
4+

, and thus 

the amount of Mn
4+

 can be determined. 
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Chapter 3 

Structural, magnetic and dielectric 

properties of Bi1-xAxFe1-xMnxO3  

(A = Ca, Sr, Ba) 
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3.1. Introduction 

Substitution of divalent metal ions at the bismuth-site in BiFeO3 (BFO) can induce 

weak ferromagnetism due to size mismatch leading to structural distortion as well as the 

creation of Fe
4+

 and/or oxygen vacancy to compensate for the charge neutrality, where both 

destroys the spin periodicity. Khomchenko et al. have studied different divalent ion 

substituted BFO and showed that the magnetic parameters increase with an increase in the 

ionic radius of the substituent [1].  Kothari et.al. have shown an increase in the magnetization 

with increasing degree of substitution of Ca for Bi [2]. In the case of Fe-site substitution, 

magnetic properties are improved by the structural distortions which suppress the spin 

cycloidal structure leading to canted antiferromagnetism and from the magnetic contribution 

of the substituted transition metal ion. Enhanced magnetic and electrical properties are 

reported for Mn substituted at the Fe site of BiFeO3 [3,4]. Divalent metal ion and manganese 

co-substituted BFO can exhibit enhanced magnetic properties due to the presence of Mn
4+ 

species
 
and/or oxygen vacancies, apart from the structural distortions. 

Troyanchuk et al. have made detailed structural analysis of Bi1-xCaxFe1-xMnxO3 and 

Bi1-xSrxFe1-xMnxO3 (0≤ x≤ 0.5) from neutron diffraction experiments. Around x = 0.2, a 

structural transition from the rhombohedral (space group: R3c) to orthorhombic (space group: 

Pbnm) and rhombohedral (space group:     ) is reported for Ca-Mn and Sr-Mn                   

co-substitution, respectively [5]. Huang et al. have reported magnetic and ferroelectric 

properties for thin films of Ca-Mn co-substituted BFO, Bi1-xCaxFe1-yMnyO3 (0≤ x≤ 0.1 and  

0≤ y≤ 0.1) and according to the authors, substitution of Fe by Mn causes a structural 

transition towards orthorhombic phase whereas substitution of Bi by Ca causes a tetragonal 

distortion in the co-substituted system [6]. Higher magnetic and ferroelectric properties are 

reported for Bi0.90Ca0.10Fe0.90Mn0.10O3. Rout et al. have reported better magnetoelectric 

properties for   Bi1-xBaxFe1-yMnyO3 (x = 0, 0.1, 0.2) with a structural transition from 

rhombohedral R3c to tetragonal P4mm around x = 0.2 [7]. Kumar et al. studied the electrical 

and magnetic properties of Bi1-xBaxFe1-yMnyO3 (x = 0, 0.1, 0.2) where they reported better 

properties for     x = 0.2 [8]. 

In this chapter, we have studied and compared the structural and magnetic properties 

of Ca-Mn, Sr-Mn and Ba-Mn co-substituted BFO with the general formula                         

Bi1-xAxFe1-xMnxO3 (BAFMO) with 0 ≤ x≤ 0.3. The ionic radii of Bi
3+

, Ca
2+

, Sr
2+

 and Ba
2+

, for 

eight-fold coordination are 1.17, 1.12, 1.26, and 1.42 Å respectively [9]. Thus, Ca
2+

 has a 
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comparable ionic radius to Bi
3+

,
 
whereas Sr

2+ 
and

 
Ba

2+ 
have larger ionic radii, and this can 

cause larger structural distortions in the Ba-Mn and Sr-Mn co-substituted systems. This is 

likely to lead to different structural and magnetic properties for the latter systems compared 

to the Ca-Mn co-substituted system, due to the large changes in the bond angles and bond 

lengths on substitution. The objective of this work is to investigate the effect of the ionic size 

of the substituted alkaline earth metal ions substituted for Bi, when co-substituted with Mn at 

the Fe-site, on the structural, magnetic and dielectric properties of BiFeO3. 

Co-substituted bismuth ferrite bulk samples, with the general formula                      

Bi1-xAxFe1-xMnxO3, (0≤ x≤ 0.3), where A = Ca/Sr/Ba, were prepared by the solid-state 

reaction method as described in section 2.1. The as-prepared samples were ground well and 

used for different characterizations. 

3.2. Structure  

Powder X-ray diffraction patterns of the Bi1-xAxFe1-xMnxO3 (BAFMO) ceramic 

samples for 0 ≤ x≤ 0.3 are shown in figures 3.1 to 3.3. In all the three co-substituted systems, 

for samples with x < 0.2, peaks due to minor amounts of the bismuth-rich phase Bi25FeO40 

are observed. Peaks due to the Fe-rich Bi2FeO9 impurity phase are not observed for any of the 

samples. In figure 3.4, the most intense peak in the XRD patterns of the BAFMO systems is 

compared. The splitting of the peak due to the R3c structure disappears from x = 0.2 onwards 

for the Ca-Mn co-substituted system, which implies a structural transition at that 

composition. On the other hand, the splitting due to the R3c structure is directly evident for 

both the Ba-Mn and Sr-Mn co-substituted systems even at x = 0.3, implying rhombohedral 

structure for these compositions at x = 0.3. A prominent shift in the positions of the XRD 

peaks can be observed for Ca-Mn and Sr-Mn co-substituted systems, whereas the Ba-Mn   

co-substituted compositions show a relatively much smaller shift. The shift in the XRD peak 

positions corresponds to variation in the lattice parameters. Though Ba
2+

 has a larger ionic 

size than that of Bi
3+

, the smaller Mn
4+

 species formed for the charge compensation reduces 

the effect of the size difference between Bi
3+ 

and Ba
2+

. Hence, the much smaller shift 

observed for the Ba-Mn co-substituted system. Variation in the lattice parameters is discussed 

with respect to figure 3.6.  
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Figure 3.1. Powder XRD patterns of different compositions in Bi1-xCaxFe1-xMnxO3. The peak 

from the impurity phase Bi25FeO40 is marked using the symbol ‘*’. 
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Figure 3.2. Powder XRD patterns of different compositions in Bi1-xSrxFe1-xMnxO3. The peak 

from the impurity phase Bi25FeO40 is marked using the symbol ‘*’. 
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Figure 3.3. Powder XRD patterns of different compositions in Bi1-xBaxFe1-xMnxO3. The peak 

from the impurity phase Bi25FeO40 is marked using the symbol ‘*’. 
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Figure 3.4. Comparison of the most intense peak in the XRD patterns of different 

compositions in Bi1-xAxFe1-xMnxO3 (A = Ca, Sr, Ba). 

 

Rietveld refinement analysis of the XRD patterns reveals that, for Ca-Mn                

co-substitution, the compositions with x < 0.1 have rhombohedral structure whereas the 

compositions with x > 0.2 show orthorhombic structure, and x = 0.15 shows  R3c-Pbnm 

mixed phase with 15% of the Pbnm phase. For Sr-Mn co-substitution, R3c to      structural 

change occurs around x = 0.1 and mixed phase is observed till x = 0.3. R3c and      are very 

similar space groups and its difficult to distinguish them. χ
2  

value is obtained as ~4 for the 

XRD refinement of 
 
Bi0.7Sr0.3Fe0.7Mn0.3O3 using R3c or      space groups alone, but it 

dropped below ~2 with a refinement considering R3c-      mixed phase and much better fit 

was obtained. Only 25% of R3c phase content was obtained for Bi0.7Sr0.3Fe0.7Mn0.3O3.  
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Figure 3.5. Results of the Rietveld refinement of the XRD patterns of Bi1-xAxFe1-xMnxO3 for 

x = 0.3 showing the presence of mixed phases (A = Ca, Sr, Ba).  

 

For Ba-Mn co-substitution, rhombohedral (R3c) to tetragonal (P4mm) structural 

change occurs around x = 0.25 and shows a mixed phase of R3c and P4mm till x = 0.3. 89% 

of the R3c phase was obtained for Bi0.7Ba0.3Fe0.7Mn0.3O3. Figure 3.5 shows the Rietveld 

refinement of the XRD patterns of Bi0.85Ca0.15Fe0.85Mn0.15O3, Bi0.7Sr.3Fe0.7Mn0.3O3 and 

Bi0.7Ba0.7Fe0.7Mn0.3O3, where the compositions show mixed phase behaviour. 
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Figure 3.6. Variation of lattice parameters and unit cell volume as a function of x in          

Bi1-xAxFe1-xMnxO3 (A = Ca, Sr, Ba). 

 

Variation of the lattice parameters and unit cell volume as a function of x is shown in 

figure 3.6, where the region between the dotted lines indicates the mixed phase region in the 

corresponding systems. For comparison, the R3c lattice parameters of Bi0.9Sr0.1Fe0.9Mn0.1O3 

are shown although it shows an R3c-     mixed phase. Shannon ionic radii (8-coordination) 
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of Bi
3+

 (1.17 Å) and Ca
2+

 (1.12 Å) are almost comparable whereas Sr
2+ 

(1.26 Å) and Ba
2+ 

(1.42 Å) are comparatively larger ions; ionic radii of Mn
3+

 and Fe
3+

 are 0.645 Å for              

6-coordination [9]. Substitution of divalent ions should create Mn
4+

 (ionic radius = 0.53 Å) 

species and/or oxygen vacancies for charge neutrality. For the Ca-Mn co-substituted system, 

the lattice parameters decrease with increasing Ca/Mn content which is due to the lower ionic 

radius of the Ca
2+ 

and due to formation of
 
Mn

4+
 which is smaller than Fe

3+
 in size. In the     

Sr-Mn system, initially the lattice parameters increases for x = 0.05 and then show a decrease 

for x = 0.1. The initial increase in the lattice parameters is due to the larger size of Sr
2+ 

than 

that of Bi
3+ 

and
 
for higher level of substitution, due to the formation of smaller Mn

4
,
+ 

the 

lattice parameters decrease. Difference in the ionic radius between Mn
4+ 

and
 
Fe

3+ 
(ΔrB = 0.115 

Å) is larger than the difference in ionic radius between Sr
2+ 

and Bi
3+ 
(ΔrA = 0.09 Å) which 

causes
 
the decrease in the lattice parameters for Bi0.9Sr0.1Fe0.9Mn0.1O3. 

In the Ba-Mn system, all the co-substituted samples show larger ‘a’ lattice parameters 

than for the unsubstituted BFO due to the larger size of Ba
2+

. However, with an increase in 

the Ba/Mn content, the lattice parameter ‘c’ shows a small decrease whereas ‘a’ remains 

almost constant. Here, the difference in the ionic size between Ba
2+ 

and Bi
3+

, ΔrA = 0.25 Å, is 

larger than the difference between Bi
3+

 and Ca
2+

/Sr
2+

, leading to higher lattice parameters for 

the Ba-Mn co-substituted compositions. However, with increasing co-substitution content, 

the amount of Mn
4+

 increases leading
 
to a further smaller decrease in the lattice parameters. 

In all three cases, a corresponding change in the unit cell volume is also observed with the 

degree of substitution.  

The end member of the Bi1-xAxFe1-xMnxO3 system for A = Ca, CaMnO3, has the 

orthorhombic structure with Pbnm space group (a = 5.264 Å, b = 5.279 Å, c =7.448 Å) [10] 

whereas SrMnO3 and BaMnO3 exist in the hexagonal structure with P63/mmc space group 

[11-16]. They also can show different crystal structures with variation in the oxygen 

stoichiometry [15, 16]. The Ca-Mn co-substituted system is closely related to the Ca or Mn 

substituted BiFeO3 showing the similar crystal structure and space group. 

Bi0.7Ca0.3Fe0.7Mn0.3O3 has the lattice parameters a = 5.448 Å, b = 5.5129 Å, and c = 7.7824 Å 

which are almost comparable to that of CaMnO3. The Sr-Mn and Ba-Mn co-substituted 

systems show different crystal structures than that of their corresponding end members.  
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3.3. Microstructure 

 

 

Figure 3.7. Scanning electron micrographs of different compositions in Bi1-xAxFe1-xMnxO3 

(A = Ca, Sr, Ba). 

 

SEM micrographs of the Bi1-xAxFe1-xMnxO3 samples (x = 0.05, 0.15 and 0.25) are 

shown in figure 3.7. Very large (> 1 µm) and fused grains are observed for x = 0.05 samples. 

The large fused grains of x = 0.05 samples are due to melting of these samples due to the low 

substitution percentage. Grain size is decreased with increasing degree of substitution in all 

three series, and less porosity is observed for the Ca-Mn system. Bi0.85Sr0.15Fe0.85Mn0.15O3 and 

Bi0.85Sr0.25Fe0.75Mn0.25O3 show a mixture of larger and smaller grains. This could be possibly 

due to the mixed phase observed for Sr-Mn and Ba-Mn co-substituted system at x = 0.25. 

The larger and smaller grains observed are likely to be from different phases present in these 

samples, as evidenced from the XRD studies. Ba-Mn co-substituted samples for higher 

concentrations (x > 0.05) show smaller and almost uniform sized grains than that observed 

for the corresponding Ca-Mn and Sr-Mn co-substituted samples.  
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3.4. Raman spectroscopy 

Raman spectroscopy is a very good technique to distinguish different crystal 

structures. According to group theory calculations, Raman active modes of R3c structure are 

given by the irreducible representation, Γ = 4A1 + 9E [17].  Figures 3.8 to 3.11 show the 

Raman spectra of different compositions in Bi1-xAxFe1-xMnO3.  The Raman bands observed 

for BFO are similar to that reported in the literature [2, 18]. 13 Raman modes observed for 

unsubstituted BFO are assigned as 143 cm
-1 

(A1-1 ), 176 (A1-2), 222 (A1-3), 474 cm
-1

(A1-4)  

81 (E-1), 127 (E-2), 265 (E-3), 302 (E-4), 345 (E-5), 377 (E-6), 418 (E-7), 531(E-8) and 625 

cm
-1 

(E-9 ) (E-1 mode at 81 cm
-1 

is not shown in the figure).  The low-frequency bands at 

143, 176, and 222 cm
-1

 are related to Bi-O vibrations, and the high-frequency E modes are 

related to Fe-O vibrations. The most intense band observed for BFO is the A1-1 mode, and 

this is merged with the band due to the E-2 mode.  

Upon Ca-Mn co-substitution, the intensities of A1-1 and E-2  bands are diminished, 

and the A1-3 band at 222 cm
-1

 becomes more intense (figure 3.8). The band at 222 cm
-1

 is 

completely absent in the spectra for x ≥ 0.2. Compositions with x ≥ 0.2 with the orthorhombic 

structure show different spectral features than that for the R3c compositions (x ≤ 0.1). Broad 

bands appearing around 480 and 620 cm
-1

 are similar to those reported for the orthorhombic 

RMnO3 perovskites [19,20]. Even in the spectra of orthorhombic LaFeO3 and other 

orthorhombic BiFeO3 systems, the band at 620 cm
-1 

is reported [21]. However, broad and 

high intense band at 620 cm
-1

 is mostly observed in the Mn-substituted BiFeO3 even with the 

rhombohedral R3c structure [22-25]. The intensity of this band at 620 cm
-1 

is increased due to 

the structural distortion caused by Mn substitution [25]. The band at 620 cm
-1

 arises from the 

symmetric stretching of basal oxygen of the MnO6
  

octahedra and the band at 480 cm
-1

 is 

from the antisymmetric stretching arising from the Jahn-Teller distortion [20]. Mn
3+ 

is    

Jahn-Teller active whereas
 
Mn

4+ 
is

 
Jahn-Teller inactive. Raman mode at 480 cm

-1
 suggests 

the presence of Mn
3+ 

in the samples. 
.
Low-frequency E and A1 modes are characteristics of 

the stereochemical activity of Bi lone pairs and thus indicate the ferroelectric character of the 

compositions. Complete disappearance of the low-frequency bands for x ≥ 0.2 suggests 

suppression of the stereochemical activity of the Bi lone pair of electrons and hence nonpolar 

nature of the compounds. These results confirm the structural change from R3c to Pbnm 

around x = 0.15, as concluded from the XRD studies on the Ca-Mn co-substituted system. 
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Figure 3.8. Raman spectra of Bi1-xCaxFe1-xMnxO3. The inset shows the zoomed spectra of 

BFO (x = 0) in the same x-axis scale. 
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Figure 3.9. Raman spectra of Bi1-xSrxFe1-xMnxO3. The inset shows the zoomed spectra of 

BFO (x = 0) in the same x-axis scale. 
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Figure 3.10. Raman spectra of Bi1-xBaxFe1-xMnxO3. The inset shows the zoomed spectra of 

BFO (x = 0) in the same x-axis scale. 
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Figure 3.11. Comparison of the Raman spectra of Bi0.3A0.3Fe0.7Mn0.3O3 (A = Ca, Sr, Ba). 

 

For the Sr-Mn system, the compositions with x ≤ 0.2 show Raman spectra similar to 

that of BFO. For x ≥ 0.15, intensities of the A1-2 and E-2 bands are decreased, and intensity 

of the mode at 620 cm
-1

 is increased (figure 3.9). This is possibly due to the formation of the 

     phase above x = 0.1. For x ≥ 0.25 the bands due to the A1-2 and E-2 modes disappear 

suggesting the non-ferroelectric character of the compositions. For x ≥ 0.25, only two Raman 

modes at 480 and 620 cm
-1

 are observed which is in accordance with the XRD studies that for 

x > 0.2      is the major phase. Ba-Mn system also shows Raman spectra similar to that of 

unsubstituted BFO till x = 0.25 with an increase in the intensities of the modes at 620, 480 

and 530 cm
-1

 and the peak intensity of low-frequency modes decreases with the degree of   

co-substitution as shown in figure 3.10. XRD studies revealed a structural transition from R3c 

to P4mm around x = 0.25. The x = 0.25 composition show all modes of BFO in the Raman 

spectra, confirming that the R3c phase is the major phase, as confirmed from the XRD 

analysis.  Though the x = 0.3 samples are R3c-P4mm mixed phase, only the bands at 620 and 
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480 cm
-1

 are visible implying a phase change similar to that in Ca-Mn and Sr-Mn                

co-substituted systems.  

Normalized Raman spectra of Bi0.7A0.3Fe0.7Mn0.3O3 samples are compared in figure 

3.11. The A1-3 Raman mode at 220 cm
-1

 is present for the Bi0.7Sr0.3Fe0.7Mn0.3O3 and 

Bi0.7Ba0.3Fe0.7Mn0.3O3, whereas, for Bi0.7Ca0.3Fe0.7Mn0.3O3, it is absent indicating the presence 

of the R3c phase in Sr/Ba-Mn samples and absence of R3c phase in Ca-Mn system for           

x = 0.3. The other low-frequency modes are absent due to the smaller percentage of R3c 

phase in the corresponding Sr-Mn and Ba-Mn co-substituted systems. The intensity of the 

broad bands at 480 and 620 cm
-1 

remain almost comparable for the three co-substituted series 

which are mainly from the BO6 (Fe/Mn) vibrations in Bi0.7A0.3Fe0.7Mn0.3O3. This observation 

is in accordance with the results from the XRD studies.  

 

3.5. Magnetic properties  

3.5.1. M vs. H measurements 

 

Figure 3.12. Magnetization vs. applied magnetic field curves of Bi1-xCaxFe1-xMnxO3 

measured at room temperature.  
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Room temperature M-H curves of BFO and the substituted compositions are shown in 

figures 3.12 to 3.14. BFO shows a linear variation of magnetization with the applied 

magnetic field, with negligible coercivity and remanence, which is the typical 

antiferromagnetic nature. However, with increasing the level of substitution, magnetization 

increases with significant coercivity and remanence, indicating the weak ferromagnetic 

nature of the samples on co-substitution. Upon co-substitution, magnetization increases with 

increasing A/Mn content, which does not saturate even at 60 kOe.  BFO shows a 

magnetization of 0.4 emu/g at 60 kOe which is increased to ~0.6 emu/g for x = 0.05 and 

~1.25 emu/g for x = 0.3 for all the three co-substituted systems.  

 

Figure 3.13. Magnetization vs. applied magnetic field curves of Bi1-xSrxFe1-xMnxO3  

measured at room temperature.  

 

Upon co-substitution, the coercivity and remanence increase with increasing the 

percentage of co-substitution indicating the weak ferromagnetic nature of the co-substituted 

samples. Larger hysteresis loops are observed of Ca-Mn co-substituted samples than the Sr-

Mn and Ba-Mn co-substituted samples as shown in figure 3.15. For x > 0.15, the loop 

becomes narrower in all the three co-substituted systems, and Bi0.3Sr0.3Fe0.7Mn0.3O3 shows 

almost a linear variation of magnetization with negligible remanence and coercivity similar to 
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the M-H behaviour of BFO. For the Ba-Mn co-substituted samples, for x ≥ 0.2, a weak 

ferromagnetic nature is observed at low magnetic fields. 

 

Figure 3.14. Magnetization vs. applied magnetic field curves of Bi1-xBaxFe1-xMnxO3 

measured at room temperature.  

 

The impurity phase observed for x < 0.2, Bi25FeO40, is paramagnetic at room 

temperature [26, 27] and hence contribution from this impurity phase to the room temperature 

magnetization can be ruled out.
 
Therefore, the weak ferromagnetism exhibited by different 

compositions is due to canted antiferromagnetism caused by the change in Fe-O-Fe bond 

angle and bond length due to the structural change on substitution [28-30]. Substitution of 

Bi
3+

 by A
2+

 in BiFeO3 should create either oxygen vacancy and/or Mn
4+ 

to preserve charge 

neutrality.  Since Mn
4+

 is a stable oxidation state, Mn should exist only in the Mn
4+

 state in 

Bi1-xAxFe1-xMnxO3 (considering no oxygen vacancy).  Contraction of the unit cell parameters 

and unit cell volume in all the three co-substituted system (as shown in figure 3.6) indicate 

the presence of Mn
4+ 

in the co-substituted samples whereas the Raman bands around          

480 cm
-1 

corresponding to the Jahn-Teller distortion in the compositions indicate the presence 

of Mn
3+

. This suggests the mixed Mn valency in the samples leading to Mn
3+

-O-Mn
4+
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ferromagnetic double exchange interaction, as in the case of substituted rare earth manganites 

[31]. This can also contribute to the weak ferromagnetism exhibited by the Ca/Sr/Ba and Mn 

co-substituted BiFeO3. 

The magnetic parameters obtained from the room temperature magnetization curves 

are plotted as a function of x in Bi1-xAxFe1-xMnxO3 as shown in figure 3.16. For all the three 

systems, remanence and coercivity increase with increasing level of substitution, showing a 

maximum value at x = 0.15 and then decreases at higher values of x. Among the three 

different systems, the Ca-Mn substituted compositions show higher coercivity and remanence 

and the values decrease in the order Ca-Mn > Sr-Mn > Ba-Mn, corresponding the ionic size 

of the divalent alkaline earth metal ion. A linear increase is observed for the magnetization at 

60 kOe with an increase in the substitution percentage. It is interesting to note that even in the 

case of the magnitude of magnetization at the highest measuring field, Ca-Mn system shows 

an anomaly around x = 0.15 which is the R3c to Pbnm structural transition region. Such an 

MPB assisted enhanced or anomalous magnetic properties are reported in many substituted 

BFO-based systems [32-35].  

 

Figure 3.15. Room temperature M-H curves of Bi1-xAxFe0.85Mn0.15O3 (A = Ca, Sr, Ba). The 

inset shows the zoomed curves at low magnetic fields. 
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Figure 3.16. The room temperature magnetic parameters, coercivity (Hc), remnant 

magnetization (Mr) and magnetization at 60 kOe (M60), as a function of x in                        

Bi1-xAxFe1-xMnxO3 (A = Ca, Sr, Ba). 

 

 

Figure 3.17. Magnetization vs. applied magnetic field curves of Bi1-xCaxFe1-xMnxO3 at 5 K. 

The graphs at the bottom show the zoomed magnetization curves for x = 0 and x = 0.05 
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The weak ferromagnetism shown by the co-substituted samples is possibly arising 

from the various exchange interactions involving  Fe
3+

, Mn
3+

, Mn
4+

, oxygen vacancy as well 

as suppression of spiral spin cycloidal structure leading to canted antiferromagnetism. Since 

the observed changes in the magnetic parameters correlate with the size of the divalent 

substituted cation at the Bi-site, it can be concluded that the structural distortions on 

substitution are responsible for the observed weak ferromagnetism. 

The M-H curves measured at 5 K for the co-substituted systems are shown in figures 

3.17 to 3.19. Unsubstituted BFO shows antiferromagnetic nature with almost zero 

remanence. At 5 K, BFO shows a magnetization of 0.4 emu/g with a coercivity of 450 Oe. 

Upon co-substitution, the magnetization increases for co-substituted systems with increase in 

co-substitution percentage. The x = 0.05 compositions in all the three systems show similar 

low-temperature hysteresis curve as that of BFO with the magnitude of magnetization at the 

highest field almost doubled. A lower coercivity and remanence are observed for x = 0.05 

than that of unsubstituted BFO. For x ≥ 0.1, very high values of magnetization are obtained 

for the co-substituted systems with large hysteresis loops similar to that of a ferromagnetic 

system. x = 0.3 compositions show almost ten times higher values of magnetization             

(≈5 emu/g) than BFO.  

 

Figure 3.18. Magnetization vs. applied magnetic field curves of Bi1-xSrxFe1-xMnxO3 at 5 K. 
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As in the case of the RT magnetization curves, at 5 K also a larger hysteresis loop is 

observed for the Ca-Mn system. 

 

Figure 3.19. Magnetization vs. applied magnetic field curves of Bi1-xBaxFe1-xMnxO3 at 5 K. 

 

 

Figure 3.20. The coercivity (Hc), remnant magnetization (Mr) and magnetization at 60 kOe 

(M60), at 5 K, as a function of x in Bi1-xAxFe1-xMnxO3 (A = Ca, Sr, Ba).  

 

The magnetic parameters obtained from the magnetization curves at 5 K are plotted in 

figure 3.20. The coercivity increases for Ca-Mn and Sr-Mn systems with co-substitution 
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whereas for Ba-Mn it shows a maximum around x = 0.15. Remanence and magnetization at 

60 kOe increase with an increase in the substitution level for all the three co-substituted 

systems. For x = 0.05, almost similar magnetic parameters are obtained for the three different 

co-substituted systems. For x > 0.15 a sudden large change in the remanence is observed for 

the Ba-Mn system. Ca-Mn co-substituted systems show largest magnetic parameters. For   

Sr-Mn co-substituted system, the magnetic parameters increase with an increase in the 

substitution content. The anomaly in the coercivity and remanence around  x = 0.15 at 5 K for 

the Ca-Mn and Ba-Mn systems is similar to that observed at room temperatures. 

 

3.5.2. M vs. T measurements 

To understand the magnetic characteristics of the Bi1-xAxFe1-xMnxO3 co-substituted 

systems, the temperature dependent magnetization studies have been carried out. Both the 

zero field cooled (ZFC) and field cooled (FC) magnetization measurements were carried out 

at an applied magnetic field of 500 Oe in the temperature range of 5 to 300 K (figures 3.21 to 

3.23).  BFO shows a decrease in the magnetization with decreasing temperature below 300 K, 

due to the antiferromagnetic nature and showing a small kink around 50 K which is similar to 

the reported data for the bulk or single crystalline samples [36]. The anomaly around 50 K in 

MT curves of BFO is attributed to spin glass transition [36,37]. Upon 5% co-substitution in 

all the three systems, the ZFC and FC curves show a different characteristic. Magnetization 

increases with decreasing temperature similar to paramagnetic systems with a kink around  

50 K which is probably the spin glass transition similar to that reported for BFO. For the    

Ca-Mn co-substituted system, a broad maximum around 40 K is observed for x ≥ 0.1. This 

could be attributed to a spin-glass-like transition. For Sr-Mn co-substitution, such a spin glass 

transition is observed only for x ≥ 0.2 and for Ba-Mn co-substitution, for x ≥ 0.15. The 

observed spin-glass-like transitions observed for the co-substituted systems can be related to 

the spin glass transition reported for unsubstituted BiFeO3 at 50 K [36,37].  
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 ` 

Figure 3.21. ZFC and FC magnetization curves of Bi1-xCaxFe1-xMnxO3. The inset shows the 

ZFC and FC curves of BFO (x=0). 

 

The variation in the spin glass transition temperature is likely to be due to the contributions 

from large structural distortions and the different possible exchange interactions between the 

different ions involved in the co-substituted systems. In all the co-substituted compositions, 

the ZFC and FC magnetization curves split around 250 K with the divergence increasing with 

decreasing temperature. A similar FC/ZFC divergence is reported for BiFeO3 single crystal 

[36], suggesting the same origin for the substituted systems also.  

The spin glass transition temperature, defined as the temperature at which a maximum 

is observed in the ZFC magnetization curve, Tp, is plotted against the substitution content for 

the three different co-substituted systems in figure 3.24. In the case of Ca-Mn and Ba-Mn co-

substitution, Tp shows a maximum value at x = 0.15 and x = 0.25 respectively. The Ca-Mn 

and Ba-Mn compositions with x ≥ 0.25 show almost similar Tp values. The Sr-Mn               

co-substituted system shows a different trend, where Tp increases with substitution, with a 

lower value (≈20 K) compared to the Ca-Mn and Ba-Mn systems. Further investigation is 

needed to comment on this low Tp shown by the Sr-Mn co-substitution.  
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Figure 3.22. ZFC and FC magnetization curves of Bi1-xSrxFe1-xMnxO3. The inset shows the 

ZFC and FC curves of BFO (x = 0) 

For the Sr-Mn and Ba-Mn co-substituted compositions, a broad magnetic transition 

like feature, with the divergence of the FC and ZFC magnetizations is observed between 200 

and 300 K, suggesting another spin-glass-like phase or a weak ferromagnetic phase in the 

different compositions.  For the Sr-Mn and Ba-Mn compositions, this feature is observed for 

x ≥ 0.15 and x ≥ 0.2, respectively. This feature at a higher temperature is not observed for the 

Ca-Mn systems.  

In BiFeO3, low-temperature magnetic anomalies have been reported at 90, 140, 200 

and 250 K [38-42]. The magnetic anomalies at 140 K and 250 K are associated with coupling 

with electric polarization as suggested by the Raman [38,39,41], dielectric and 

electromechanical studies [42]. The observed anomalies in the ZFC-FC curves around 250 K 

for the Ba-Mn co-substituted system and at 140 K for the Sr-Mn co-substituted system are 

possibly related to these anomalies shown by the unsubstituted BFO. It is possible that the 

magnetoelectric coupling is enhanced due to the larger structural distortions in Sr-Mn and 

Ba-Mn systems, due to the larger size of the substituted ions.  
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Figure 3.23. ZFC and FC curves of Bi1-xBaxFe1-xMnxO3. Inset shows the ZFC and FC curves 

of BFO (x=0). 

 

Figure 3.24. Spin glass transition temperature vs. x in Bi1-xAxFe1-xMnxO3 (A = Ca, Sr, Ba). 
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The spin-glass-like transition around 40 K observed for the Ca, Sr, Ba and Mn co-

substituted compositions are reported for many similar individual compositions studied.    

Yin  et al. [43] have reported this type of spin glass phase in Bi0.8Ca0.2Fe1-xMnxO3 and 

Tzankov et al. [44,45] for Bi0.5Ca0.5FexMn1-xO3 and Bi0.5Sr0.5FexMn1-xO3. Divalent ion 

substituted BiMnO3, and Fe substituted CaMnO3/BiMnO3 are also known to show spin glass 

behaviour [46-49]. Fe substituted CaMnO3 shows a spin glass behaviour with a Tp around 40 

K. In CaMn1-xFexO3, only for x ≥ 0.35 spin glass behaviour is observed whereas in SrMn1-

xFexO3 0.2≤ x≤ 0.7 compositions showed spin glass behaviour [49,50]. In SrBiMTiO6         

(M = Mn, Cr, Fe) perovskites, only Mn substitution gives a spin glass structure whereas 

chromium and iron substitution showed paramagnetic nature [51]. Possibly, the spin glass 

nature depends on the size of the substituted atom. Belik et al. have studied the BiMnO3+δ 

system with varying the oxygen content. As δ is increased, the system started showing spin 

glass behaviour [52]. Increasing the δ values implies increasing the Mn
4+

 content. The same 

scenario is expected with a divalent ion substitution, where, due to the increasing Mn
4+

 

content, spin-glass-like transition originates. The competing antiferromagnetic and 

ferromagnetic exchange interactions involving different magnetic ions such as Fe
3+

, Mn
3+,

 

and Mn
4+

 possibly gives rise to a frustrated magnetic system with ferromagnetic and 

antiferromagnetic clusters leading to spin-glass-like nature.  

 

3.6. Dielectric properties 

Dielectric measurements have been carried on all samples in the frequency range of   

1 kHz to 1 MHz (Figures 3.25 to 3.27). Compositions in all three series with x > 0.25 showed 

a high dielectric loss an hence measurements are not carried out for these compositions. The 

dielectric constant decreases with increasing frequency and becomes almost constant at 

higher frequencies. 
 
Variations of the dielectric constant at 10 kHz for the three different 

systems are plotted against x in figure 3.28. The Ca-Mn system shows higher dielectric 

constant than the Ba-Mn and Sr-Mn systems. For the Ca-Mn system, dielectric constant 

increases with x and reaches a maximum at x = 0.15, which is the R3c to Pbnm structural 

transition region, and then decreases. Sr-Mn co-substituted samples show a decrease in 

dielectric value showing an anomaly at x = 0.1 where R3c to      structural change occurs. 

     being a centrosymmetric space group, has no contribution towards ferroelectricity. Thus, 

decrease in the dielectric constant for x > 0.1 is due to the increase in the nonpolar      phase 
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content as observed from the XRD results as explained in section 3.3. Ba-Mn co-substituted 

samples shows a decrease in the dielectric constant till x = 0.15 and then becomes almost 

constant, though the Ba-Mn co-substituted samples show only the R3c phase till x = 0.2 and 

above which it is a mixture of the R3c and P4mm phases. The P4mm phase is non-

centrosymmetric ferroelectric space group and thus should enhance the ferroelectric and 

dielectric properties. No anomaly in the dielectric constant was observed for the Ba-Mn      

co-substituted system at the R3c to P4mm structural transition region as shown by the Ca-Mn 

and Sr-Mn co-substituted systems. Dielectric properties also depend on the grain size and 

distribution. With decreasing grain size the dielectric constant decreases [53,54]. As 

evidenced from the SEM microstructural studies, low level substituted samples have large 

fused grains and compositions with higher levels of substitution have smaller grains. Thus, 

the decrease in the dielectric constant with increase in the co-substitution content is likely to 

be due to this grain size effect. 

The higher dielectric constant of the Ca-Mn compositions could be due to the 

enhanced ferroelectric polarization, especially in the MPB region. Such enhanced 

ferroelectric properties in the MPB region have been reported for substituted BiFeO3    

[33,55-56]. Sun et al. [56] have reported higher piezoelectric properties around x = 0.1 in               

Bi1-xSmxFeO3 thin films, wherein rhombohedral to orthorhombic structural transition occurs. 

Troyanchuk et al. [33] also reported such an enhanced piezoresponse in Bi1-xLaxFeO3 around 

the MPB region. Enhanced piezoelectric properties are related to the enhanced ferroelectric 

properties in the MPB region.  
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Figure 3.25.  Dielectric spectra of Bi1-xCaxFe1-xMnxO3. The inset shows the dielectric spectra 

of BFO (x = 0). 

 

Figure 3.26. Dielectric spectra of Bi1-xSrxFe1-xMnxO3. The inset shows the dielectric spectra 

of BFO (x = 0). 
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 Figure 3.27. Dielectric spectra of Bi1-xBaxFe1-xMnxO3. The inset shows the dielectric spectra 

of BFO (x = 0). 

 

Figure 3.28. Dielectric constant at 10 kHz vs. x in Bi1-xAxFe1-xMnxO3 (A = Ca, Sr, Ba). 

 

The divalent ion and Mn co-substituted BiFeO3 exhibits enhanced magnetic and 

dielectric properties than the unsubstituted BiFeO3. Among the three co-substituted systems 

analysed, Ca-Mn co-substituted compositions show better magnetic and dielectric properties. 
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Enhanced magnetic and dielectric properties around x = 0.15 in the Bi1-xAxFe1-xMnxO3 is 

possibly due to increased Fe-O-Fe bond angle and  Fe-O bond distance enhancing the canted 

antiferromagnetism and due to the effective suppression of cycloidal spin structure. Thus,  

Ca-Mn co-substituted compositions around the MPB region (x = 0.15) is a promising 

candidate for magnetoelectric device applications due to the larger magnetic and dielectric 

properties.   

 

3.7. Conclusions 

Alkaline earth metal and manganese co-substituted BiFeO3 compositions with the 

general formula, Bi1-xAxFe1-xMnxO3 are prepared by solid state method and their structural, 

magnetic and dielectric properties are studied, for x = 0.05, 0.1, 0.15, 0.2 and 0.3, to compare 

the influence of size effect of the alkaline earth metal ion on the properties. Rietveld 

refinement analysis of the XRD patterns revealed rhombohedral structure (space group: R3c) 

for x ≤ 0.1 and orthorhombic structure (space group: Pbnm) for x ≥ 0.2 and an R3cPbnm 

mixed phase for intermediate compositions in the Ca-Mn co-substituted system. Sr-Mn 

system shows R3c phase for x ≤ 0.05, and R3c     mixed rhombohedral phase for x ≥ 0.1, 

whereas the Ba-Mn system shows R3c phase till x = 0.2 and above which it shows a mixed 

structure with tetragonal P4mm phase. These structural transitions are further confirmed by 

Raman spectral analysis. Room temperature M-H curves showed that the samples have 

antiferromagnetic behaviour with weak ferromagnetic characteristics. At room temperature, 

high coercivity and remanence are observed at x = 0.15 for all three co-substituted systems. 

Low-temperature magnetization studies revealed spin-glass-like behaviour for the 

compositions at higher levels of co-substitution. In all the three systems, both the room 

temperature and low-temperature magnetization increases with increase in the amount of    

co-substitution. Ca-Mn co-substituted compositions show better magnetic and dielectric 

parameters than the Ba-Mn and Sr-Mn co-substituted compositions. The weak 

ferromagnetism shown by the different compositions is possibly by the combined effect of 

the weak ferromagnetism induced by the structural distortions which destroy the spin cycloid 

apart from the possible Mn
3+

-Mn
4+

 double exchange interaction. Higher dielectric properties 

were also observed for Ca-Mn system (with a maximum around x = 0.15) than the Ba-Mn 

and Sr-Mn systems. Higher magnetic and dielectric properties around x = 0.15 suggest higher 

magnetoelectric coupling for the Ca-Mn system. 
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Structure-property correlation of  
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4.1. Introduction 

In chapter 3, we have discussed the structural, magnetic and dielectric properties of 

Bi1-xAxFe1-xMnxO3 (A = Ca, Sr, and Ba). The comparative studies on the three co-substituted 

systems showed that the Ca-Mn co-substituted system exhibits better magnetic and dielectric 

properties than the Sr-Mn and Ba-Mn co-substituted series. Ca
2+

 has almost the same size as 

that of Bi
3+

 whereas Sr
2+ 

and Ba
2+ 

ions are larger than Bi
3+

. Thus, the comparable sizes of 

Bi
3+

 and Ca
2+

 ions possibly give better structural stability for the Ca-Mn co-substituted 

system. Also, it was found that all the three systems show enhanced properties around            

x ≈ 0.15. For the Ca-Mn co-substituted system x ≈ 0.15 is in the rhombohedral (space group: 

R3c) to orthorhombic (space group: Pbnm) structural transition region. At x = 0.15, a mixed 

phase of rhombohedral and orthorhombic phases is found to coexist.  

To understand the structural phase transition in detail in the Ca-Mn co-substituted 

system, we have carried out a systematic study involving a large number of compositions of 

bulk Bi1-xCaxFe1-xMnO3 (BCFMO) for 0 ≤ x≤ 0.4, in the MPB region, using powder X-ray 

diffraction, Raman spectroscopy, and XPS. The magnetic, dielectric and magnetodielectric 

properties are studied, and the correlations between the structure and properties are carried 

out.  

Calcium and manganese co-substituted bismuth ferrite bulk samples, with the general 

formula Bi1-xCaxFe1-xMnxO3 (x = 0, 0.05, 0.08, 0.1, 0.11, 0.12, 0.125, 0.15, 0.175, 0.2, 0.25, 

0.3, 0.4), were prepared by the solid-state reaction method as described chapter 2, section 2.1. 

The as-prepared samples were ground well and used for X-ray diffraction, magnetic 

measurements, Raman spectroscopy, microstructural studies. Mn
4+

 content in the samples 

was determined by redox titrations, as explained in chapter 2, section 2.8. 

4.2. Structure  

Figure 4.1 shows comparison of the powder XRD patterns of Bi1-xCaxFe1-xMnxO3 for 

x = 0, 0.1, 0.2, 0.3 and 0.4. Simulated patterns of BiFeO3 for the reported rhombohedral [1] 

and orthorhombic [2] structures are shown in the figure for comparison. Magnified views of 

the selected peaks in the XRD patterns of different compositions are shown in figure 4.2. 

Figure 4.2(a) shows the 2 region where the most intense peak is observed. The peaks in this 

region correspond to the rhombohedral structure for x < 0.2 and orthorhombic structure for x 

≥ 0.2. Figure 4.2(b) shows the emergence of the (111) reflection of the orthorhombic phase in 
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the pattern for x = 0.12 and above. Similarly, figure 4.2(c) shows the (104) and (110) 

reflections from the rhombohedral structure up to x = 0.175. Thus, figure 4.2 suggests the   

co-existence of the rhombohedral (R3c) and orthorhombic (Pbnm) phases in the 

compositional region 0.12≤ x≤ 0.175.  

Rietveld refinement analysis of the XRD patterns of all the compositions is carried 

out considering rhombohedral phase for x < 0.12, orthorhombic phase for x ≥ 0.2 and mixture 

of the two phases for 0.12≤ x≤ 0.175. The results of the refinement are shown in figure 4.3 

for selected compositions. Inset of figure 4.3(b) shows the fits of the most intense peak of      

x = 0.15 using only the R3c structure and using both R3c and Pbnm structures. It is clear that 

using R3c+Pbnm mixed phase gives a better fit. Percentage of the R3c phase obtained from 

the Rietveld analysis is shown in figure 4.3(d) as a function of x. 
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Figure 4.1. Powder X-ray diffraction patterns of Bi1-xCaxFe1-xMnxO3. The simulated patterns 

of BiFeO3 for the rhombohedral (R-BFO) and orthorhombic (O-BFO) structures are 

compared at the bottom and top, respectively. The peak from the impurity phase Bi25FeO40 is 

marked using the symbol ‘*’. 
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Figure 4.2. Magnified view of the XRD patterns of Bi1-xCaxFe1-xMnxO3. (a) Selected 

compositions showing the peaks for rhombohedral (R)  and orthorhombic (O) phases,  (b) 

and (c) show patterns for close compositions.  

 

Variation of the lattice parameters and unit cell volume, obtained from the refinement 

analysis, as a function of x, is shown in figure 4.4. The shaded region in the figures indicates 

the mixed phase region (0.12≤ x≤ 0.175) in the system where the R3c and Pbnm phases      

co-exist. Lattice parameters are found to decrease with increasing substitution in both the 

rhombohedral as well as the orthorhombic region. The decreasing lattice parameters, as well 

as the unit cell volume, are due to the relatively smaller size of Ca
2+

 compared to that of Bi
3+

 

as well as the smaller ionic size of Mn
4+

 compared to that of Fe
3+

, as discussed in the 

previous chapter. 
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Figure 4.3. Results of the Rietveld refinement of Bi1-xCaxFe1-xMnxO3 for (a) x = 0.1, (b) x = 

0.15, and (c) x = 0.4, along with (d) the variation of the rhombohedral (R3c) phase content as 

a function of x. Inset shows the refined pattern of the peak at 2θ = 32° using R3c phase (green 

curve) and R3c+Pbnm phases (black curve) for x = 0.15. The peak from the impurity phase 

Bi25FeO40 is marked using the symbol ‘*’. 

 

 

 
 

Figure 4.4. Variation of (a) lattice parameters, and (b) unit cell volume as a function of x in 

Bi1-xCaxFe1-xMnxO3. 
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Figure 4.5. Variation of (a) rhombohedral angle, α, and (b) Fe-O-Fe bond angle and Bi-O 

bond length, for the rhombohedral phase, as a function of x in Bi1-xCaxFe1-xMnxO3. 

 

The rhombohedral angle (α) obtained from the Rietveld refinement is plotted against x 

in figure 4.5(a). α increases almost linearly with increasing substitution and shows a 

maximum around x = 0.15, suggesting decreased rhombohedral distortion.  This is also 

evidenced from the increasing average Fe-O-Fe bond angle and the average Bi-O distance as 

shown in figure 4.5(b).  Both the parameters show a maximum around x = 0.125. 

Megaw and Darlington have derived certain geometrical and structural parameters for 

rhombohedral perovskites with polar space groups, including R3c [3]. Four important 

structural parameters are the octahedral tilt (), the octahedral distortion (d), and the atomic 

displacement parameters of the A (s) and B (t) cations in the ABO3 perovskite lattice. These 

parameters are defined as, Az = s+0.25, t = Bz, Oy = 1/34d and Ox = (1/6)2e2d, where Az, 

Bz, Ox, and Oy are the atomic positions of the respective elements. The octahedral distortion 

parameter, d, occurs only in polar space groups like R3c and is absent in non-polar space 

groups like Pbnm. ‘d’ is usually observed with a negative sign and have a smaller value (10
-2

 

to 10
-4

). ‘e’ describes another octahedral tilt parameter given by             and the 

parameter, e, denotes the rotation of the octahedral faces resulting in a tilt of the octahedra in 

the R3c system. In the perovskite systems, such as in BaTiO3, ferroelectric properties are 

usually observed due to the displacement of the B atom and a larger displacement parameter, 

t, indicates larger ferroelectric properties [4]. However, in BFO, since the ferroelectric 

contribution comes from Bi (A-site), the parameter, s, also should be considered for 
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explaining the ferroelectric properties. Selbech et al. [5] proposed that (s-t) is directly 

proportional to polarization in unsubstituted BFO.  

 

 

Figure 4.6. Different crystallographic parameters as a function of x in Bi1-xCaxFe1-xMnxO3. 

 

From the positions of the respective atoms obtained from the Rietveld analysis for the 

R3c space group, s, t, s-t, d, e, and ɷ have been calculated. The variation of these parameters 

as a function of x in Bi1-xCaxFe1-xMnO3 for 0≤ x≤ 0.175 is shown in figure 4.6. The 

parameter, s, shows a minimum around x = 0.125 and then increases. The increase of s above 

x = 0.125 is probably due to the mixed phase behaviour in this region. ‘t’ shows a maximum 

around x = 0.15. ‘s-t’ clearly shows a distinct variation, showing a minimum at x = 0.15. 

Similarly, the octahedral distortion parameter, d, decreases, shows a minimum around x = 0.1 

and then increases towards zero. This implies the stability of the R3c structure by Ca and Mn 

co-substitution till x = 0.1.  Increase in the value of d above x = 0.1 also indicates a possible 
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structural phase transition towards a more symmetric phase. The octahedral tilting 

parameters, ɷ and e, show minimum and maximum, respectively, at x = 0.125. The combined 

effect of the octahedral distortion and octahedral tilt gives rise to a maximum Fe-O-Fe bond 

angle around x = 0.125. From these results, it can be concluded that all the derived structural 

parameters show an anomaly in the compositional region 0.1≤ x≤ 0.175 which correspond to 

a morphotropic phase boundary (MPB) region.  

 

4.3. Microstructure 

SEM images of the Bi1-xCaxFe1-xMnO3 samples (x = 0 to 0.25) are shown in figure 

4.7. Very large (> 1 µm) and fused grains are observed for x = 0 and 0.05, whereas large 

isolated grains are observed for x = 0.1.  The microstructures are entirely different for                

0.125≤ x≤ 0.175, showing the presence of larger and smaller grains. Almost well-separated 

grains are visible for x > 0.175, with average grain size around 0.5 µm. Thus, larger sized 

grains are observed for the rhombohedral phase, smaller grains for the orthorhombic phase 

and non-uniform grain size and dense microstructure for the mixed phase region.   

 

 

Figure 4.7. Scanning electron micrographs of different compositions in Bi1-xCaxFe1-xMnxO3. 

The scale shown is common for all images. 
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4.4. Raman spectroscopy 

 

 

 

Figure 4.8.  Raman spectra of BiFeO3 and Bi0.9Ca0.1Fe0.9Mn0.1O3. The inset shows the 

zoomed spectra of BiFeO3 on the same x-axis scale.  

 

 

Figures 4.8 and 4.9 show the Raman spectra of different compositions in                 

Bi1-xCaxFe1-xMnO3. Details of the Raman spectrum of BFO are discussed in chapter 3, section 

3.4. From figure 4.8, it is clear that the spectra of x = 0.1 shows all modes of vibrations 

shown by BFO confirming its R3c structure. Raman spectra of different compositions are 

compared in figure 4.9. A clear shift towards higher frequency is observed for the A1-3, E-4 

and E-7 modes. The shift in the peak positions and the changes in the relative intensities of 

different bands are due to the structural distortion caused by the substitution. The blue shift is 

due to the lower atomic mass of Ca substituted at the heavier Bi-site since the frequencies of 
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the Raman modes depend on the mass of the atom. A weak, broad, band at 480 cm
-1

 is 

observed for x ≥ 0.125 indicating the presence of orthorhombic phase in these samples and 

intensity of this mode increases with increasing the degree of substitution. Presence of this 

band along with the Raman bands of BFO confirms the R3c-Pbnm mixed phase nature for 

0.125≤ x≤ 0.175. 

 

 

 

Figure 4.9. Raman spectra of different compositions in Bi1-xCaxFe1-xMnxO3.  
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Intensities of all the major bands remain comparable till x = 0.15, and for x = 0.175, 

intensities of all bands, except those at 480 and 625 cm
-1 

are diminished. This is due to the 

low percentage of R3c phase in x = 0.175. The band at 222 cm
-1

 is completely absent in the 

spectra for x > 0.175.  Compositions with x ≥ 0.2 with the orthorhombic structure show 

different spectral features than that for the compositions with R3c structure (x ≤ 0.175). The 

compositions with x ≥ 0.2 show two major broad bands around 480 and 620 cm
-1

. Ghosh et 

al. [6] have reported similar Raman spectra for Bi0.8La0.2FeO3 and Bi0.8La0.2Fe0.9Mn0.1O3 with 

orthorhombic structure. These results confirm the structural change from R3c to Pbnm around 

x = 0.175, as concluded from the XRD studies 

 

4.5. Oxygen stoichiometry 

 

Figure 4.10. Mn
3+

 percentage obtained from the redox titration vs x in Bi1-xCaxFe1-xMnxO3.   

 

In Bi1-xCaxFe1-xMnxO3, to preserve charge neutrality, all the substituted Mn in        

Bi1-xCaxFe1-xMnxO3 is expected to be in the tetravalent state due to the replacement of 

trivalent Bi by divalent Ca ions. Large amounts of oxygen non-stoichiometry have been 

reported for Bi1-xCaxFeO3-δ [7-10], and deviation from oxygen stoichiometry is very common 
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in the substituted perovskites [11]. Therefore, the Mn
3+

/Mn
4+

 contents (figure 4.10) in the 

samples are obtained from permanganometric redox titration analysis which is a reliable and 

accurate analytical method to estimate the oxygen stoichiometry in substituted manganites 

[12]. For Bi0.9Ca0.1Fe0.9Mn0.1O3, around 15% Mn was observed as Mn
3+ 

which increases with 

the degree of substitution, and Mn
3+

 content reaches around 70% for x = 0.175 and which is 

decreased for higher compositions. For x = 0.4, around 30% of Mn
3+

 was observed.  It is 

interesting to note that barring the compositions in the MPB region, the Mn
3+

 content 

increases almost linearly with x, and large amounts of Mn
3+

 are present in the compositions in 

the MPB region. Thus, both Mn
3+

 and Mn
4+

 are present in all samples, suggesting oxygen 

non-stoichiometry. 

 

4.6. X-ray Photoelectron Spectroscopy 

X-ray photoelectron spectroscopy (XPS) is used to further look at the valency of Mn 

and oxygen stoichiometry. Oxygen 1s XPS peak of the Bi1-xCaxFe1-xMnxO3 compositions is 

analyzed to find out the number of oxygen vacancies in the samples. Oxygen 1s spectra of 

different compositions are shown in figure 4.11. The spectra could be deconvoluted to  three 

peaks at 529.6 (Ol), 531.6 (Oc) and 533.9 eV (Op), where Ol  is due to crystallite oxygen 

species, Oc  is due to chemisorbed water species, and Op is due to physisorbed water species, 

respectively, as reported in the literature [13]. As x increases, intensities of Oc and Op 

increase indicating an increase in the number of vacancies at higher compositions. The ratio 

of the area of the peaks due to Ol and Oc gives a rough estimation of the oxygen vacancy (Ov) 

in the samples, as reported [14]. The variation of the amount of oxygen vacancy, Ov,  as a 

function of x is shown in the inset of figure 4.14. The oxygen vacancy remains about 30% for 

all compositions up to x = 0.3.  
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Figure 4.11.  Deconvoluted oxygen 1s XPS spectra of different compositions of                 

Bi1-xCaxFe1-xMnxO3. 

 

The Mn 2p XPS spectra (Mn 2p1/2 and Mn 2p3/2) of different compositions in          

Bi1-xCaxFe1-xMnxO3 are shown in figure 4.12. Mn 2p3/2 XPS peaks are analyzed to find the 

oxidation state of manganese in the system (figure. 4.13). Deconvolution of the peak gives 

the binding energies as 641.6 and 642.6 eV, respectively, for Mn
3+

 and Mn
4+

. The 

percentages of the two oxidation states are calculated by taking the ratio of the area obtained 

under each fitted peak corresponding to Mn
3+

 and Mn
4+

 [14]. Percentage of Mn
3+

 obtained 

from the XPS fitting is plotted against the degree of substitution in figure 4.14. The results 

obtained are concurrent with the amount of Mn
3+

 obtained from the titration experiments. 

Both the percentage of Mn
3+ 

and oxygen vacancy show a maximum around x = 0.175.  
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Figure 4.12. Mn 2p XPS spectra of the Bi1-xCaxFe1-xMnxO3 samples. 
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Thus, XPS and redox titration analysis suggest that apart from the formation of Mn
4+

, 

both oxygen vacancies and Mn
3+ 

are created
 
to compensate for the charge neutrality by the 

divalent ion substitution at the Bi
3+

 site.  

 

 

Figure 4.13. Deconvoluted Mn  2p3/2
 

XPS spectra of different compositions in                   

Bi1-xCaxFe1-xMnxO3.  
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Figure 4.14. Percentage of Mn
3+

 vs. x in Bi1-xCaxFe1-xMnxO3. The inset shows the percentage 

of oxygen vacancy vs. x in Bi1-xCaxFe1-xMnxO3.  

 

4.7. Magnetic properties 

4.7.1. M vs. H measurements 

Room temperature M-H curves of BFO and the co-substituted compositions are 

shown in figure 4.15. Magnetic properties of the unsubstituted BFO are discussed in chapter 

3. BFO shows a magnetization of 0.4 emu/g (at 60 kOe) which is increased to 0.6 emu/g for x 

= 0.05 and the magnetization increases with the degree of substitution, showing a value of 1.4 

emu/g for x = 0.4. Magnetic hysteresis loop with increasing coercivity and remanence is 

observed for the compositions in the mixed phase region, as shown in the upper inset of 

figure 4.15. A very high coercivity around 6 kOe is obtained for the composition x = 0.175, 

with a remnant magnetization of 0.09 emu/g. All the substituted compositions, except x = 0.4, 

show magnetic hysteresis loops indicating weak ferromagnetism. Surprisingly, for x = 0.4, 

the weak ferromagnetism is completely disappeared without any remanence and coercivity, 

suggesting paramagnetic or antiferromagnetic nature of the composition.  

Fe-O-Fe superexchange interaction depends on the Fe-O-Fe angle. As discussed in 

section 4.2, the Fe-O-Fe angle increases with increasing level of substitution, and hence the 

increasing magnetization with substitution is due to the enhanced ferromagnetic 

superexchange interactions. Sati et al. [15] have discussed such enhanced magnetization with 
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an increase in the Fe-O-Fe bond angle in Dy-substituted BFO, where the Fe-O-Fe angle 

increases with increasing the amount of Dy substitution. Similar results are reported in the 

literature for co-substituted systems also [16, 17]. Contraction of the unit cell parameters and 

unit cell volume (as shown in figure 4.4) indicate the presence of Mn
4+ 

in the co-substituted 

samples whereas the redox titration and XPS results revealed the presence of both Mn
3+ 

and
 

Mn
4+

 in the samples.  This observation suggests that Mn
3+

-O-Mn
4+

 ferromagnetic double 

exchange interaction, as in the case of substituted rare earth manganites [18], can also 

contribute to the weak ferromagnetism exhibited by the Ca and Mn co-substituted BFO. The 

Ca and Mn co-substituted samples contain mostly Mn
4+

 with a small amount of Mn
3+ 

for the
 

compositions with
 
only R3c ( x ≤ 0.11) and only Pbnm phase ( x ≥ 0.2),  whereas in the mixed 

phase MPB region, Mn
3+ 

content, and oxygen vacancies were found
 
to be higher. 

 

Figure 4.15. M-H curves of Bi1-xCaxFe1-xMnxO3 measured at room temperature. The upper 

inset shows the zoomed curves at low field, and the lower inset shows the initial 

magnetization curves of different samples.  

 

The magnetization at 60 kOe (M60) increases with substitution (figure 4.16(c)), 

showing a broad anomaly between x = 0.1 and 0.2. The higher rhombohedral angle and 

higher Fe–O–Fe angle observed in this compositional region (as explained based on figure 

4.5) could be leading to the higher magnetization in this compositional region. Since the 
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Mn
3+

 content increases with the degree of substitution, the increased ferromagnetic 

contribution from the double exchange interaction involving Mn
3+

 and Mn
4+

 also is a 

possibility. Higher Fe–O–Fe angle (for the rhombohedral phase) around the MPB region 

suggests less distorted FeO6 octahedra, favoring a strong magnetic interaction. Such 

enhanced magnetic properties around the structural phase transition region have been 

reported in many substituted BFO systems [19-22]. Thus, the weak ferromagnetism shown by 

the co-substituted compositions can be arising from the various exchange interactions 

involving Fe
3+

, Mn
3+

, Mn
4+

, oxygen vacancy, as well as due to the suppression of spiral spin 

cycloidal structure leading to canted antiferromagnetism. 

Unlike the changes in the magnetization, figures 4.16(a) and (b) shows that coercivity 

(Hc) and remanence (Mr) increase with increasing substitution, showing a maximum value at 

x = 0.175 and then these parameters decrease at higher values of x. Both the parameters show 

similar variation, suggesting a common origin, other than the contributions to magnetization 

from Fe–O–Fe bond angle and Fe–O bond distance. Apart from the contribution from 

magnetocrystalline anisotropy, coercivity and remnant magnetization of sintered 

polycrystalline materials are known to depend on the microstructure [23,24]. The shape, size 

and orientation of the grains, which affect the domain structure, contribute to these 

parameters. Structural studies indicated mixed phase behaviour for 0.12 < x < 0.2, showing 

an increasing contribution of the orthorhombic phase, and for x > 0.175, only orthorhombic 

phase exists. Thus, the changes in the remanence and coercivity are likely to be due to the 

changes in the microstructure associated with the presence of mixed phases, as evidenced 

from the SEM images shown in figure 4.7. For x ⩾ 0.2, the decreasing coercivity and 

remanence could be due to the changes in the Fe–O–Fe angle and Fe–O bond distance of the 

orthorhombic phase, apart from the microstructure. 

 

Figure 4.16. (a) Coercivity (Hc), (b) remnant magnetization (Mr), and (c) magnetization at  

60 kOe (M60) as a function of x in Bi1-xCaxFe1-xMnxO3. 
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Low-temperature M-H curves (measured at 5 K) of the samples are shown in      

figure 4.17. The composition with x = 0.05 shows a linear variation of magnetization with the 

field as shown in the lower inset in figure 4.17. Compositions with x ≥ 0.1 exhibit large 

hysteresis loops and higher magnetization which increases with the degree of substitution.     

x = 0.1 show a magnetization around 1.5 emu/g and coercivity and remanence of 1.5 kOe and 

0.15 emu/g, respectively. x = 0.4 sample shows a low-temperature magnetization of 7 emu/g 

with a remanence of 0.45 emu/g. The magnetic hysteresis loops with large coercivity akin to 

a ferromagnetic behavior shown by the compositions can be an intrinsic property rather than 

from magnetic impurities or phase separation. Magnetic parameters obtained from the      

low-temperature magnetization curves are plotted against substitution content x in          

figure 4.18.  

 

 

Figure 4.17. Magnetization vs. applied magnetic field curves of Bi1-xCaxFe1-xMnxO3 at 5 K. 

Upper inset shows the magnified image, and the lower inset shows the initial magnetization 

curves.  

 

Coercivity increases with substitution and shows a maximum in the region x = 

0.1750.25 and then decreases. Similarly, remanence also increases with substitution and 

shows a shoulder for x = 0.1750.3 and then increases for x= 0.4. Thus, both the remanence 
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and coercivity show a broad anomaly around the structural transition region similar to that 

reflected in the RT magnetic parameters. Magnetization value at 60 kOe increases linearly 

with substitution but shows a small anomaly around the MPB region.  

 

 

Figure 4.18. (a) Coercivity (Hc), (b) remnant magnetization (Mr), and (c) magnetization at  

60 kOe (M60), at 5 K, as a function of x in Bi1-xCaxFe1-xMnxO3. 

 

 Since the x = 0.4 composition (having only Pbnm phase) showed a paramagnetic 

behaviour at room temperature,  M-H curves of the sample are measured at different 

temperatures, as shown in figure 4.19. Opening up of a magnetic hysteresis loop is observed 

below 275 K, suggesting weak ferromagnetism in the composition at low temperatures 

(figure 4.19 (b)). M-H measurements for the x = 0.1 composition having only the R3c phase 

and x = 0.175 containing both R3c and Pbnm mixed phases are also carried out and compared 

as shown in figure 4.20. Both the samples showed a magnetic hysteresis loop at room 

temperature.  

Variation of the remanence, coercivity, and magnetization at 60 kOe as a function of 

temperature is shown in figure 4.21. For x = 0.4 (Pbnm phase) all the magnetic parameters 

increase with decreasing temperature, where coercivity clearly shows a broad maximum 

around 100 K and a minimum around 50 K. The coercivity increases drastically below 50 K. 

For x = 0.1 with R3c phase, magnetization and remanence increase with decreasing 

temperature similar to x = 0.4 whereas coercivity decreases till 50 K and below which it 

increases sharply. For x = 0.175 (MPB region), remanence and magnetization almost remain 

unchanged down to 150 K and increases below this temperature. Coercivity shows a larger 

drop till 50 K and below which it increases rapidly. Similar to x = 0.4, a broad maximum in 

the coercivity around 100 K is observed for the x = 0.1 samples whereas such an anomaly is 

absent for x = 0.175. Below 50 K, coercivity shows almost comparable values for the three 
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compositions implying composition independent nature of the coercivity in the                   

Bi1-xCaxFe1-xMnxO3 system below 50 K. This suggests a common origin for the coercivity for 

all three compositions. Since the microstructures of all the three compositions are widely 

different the parameter may have its origin from domain wall pinning. It is also possible that 

electronic phase separation [25-27], as observed in different related systems may be 

responsible for the changes in the coercivity. 

 

  

 

Figure 4.19. (a) M-H curves of x = 0.4 taken at different temperatures. The inset shows M-H 

curves at 300, 100, and 10 K.  (b) Magnified view of the M-H curves in the 100250 K 

temperature region. 
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Figure 4.20. (a) M-H curves of x = 0.175 taken at different temperatures. The inset shows  

M-H curves at 300, 100 and 10 K. (b) M-H curves of x = 0.1 taken at different temperatures.  

The inset shows M-H curves at 300, 100 and 10 K.   
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Figure 4.21. Magnetic parameters of x = 0.1 (R3c phase), x = 0.175 (R3c-Pbnm mixed phase) 

and x = 0.4 (Pbnm phase) at different temperatures. 

 

4.7.2. M vs. T measurements 

The anomalies in the coercivity at 100 and 50 K suggest changes in the anisotropy or 

a different magnetic phase such as a spin glass phase. Therefore, to get more information on 

the magnetic nature of the materials, the temperature variation of magnetization has been 

measured for all compositions below room temperature. Figure 4.22 shows the ZFC and FC 

magnetization curves, measured in a constant magnetic field of 500 Oe. The detailed        

low-temperature M-T behavior of BFO and some of the co-substituted compositions is 

explained in chapter 3, section 3.5.2. For comparison, only the ZFC curves of the samples for 

0.05≤ x≤ 0.175 are shown in figure 4.23. As discussed in the previous chapter, a divergence 

between the FC and ZFC magnetization curves is observed below 50 K. A spin glass 

transition at 50 K has been reported from studies on thin films and single crystals of BiFeO3 

[28,29]. The temperature at which a maximum is observed in the ZFC magnetization curve 

has been found to follow H
2/3

 dependence according to the well-known Almeida-Thouless 

line corresponding to a mean-field spin glass system [28].   

A drastic difference in the nature of the M-T curve is observed after substitution.  The 

zero field cooled magnetization of x = 0.05 shows a large decrease in the magnetization with 

increasing temperature, down to 55 K, close to the spin glass transition temperature reported 

for BFO. Apart from this, a minimum in the ZFC magnetization is observed around 240 K. It 

may be recalled that a divergence between FC and ZFC magnetizations is reported below  

240 K for single crystal BFO, ascribed to the spin glass behavior [29]. On the other hand, the 

x = 0.08 sample shows a well-defined peak (Tp) around 12 K indicating a spin-glass-like 

behavior. The x = 0.1 sample shows a broader peak compared to that for x = 0.08 with Tp 
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around 30 K. However, a close examination of the peak (as shown in the inset of figure 4.23) 

suggests a broad maximum with a clear slope change around 12 K showing a shoulder and 

another maximum at 32 K. For samples with 0.1≤ x≤ 0.125 the shoulder (Tmax1) is still 

observed at 12 K with a Tmax2 around 40 K is observed as shown in figure 4.24. It is 

interesting to note that Tmax1 is almost constant with the degree of substitution whereas the 

Tmax2 shows a shift with substitution as shown in figure 4.24. ZFC curves for the 

compositions with Pbnm structure is shown in figure 4.25 for comparison. In the R3c region, 

Tp (Tmax2) shifts towards higher temperature with the degree of substitution whereas in the 

Pbnm region, Tp shifts towards lower temperatures. Tp vs  x in Bi1-xCaxFe1-xMnxO3 is shown 

in figure 4.26. Tp increases with substitution and shows a maximum (44 K) at x = 0.15 then 

decreases for higher compositions. x = 0.4 sample shows a Tp = 37 K. It should be noted that 

x = 0.15 falls within the MPB region and around which enhanced magnetic parameters are 

observed. Mmax (M at Tp) from the ZFC magnetization curves is plotted in the inset of figure 

4.26, which also show a similar trend showing a maximum at x = 0.175.  

 

        Figure 4.22. FC and ZFC magnetization curves of Bi1-xCaxFe1-xMnxO3. 
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Figure 4.23. ZFC magnetization curves of Bi1-xCaxFe1-xMnxO3 for 0.05≤ x≤ 0.175. 

 

Figure 4.24. Magnified view of the ZFC magnetization curves of x = 0.1, 0.11, 0.12, and     

0. 125, showing the two different peaks. 
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Figure 4.25. ZFC magnetization curves of Bi1-xCaxFe1-xMnxO3 for 0.2≤ x≤ 0.4 having the 

Pbnm structure. 

Bifurcation of ZFC and FC magnetizations much above the Tp (close to room 

temperature) implies some kind of magnetic interaction in the samples above Tp. The two 

transitions observed indicate a re-entrant spin-glass-like behavior of the system. Re-entrant 

spin glass system can be defined as systems, where more than one magnetic transition occurs, 

like the paramagnetic state to ferro(FM)/antiferromagnetic(AFM) state and FM/AFM to spin 

glass state [30-33]. In Bi1-xCaxFe1-xMnxO3, the re-entrant spin glass state occurs possibly due 

to the competing FM and AFM exchange interactions among Mn
3+

, Mn
4+,

 and Fe
3+

. 
 
 

It is possible that the spin glass transition shown by the samples probably depends on 

the Mn
3+

/Mn
4+ 

ratio. As discussed in section 4.5 and 4.6, higher Mn
3+ 

content is observed 

around the structural transition region which could be leading to the higher Tp around this 

region. It is difficult to conclude on this spin glass transition observed with the current data. 

AC susceptibility measurements and neutron diffraction analysis can give more information 

on the origin of the spin glass nature of the different systems. 

Various possibilities for the observed spin glass transition in Bi1-xCaxFe1-xMnxO3 

systems have been discussed in section 3.5.2. Additionally, Sundaresan et al. [34] have 

reported that stoichiometric BiMnO3 is not ferromagnetic and shows a spin-glass-like 

transition at very low temperatures. Belik et al. [35] suggested that in BiMnO3, there is a  
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low-temperature anomaly below 20 K. Thus, it is possible that in the Bi1-xCaxFe1-xMnxO3 

compositions, the anomaly in the ZFC curves below 20 K, which is independent of x, could 

be due to phase segregation, that is, the presence of Bi- and Mn-rich phases similar to that of 

BiMnO3. Similar results are reported, due to the presence of TbMnO3-rich phase, in the case 

of (La,Tb)2/3Ca1/3MnO3 [36]. 

 

Figure 4.26. Tp vs x of Bi1-xCaxFe1-xMnxO3. The inset shows Mmax (M at Tp) vs. x. 

Figures 4.27 and 4.29 show the ZFC magnetization curves measured at different 

magnetic fields for the compositions x = 0.08 and 0.1 in the rhombohedral structural region, 

respectively. These two compositions showed a wide difference in the nature of the ZFC 

magnetization curves measured at 500 Oe (see figure 4.24). With increasing the magnetic 

field, Tp is shifted towards lower temperatures, and the maximum is almost disappeared at 

higher measuring field (for x = 0.08, H = 3000 Oe and for x = 0.1, H = 5000 Oe). At lower 

fields, x = 0.1 shows a broad peak which becomes sharper with increasing the field.     

Figures 4.28 and 4.30 show the variation of Tp with H. The variation follows the       

Almeida-Thouless (A-T) line corresponding to the equation,  

H  α (1-Tp/Tf )
3/2 

where Tp is the peak temperature, and Tf  is the spin glass freezing temperature at H = 0      

[37,38]. A linear decrease in the value of Tp is observed as a function of H
2/3

 for both x = 0.08 

and x = 0.1, according to the A-T equation, suggesting spin glass nature of the compositions.  
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Figure 4.27. ZFC magnetization curves of x = 0.08 at different magnetic fields. The inset 

shows the magnified view for H= 50 and 100 Oe. 

 

 

Figure 4.28.  Variation of Tp vs applied magnetic field for x = 0.08. The green and blue lines 

are the A-T fit at low- and high-field regions, respectively. 
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Figure 4.29. ZFC magnetization curves of x = 0.1 at different magnetic fields. Inset shows 

the magnified view for H= 250, 500, and 750 Oe. 

 

Figure 4.30.  Variation of Tp vs applied magnetic field for x = 0.1. The green and blue lines 

are the AT fit at low- and high-field regions, respectively. 

 

For both the compositions, two linear regions are observed in the low-field and high-field 

regions. Singh M K et al [28] have observed such two linear regions for undoped BFO 

wherein they have fitted the AT line only for the high field region. There are similar reports 

where such two linear regions are reported in other spin glass/cluster glass systems [39-43]. 

As explained, x = 0.1 sample shows a broad peak at 500 Oe, possibly due to the overlapping 



Structure-property correlation of Bi1-xCaxFe1-xMnxO3 near the MPB region 

126 
 

of the peak around 10 K and one around 30 K whereas x = 0.08 show only one peak at 12 K 

within the measurement range (5 to 300 K). We have fitted two AT lines in order to check the 

contribution from these two peaks. Almost comparable Tf is obtained for x = 0.08 (Tf  = 23 K) 

and x = 0.1 (Tf  = 25 K) in the high-field region whereas in the low-field region, x = 0.08 

shows a Tf  = 14 K and x = 0.1 shows a higher Tf  = 45 K. 

 

4.7.3. High-temperature M-T measurements  

M-T measurements above the room temperature have been carried out (figure 4.31) in 

an applied magnetic field of 5000 Oe to find out the magnetic transition temperatures of the 

different samples. Unsubstituted BFO shows a very weak ferromagnetic transition at the Neel 

temperature of 650 K, similar to that reported in the literature [44]. Due to the low magnetic 

moment of BFO, a clear transition could not be observed. The x = 0.05 sample shows a 

magnetic transition at 620 K and x = 0.25 shows a transition at 610 K. For x = 0.175           

(TN = 585 K), M-H curves are measured above and below the Neel temperature (figure 4.32) 

to confirm that transition observed is a magnetic transition. M-H curve at 525 K below the 

transition temperature shows a large magnetic hysteresis loop whereas the M-H curve 

measured at 600 K (above TN) shows a linear variation with the field, suggesting 

paramagnetic nature. This confirms that the large increase in the magnetization below 585 K 

is a weak ferromagnetic transition. The magnetic transition temperatures obtained from the 

M-T measurements are plotted against the composition in figure 4.33 (the transition 

temperature is taken as the point of slope change in the M-T curve). Upon co-substitution, TN 

varies almost linearly with substitution, with a relatively lower value for x = 0.175 in the 

MPB region. No visible magnetic transition is observed for the x = 0.3 and x = 0.4 

compositions and the magnetization continuously decreases with increasing temperature. The 

x = 0.4 sample showed a linear variation of magnetization with the magnetic field at 300 K 

(see figure 4.15) which suggested its paramagnetic nature. The observed magnetic transitions 

in the x < 0.3 compositional region further confirms the single phase nature and suggest the 

absence of any impurity phase. Very high coercivity for the Ca-substituted BiFeO3 at room 

temperature can be due to the impurity phase of calcium hexaferrite (TC = 718 K) [45]. 

However, we did not observe any other magnetic transition in the high-temperature region 

which confirms that the higher magnetic parameters at room temperature are intrinsic.  
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Figure 4.31. M-T curves of Bi1-xCaxFe1-xMnxO3 measured above room temperature.  
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Figure 4.32. M-H curves of x = 0.175 above (600 K) and below (525K) the TN  (585 K).  

 

  

Figure 4.33. TN vs x of Bi1-xCaxFe1-xMnxO3.  
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4.8. Dielectric properties 

 

 

 

Figure 4.34. (a) Dielectric constant and (b) dissipation factor of Bi1-xCaxFe1-xMnxO3, 

measured as a function of frequency. The insets show the dielectric spectra and dissipation 

factor of BFO (x = 0). 
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Dielectric measurements are carried on all samples in the frequency range of 1 kHz to 

1 MHz. Figure 4.34(a) shows that the dielectric constant decreases with increasing frequency 

for all the compositions.  Compositions with x > 0.25 showed a high dielectric loss, and 

hence measurements are not carried out for these compositions. The dielectric constant 

decreases with increasing frequency and becomes almost constant at higher frequencies. 
 
The 

dielectric loss factor (Tan δ) initially decreases with frequency and then increases at higher 

frequencies (figure 4.34(b)), showing a minimum in the 10
4
-10

5
 Hz frequency region for all 

the substituted compositions. Increase in the loss factor at higher frequencies implies 

contribution from the charge carriers and influence of space charges at the interface [46].
  

 

Figure 4.35. The dielectric constant of Bi1-xCaxFe1-xMnxO3 as a function of x at 1 kHz,        

10 kHz,100 kHz, and 1 MHz. 

 

Variation of the dielectric constant at 1 kHz, 10 kHz, 100 kHz and 1 MHz are plotted 

against x in figure 4.35. Dielectric constant increases with x and reaches a maximum at          

x = 0.15 (MPB region) and then decreases. Higher dielectric constant at x = 0.15 can be 

explained based on the structural parameter, s-t, which is the combined effect of the 

displacement of Fe/Mn and Bi atoms from their actual positions. s-t, which is a measure of 

the polarization, showed a minimum at x = 0.15 (figure 4.6). Apart from this, the dielectric 

constant is also known to depend on the density and microstructure of the materials [47,48]. 
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SEM images of samples (figure 4.7) suggested a dense microstructure in the MPB region 

which could also contribute to the higher dielectric properties observed in this region. Many 

ferroelectric compositions are known to exhibit higher polarization in the MPB region [49]. 

Thus, the higher dielectric constant in the MPB region is likely to be due to higher 

ferroelectric polarization, as already reported for some substituted BiFeO3 [20,50,51]
 

4.9. Magnetodielectric properties 

Magnetodielectric (MD) constant or magnetocapacitance (MC) is an indirect 

indication for the coupling of the electric and magnetic orders in magnetoelectrics [52,53]. 

Due to the higher magnetic parameters and dielectric constant of the substituted 

compositions, a higher magnetoelectric coupling is expected for the studied compositions. 

The dielectric constants of the different compositions are measured in a magnetic field of 10 

kOe at 1 kHz, and the results are shown in the figure. 4.36. The Magnetodielectric percentage 

(MD%) is calculated using the formula [ε(H) - ε(0)]/ ε(0)*100%, where ε(H) is the dielectric 

constant measured in a field of 10 kOe and ε(0) is the dielectric constant at zero field [53].
 

BFO showed almost zero (negligible) value of MD.  MD increases with x for the 

rhombohedral structure, and a maximum positive MD of 0.86% is obtained for x = 0.1 for the 

rhombohedral phase. MD decreases in the mixed phase region, with increasing substitution, 

until x = 0.175 and then shows negative values for x ≥ 0.2 for the orthorhombic structure. The 

sign of MD depends on the sign of the magnetoelectric coupling coefficient [54]. Also, 

change in the dielectric constant by the application of a magnetic field implies a change in the 

polarization of the samples [55]. In multiferroics, electric and magnetic orders are coupled, 

and hence the strain produced by the magnetic field produces a stress in the material which in 

turn induces an electric field and thus changes the dielectric property [56]. 

From the present study, it is inferred that in Ca and Mn co-substituted BiFeO3, 

positive MD is shown when the structure is rhombohedral and negative MD effect is 

exhibited by the orthorhombic system. In the MPB region, as the orthorhombic phase content 

increases, competition between the positive MD by rhombohedral phase and negative MD by 

the orthorhombic phase occurs and thus the overall MD decreases. Such a composition 

dependent MD has been reported by Dixit et al. [57] for hexagonal YMn1−xInxO3, where 

positive and negative  MD values are obtained at lower and higher substitution levels, 

respectively. The sign and magnitude of MD also depend on the magnetic field, temperature, 

and frequency at which it is measured [58-61]. Kimura et al. [58] have shown a maximum 
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MD with respect to the magnetic field in TbMnO3, which shifts with temperature.
 
Similarly, 

in BiMnO3, MD (at low temperature) is positive at low fields and shows a negative value at 

higher fields [54]. Ramachandran et al. [61] have reported a maximum MD of +0.2%          

(at 30 kHz, 80 kOe) at x = 0.1 in Bi1-xCaxFeO3 and Yang et al. [62] have reported +0.3% MD 

for BiFe1-xMnxO3 (at 90 kOe for x = 0.3) whereas the present Ca-Mn co-substituted system 

shows higher MD% at lower magnetic field and frequency. 

  

Figure 4.36. Magnetodielectric data (MD%) of Bi1-xCaxFe1-xMnxO3  measured at a frequency 

of 1 kHz and in a field of 10 kOe. The height of the symbol represents the error in the value 

of MD. 

The reported values for MD in the literature are very low, compared to the value 

shown by the Ca-Mn co-substituted system in the present work (at 1 kHz, 10 kOe). The 

magnetodielectric value of ~1% at 10 kOe reported in this work for bulk BFO based system 

is relatively larger when compared to that reported for other single phase materials and 

composites.  In conclusion, strong correlations are found between the structure and the 

properties exhibited by Ca and Mn co-substituted bulk BiFeO3. Maximum magnetic and 

dielectric parameters are observed in the morphotropic phase boundary region                   

0.12 ≤ x ≤ 0.175 in Bi1-xCaxFe1-xMnxO3.   Therefore, the enhanced magnetic and dielectric 

properties of bulk Bi1-xCaxFe1-xMnxO3 in the MPB region is expected to show enhanced 

magnetoelectric coupling. 
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Table 4.1. Comparison of MD values, taken from literature, for the various substituted BFO 

systems at the Bi- or Mn-site.  

Substituent MD(%), magnetic field and 

frequency 

Reference 

Ca (10%) + 0.2 at 80 kOe and 30 kHz  61 

Mn (30%)  + 0.3 at 90 kOe and 100 kHz 62 

Sc (30%) + 3.36 at 8 kOe and 10 kHz 63 

Ba (25%) + 0.1 at 60 kOe and 10 kHz 64 

La (15%) +0.14 at 80 kOe and 10 kHz 65 

Ba-Ti  

co-substitution 

(20%) 

- 0.25 at 9 kOe and 1 kHz 66 

Pr-Cr  

co-substitution 

(10%) 

+1 at 6 kOe and 1kHz 67 

Ca-Mn  

co-substitution 

(10%) 

+0.86 at 10 kOe and 1kHz Present 

study 

 

4.10. Conclusions 

Bulk polycrystalline Bi1-xCaxFe1-xMnxO3 compositions for 0 ≤ x ≤ 0.4 are prepared by 

solid state method and their structural, magnetic and dielectric properties are studied. 

Rietveld refinement analysis of the XRD patterns revealed rhombohedral structure for           

x ≤ 0.11 and orthorhombic structure for x ≥ 0.2. Compositions with 0.12 ≤ x ≤ 0.175 showed 

mixed phase behaviour with both rhombohedral and orthorhombic phases. Raman spectral 

studies also supported complete structural transformation above x = 0.175. XPS analysis and 

redox titration studies showed that Mn
4+

 is the major species in the co-substituted system for 

the R3c and Pbnm phases, whereas higher Mn
3+ 

content
 
was observed for x = 0.15 and           

x = 0.175 (mixed phase/MPB). The number of oxygen vacancies derived from oxygen 1s 

XPS spectra also showed a similar trend. Room temperature M-H curves showed that the 
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samples have antiferromagnetic behaviour with weak ferromagnetic characteristics. High 

coercivity, remanence, and magnetization are observed in the MPB region which is possibly 

due to the higher Fe-O-Fe angle observed, apart from the microstructure. Weak 

ferromagnetism obtained in the samples can be attributed to canted antiferromagnetism and 

Mn
3+

-Mn
4+

 double exchange interaction. Low-temperature M-H curves have a ferromagnetic 

behavior with a high magnetization values showing anomaly around the structural phase 

transition region.  Low-temperature ZFC-FC magnetic measurements of the samples 

indicated a spin-glass-like behavior of the samples showing a peak around 40 K for all the 

compositions. The spin glass transition temperature was found to be composition dependent 

showing a maximum at x = 0.15 which is within the MPB region. The observed magnetic 

transition from the high-temperature magnetization measurements confirmed the intrinsic 

magnetic nature of the samples. Similar to the magnetic properties, higher dielectric constants 

are also observed in the MPB region. Magnetodielectric studies showed positive values for 

the rhombohedral structure and negative values for the orthorhombic structure, with a 

maximum MD for the rhombohedral structure closer to the onset of the MPB region, with 

relatively less rhombohedral distortion. The relatively higher magnetodielectric effect, with 

enhanced magnetic parameters and higher dielectric properties in the MPB region of bulk  

Ca-Mn co-substituted BiFeO3, suggest better magnetoelectric coupling suitable for 

applications.  
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Chapter 5 

Structural and magnetic properties of  

Bi1- xCaxFe1-yMnyO3 (x  y) 
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5.1. Introduction 

Ca and Mn co-substitution in BiFeO3 was first reported by Tzankov et al. in 2005 

wherein the structural and magnetic properties of Fe-substituted Bi0.5Ca0.5MnO3 were 

discussed [1]. Later, the authors reported similar studies in the Bi0.5Sr0.5FeyMn1-yO3 system. In 

both the cases, a decrease in the magnetization with increasing Fe content has been reported 

[2].Yin et al. have reported enhanced magnetic and electrical properties of bulk    

Bi0.8Ca0.2Fe1-yMnyO3 for 0 ≤ x≤ 0.5 [3]. Huang et al. have studied the structural and electrical 

properties of Bi1-xCaxFe1-yMnyO3 (x = 0, 0.05, 0.10; y = 0, 0.05, 0.10) thin films prepared by 

sol-gel spin coating method and found that the ferroelectric properties enhanced with increase 

in the substitution level [4]. Khomchenko et al. have reported the structural and magnetic 

properties of Bi0.9Ca0.1Fe1-yMnyO3 (0≤ y≤ 0.5) where it is found that the magnetization 

increases but with decreasing remanence on increasing the Mn content [5]. In the above 

reported studies, the Bi-site and Fe-site in BiFeO3 are substituted unequally.  

In chapter 3 we have shown that among the Ca-Mn, Sr-Mn, and Ba-Mn                  

co-substituted BiFeO3 systems, Ca-Mn co-substitution showed better magnetic and dielectric 

properties. In chapter 4, we have discussed the detailed structure-property correlation studies 

on Bi1-xCaxFe1-xMnxO3, with equal amounts of substitution at the Bi and Fe sites.               

Bi1- xCaxFe1-xMnxO3 showed a rhombohedral R3c to orthorhombic Pbnm structural transition 

around x = 0.15 and around this MPB region higher magnetic and dielectric properties are 

observed. In Bi1-xCaxFe1-xMnxO3, although manganese is expected only as Mn
4+

 for the 

charge neutrality, presence of both Mn
3+

 and Mn
4+

 was established from XPS and titration 

analyses, which could be leading to the higher magnetic properties in this system.  

In this chapter, we discuss the structural and magnetic properties of                         

Bi1-xCaxFe1-yMnyO3 for x ≠ y. Different compositions of the Ca-Mn co-substituted system 

with the general formula Bi1-xCaxFe1-yMnyO3 (0≤ x≤ 0.4; y = 0.1, 0.2, 0.3, 0.4, 0.5) have been 

studied (In y = 0.5 series, x = 0.5 and x = 0.6 compositions are synthesised additionally). The 

objectives are to investigate whether (i) any other combinations of Ca and Mn could show 

enhanced magnetic properties other than for x = y = 0.15 as discussed in the previous chapter 

and (ii) any MPB region exists in the x ≠ y co-substituted system as found in the x = y system. 

By varying the calcium and/or manganese substitution content, one can vary the  Mn
3+

/Mn
4+  

ratio and thus alter the structural and magnetic properties of the system.  Also, there are no 

systematic studies reported in the literature on the effect of divalent ion (Ca/Sr/Ba/Pb) 
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substitution in BiFe1-yMnyO3 or the effect of Mn substitution in Bi1-xAxFeO3. Different 

compositions in Bi1-xCaxFe1-yMnyO3 were prepared by the solid state reaction method, as 

discussed in chapter 2, section 2.1. 

5.2. Structure  

Powder X-ray diffraction patterns of the different compositions in Bi1-xCaxFe1-yMnyO3 

compositions are shown in figures 5.1 to 5.5. Figures showing the Rietveld refined XRD 

patterns of selected compositions for different values of x and y are shown in figures A.1 to 

A.5 in the Appendix. For the y = 0.1 series (Bi1-xCaxFe0.9Mn0.1O3), Rietveld refinement 

analysis of the XRD patterns revealed rhombohedral R3c phase for x ≤ 0.1 and orthorhombic 

Pbnm phase for x ≥ 0.2 compositions. A mixed phase with R3c and Pbnm structures is 

observed for x = 0.15. Such a phase transition from R3c to Pbnm is reported for La and Mn 

co-substituted BiFeO3 [9]. As shown in figure 5.1(b), the orthorhombic (110) reflection is 

visible for x ≥ 0.15, suggesting the presence of the orthorhombic Pbnm phase. Similarly, the 

rhombohedral splitting is found up to x = 0.1, with increasing Ca substitution, as evident from 

figure 5.1(c) and the rhombohedral peaks are absent for x ≥ 0.2. A small decrease in the 

splitting of the rhombohedral peaks is observed. The decrease in the R3c splitting with Ca 

substitution in BiFe1-yMnyO3 has been reported to be due to the decrease in the rhombohedral 

distortion  [6-8]. The x = 0.15 composition shows a broad peak, with a shoulder 

corresponding to the rhombohedral peak, which is due to the contribution from the reflections 

of the R3c and Pbnm phases, suggesting mixed phase behaviour.  The x ≥ 0.2 compositions 

show a single peak without any splitting, due to the orthorhombic phase.  
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Figure 5.1. (a) X-ray diffraction patterns of Bi1-xCaxFe0.9Mn0.1O3. Magnified view of the 

XRD patterns of Bi1-xCaxFe0.9Mn0.1O3 showing (b) the evolution of the (110) orthorhombic 

reflection around 2θ = 26°, and (c) the most intense peak around 2θ = 32° showing the 

structural change from rhombohedral to orthorhombic. The peak from the impurity phase 

Bi25FeO40 is marked using the symbol ‘*’.  
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For the y = 0.2 series (Bi1-xCaxFe0.8Mn0.2O3), Rietveld refinement analysis revealed 

R3c phase for x ≤ 0.1 and Pbnm phase for x ≥ 0.2 and a mixed phase nature for x = 0.15, 

similar to that observed for the Bi1-xCaxFe0.9Mn0.1O3 series (y = 0.1). The orthorhombic (110) 

reflection is observed for x ≥ 0.15, as shown in figure 5.2(b),  indicating the existence of the 

Pbnm phase The rhombohedral splitting disappears for x ≥ 0.2 as shown in figure 5.2(c).  

In the Bi1-xCaxFe0.7Mn0.3O3 series, Rietveld refinement revealed R3c phase for            

x ≤ 0.15 and Pbnm phase for x ≥ 0.25 with the x = 0.2 composition showing a mixed phase 

behaviour. Figure 5.3(b) shows that the orthorhombic (110) reflection is present for x ≥ 0.2.  

Similarly, the reflections corresponding to the orthorhombic (020), (112), and (200) planes 

are clearly visible in figure 5.3(c).  The composition Bi0.8Ca0.2Fe0.7Mn0.3O3 shows reflections 

from both the R3c and Pbnm phases.  Unlike the y = 0.1 and 0.2 series, the R3c to Pbnm 

structural transformation is clearly visible in the XRD patterns for the y = 0.3 series. The shift 

in the position of the peaks is more prominent than in the y = 0.1 and 0.2 systems.  

It is not possible to prepare single phase BiFe0.6Mn0.4O3 by ordinary solid-state 

synthesis method. High-pressure synthesis techniques are required for the synthesis of 

manganese substituted compositions with x ≥ 0.4 [9,10]. Thus, the broad asymmetric peak in 

the XRD pattern of BiFe0.6Mn0.4O3 (x = 0 in figure 5.4(c)) could be due to phase separation 

and/or formation of a different phase for the higher manganese substitution at the Fe site 

which lowers the rhombohedral distortion [11]. ). Rietveld refinement analysis of the XRD 

patterns of different compositions in the Bi1-xCaxFe0.6Mn0.4O3 series revealed R3c phase for   

x ≤ 0.1 and Pbnm phase for x ≥ 0.2. A mixed phase behaviour was observed for x = 0.15 as in 

the y = 0.1 and y = 0.2 series. With 5% Ca substitution in BiFe0.6Mn0.4O3, the intensity of the 

rhombohedral (104) reflection increases (figure 5.4(c)). Thus, Bi0.9Ca0.1Fe0.6Mn0.4O3 shows 

the signatures of the rhombohedral splitting indicating the increase in the structural stability 

for the R3c phase (higher rhombohedral distortion) with Ca substitution. Such an enhanced 

stability of the R3c phase is reported for La and Mn co-substituted BiFeO3 [12]. As evident in 

figure 5.4(c), Bi0.85Ca0.15Fe0.6Mn0.4O3 (x = 0.15) clearly shows peaks due to both the R3c and 

Pbnm phases whereas x = 0.2 shows peaks corresponding to the Pbnm phase only. Similarly, 

the orthorhombic (110) reflection is observed for x = 0.15 as shown in figure 5.4(b). 
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Figure 5.2. (a) X-ray diffraction patterns of Bi1-xCaxFe0.8Mn0.2O3. Magnified view of the 

XRD patterns of Bi1-xCaxFe0.8Mn0.2O3 showing (b) the evolution of the (110) orthorhombic 

reflection around 2θ = 26°, and (c) the most intense peak around 2θ = 32° showing structural 

change from rhombohedral to orthorhombic. The peak from the impurity phase Bi25FeO40 is 

marked using the symbol ‘*’. 
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Figure 5.3. (a) X-ray diffraction patterns of Bi1-xCaxFe0.7Mn0.3O3. Magnified view of the 

XRD patterns of Bi1-xCaxFe0.7Mn0.3O3 showing (b) the evolution of the (110) orthorhombic 

reflection around 2θ = 26°, and (c) the most intense peak around 2θ = 32° showing the 

structural change from rhombohedral to orthorhombic. The peak from the impurity phase 

Bi25FeO40 is marked using the symbol ‘*’. 
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Figure 5.4. (a) X-ray diffraction patterns of Bi1-xCaxFe0.6Mn0.4O3. Magnified view of the 

XRD patterns of Bi1-xCaxFe0.4Mn0.6O3 showing (b) the evolution of the (110) orthorhombic 

reflection around 2θ = 26°, and (c) the most intense peak around 2θ = 32° showing structural 

change from rhombohedral to orthorhombic. The peak from the impurity phase Bi25FeO40 is 

marked using the symbol ‘*’.  
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Figure 5.5. (a) X-ray diffraction patterns of Bi1-xCaxFe0.5Mn0.5O3. Magnified view of the 

XRD patterns of Bi1-xCaxFe0.5Mn0.5O3 showing (b) the evolution of the (110) orthorhombic 

reflection around 2θ = 26°, and (c) the most intense peak around 2θ = 32° showing structural 

change from rhombohedral to orthorhombic. The peak from the impurity phase Bi25FeO40 is 

marked using the symbol ‘*’. 
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Bi1-xCaxFe0.6Mn0.4O3 co-substituted compositions indicated that Ca-substitution helps 

to stabilize the R3c phase in the BiFe1-xMnyO3 system. Catalan et al. have shown that         

Ca-substitution internally produces a large chemical pressure which is equivalent to the GPa 

pressure scale [13] and this chemical pressure in the system can help stabilizing the higher 

Mn substituted structures. Thus, the co-substituted compositions of 50% Mn substitution 

could be synthesized with only 5% Ca substitution and the only impurity phase formed is 

Bi25FeO40. As shown in figure 5.5(b,c), Bi0.95Ca0.05Fe0.5Mn0.5O3 and Bi0.1Ca0.9Fe0.5Mn0.5O3 

showed less rhombohedral distortion similar to Bi0.95Ca0.05Fe0.6Mn0.4O3 due to the higher Mn 

content.  Orthorhombic (110) reflection is observed for x > 0.1. Rietveld refinement revealed 

R3c phase for x ≤ 0.1 and Pbnm phase for x ≥ 0.2 with a mixed  phase for 0.1< x< 0.2.  

Variation of the lattice parameters and unit cell volume as a function of x is shown in 

figure 5.6 for all compositions, where the shaded region indicates the mixed phase region in 

the systems. For all the five series of compositions studied, lattice parameters and unit cell 

volume decrease with increasing the Ca concentration similar to the x = y co-substituted 

system, discussed in chapter 4. Decrease in the unit cell volume in a particular series (i.e., 

with constant Mn content) with increasing the Ca substitution is due to the smaller ionic 

radius of Ca
2+

 and the formation of Mn
4+

. In Bi1-xCaxFe0.9Mn0.1O3 (y = 0.1 series), the unit 

cell volume drops from 243 Å
3
 (for x = 0.2) to 240 Å

3 
(for x = 0.4) whereas for the y = 0.5 

series, a large drop in the cell volume from 237 Å
3 

(for x = 0.2) to 228 Å
3
 (for x = 0.4) is 

observed suggesting the presence of relatively larger amount of Mn
4+ 

in Bi1-xCaxFe0.5Mn0.5O3. 

If the decrease in the unit cell volume was only due to the effect of substitution of smaller 

Ca
2+

, both the Bi1-xCaxFe0.9Mn0.1O3 and the Bi1-xCaxFe0.5Mn0.5O3 compositions should show 

similar unit cell volume values since both Mn
3+ 

and Fe
3+ 

have similar ionic radii. 

For the y = 0.1 and 0.2 series, the orthorhombic cell parameters ‘a’ and ‘b’ have 

almost comparable values. Due to this close lattice parameters, the orthorhombic splitting of 

the XRD peaks is not observed for the x > 0.2 compositions in these two series. This is 

probably due to the relatively lesser amount of Mn
 
and

 
correspondingly a lesser orthorhombic 

distortion caused by it. Unlike the Bi1-xCaxFe0.9Mn0.1O3 and Bi1-xCaxFe0.8Mn0.2O3 

compositions, where the orthorhombic cell parameters ‘a’ and ‘b’ show closer values, for       

y ≥ 0.3 series, the orthorhombic cell parameters clearly show distinct values which is due to 

the higher percentage of Mn in these systems which cause more orthorhombic distortion. 

Except for y = 0.3, the R3c to Pbnm structural transition occurs around x = 0.15 in the                    

Bi1-xCaxFe1-yMnyO3 system. For the y = 0.3 series, structural transition occurs around x = 0.2. 
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In Bi0.85Ca0.15Fe0.9Mn0.1O3, the Pbnm phase content is obtained as ~48% whereas in 

Bi0.85Ca0.15Fe0.5Mn0.5O3,  ~90% Pbnm phase is observed which suggests that higher the Mn 

content, higher the orthorhombic distortion. This is likely to be due to the larger Jahn-Teller 

distortion (of the Mn
3+

 octahedra) in the y = 0.5 series. 

 

Figure 5.6. Variation of the lattice parameters and unit cell volume as a function of x in     

Bi1-xCaxFe1-yMnyO3. 
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Variation of the rhombohedral angle (α) as a function of Ca substitution content is 

shown in figure 5.7. α increases with increasing Ca substitution implying a smaller 

rhombohedral distortion at x = 0.15 [14]. With the increase in the Mn content, α increases 

which suggest why the lesser R3c splitting is observed for the y = 0.4 and y = 0.5 series. It 

can be concluded from the XRD analysis that, in the BiFe1-yMnyO3 system, Ca substitution up 

to a certain limit (x ≈ 0.15) can stabilize the R3c phase and above which R3c to Pbnm 

structural transition occurs. 

 

Figure 5.7. Variation of the rhombohedral angle, α, as a function of x in Bi1-xCaxFe1-yMnyO3. 

 

5.3. Raman spectroscopy 

 

Figure 5.8 shows the Raman spectra of different compositions in Bi1-xCaxFe1-yMnyO3. 

Detailed Raman analysis of BiFeO3 and Bi1-xCaxFe1-xMnxO3 (x = y) is discussed in the 

previous chapters. For BiFe0.9Mn0.1O3, intense Raman bands are observed at 135 cm
-1

 and 

170 cm
-1

 corresponding to the A1-1 and A1-2 modes, which is similar to the Raman spectra 

shown by BiFeO3 (BFO in figure 5.8). With increasing Mn substitution content in BiFeO3, 

the intensity of the band at 620 cm
-1

 is increased, as observed by Zheng et al. in La and Mn 

co-substituted BiFeO3 [15]. With the increase in the Mn content, intensities of the bands due 

to the A1-1 and A1-2 modes are diminished, and for BiFe0.6Mn0.4O3, the intensities of these 

bands are very low. This can be correlated with the XRD data where a less rhombohedral 
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splitting was observed for BiFe0.6Mn0.4O3. Upon Ca substitution in BiFe1-xMnxO3, the 

intensities of the A1-1 and A1-2 bands are diminished and the Raman band at 620 cm
-1

 (E-9) 

becomes more intense. In all the five series, the bands due to the A-O vibrations related to the 

rhombohedral phase start disappearing from x = 0.15, corresponding to the structural 

transition around this composition as in the x = y series. The x ≥ 0.2 compositions with 

orthorhombic phase show Raman bands only at 480, 530 and 620 cm
-1

 similar to that for the 

RMnO3 orthorhombic phase (as discussed in section 4.4).   

For the R3c compositions with x < 0.2, the low-frequency bands due to the E and A1 

modes are present in the spectra of all the five series, implying the ferroelectric nature of 

these compositions. Complete disappearance of the low-frequency bands for x ≥ 0.2 suggests 

suppression of the stereochemical activity of the Bi lone pair of electrons and hence 

nonferroelectric nature of the compositions. The information obtained on the structural phase 

transition observed from the Raman spectra is in accordance with the results from the XRD 

studies. 
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Figure 5.8. Raman spectra of different compositions in Bi1-xCaxFe1-yMnyO3. Lower inset  in 

all graphs shows the magnified spectra of BiFeO3 (BFO) on the same x-axis scale. 
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5.4. XPS studies 

Oxygen 1s XPS spectra of the samples are analyzed in order to find out the amount of 

oxygen vacancies in the samples (figures 5.9-5.13). The XPS studies are performed using two 

different instruments, as mentioned in section 2.5, chapter 2. The spectra recorded on the VG 

Microtech instrument (source: Mg-Kα) are very broad compared to the ones recorded on 

Thermo Fisher Kalpha+ spectrometer (source: Al-Kα). The widths of the peaks are not used 

for any comparison.  In most of the compositions analyzed, with increase in the amount of  

Ca substitution, the intensities of the peaks due to Oc and Op (where Oc  is due to chemisorbed 

water species, and Op is due to physisorbed water species, as discussed in chapter 4, section 

4.6) increase indicating an increase in the number of oxygen vacancies at higher levels of 

substitution. With the increase in the Mn content also, an increase in the number of oxygen 

vacancies is observed. The presence of oxygen vacancies indicates the presence of Mn
3+ 

in 

the compositions. 

 

 

Figure 5.9. Deconvoluted oxygen 1s XPS spectra of selected compositions in                     

Bi1-xCaxFe0.9Mn0.1O3.   
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Figure 5.10.  Deconvoluted oxygen 1s XPS spectra of selected compositions in                  

Bi1-xCaxFe0.8Mn0.2O3.  
 

 

 

Figure 5.11.  Deconvoluted oxygen 1s XPS spectra of selected compositions in  

Bi1-xCaxFe0.7Mn0.3O3.  
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Figure 5.12. Deconvoluted oxygen 1s XPS spectra of selected compositions in                   

Bi1-xCaxFe0.6Mn0.4O3.  
  

 

Figure 5.13. Deconvoluted oxygen 1s XPS spectra of selected compositions in                   

Bi1-xCaxFe0.5Mn0.5O3.  

 

Mn 2p3/2 XPS peaks are analyzed in order to get information on the oxidation state of 

manganese in the Bi1-xCaxFe1-yMnyO3 system (figures 5.14-5.17). Mn XPS signals for the      
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y = 0.1 series are very weak and hence no fitting could be done for these samples. For all the 

other compositions analyzed, presence of a mixture of Mn
3+

 and Mn
4+

 is observed.  

 

Figure 5.14. Deconvoluted Mn  2p3/2
 

XPS spectra of different compositions in                   

Bi1-xCaxFe0.8Mn0.2O3.  

 

 
 

Figure 5.15. Deconvoluted Mn  2p3/2
 

XPS spectra of different compositions in                   

Bi1-xCaxFe0.7Mn0.3O3.  
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Figure 5.16. Deconvoluted Mn  2p3/2
 

XPS spectra of different compositions in                   

Bi1-xCaxFe0.6Mn0.4O3.  

 

 

Figure 5.17. Deconvoluted Mn  2p3/2
 

XPS spectra of different compositions in                   

Bi1-xCaxFe0.5Mn0.5O3.  
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Figure 5.18. (a) Percentage of Mn
3+

, and (b) percentage of oxygen vacancy (Ov) as a function 

of x in Bi1-xCaxFeyMn1-yO3. 

 

Figure 5.18 shows the percentage of Mn
3+

 and oxygen vacancy obtained from the 

XPS analysis as a function of Ca concentration in Bi1-xCaxFeyMn1-yO3. It is noticed that in 

most of the compositions analysed, around 40% to 60% of Mn exists as Mn
3+ 

and oxygen 

vacancies vary from 20% to 40%. 
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5.5. Magnetic properties  

5.5.1. M vs. H measurements 

 

 

Figure 5.19. Room temperature magnetization curves of Bi1-xCaxFe0.9Mn0.1O3. The figure at 

the bottom shows the zoomed magnetization curves of selected compositions. 

Room temperature magnetization curves of the different compositions in                 

Bi1-xCaxFeyMn1-yO3 are shown in figures 5.19 to 5.23 and the magnetic parameters obtained 

from the M-H curves are plotted in figures 5.25 to 5.27. BiFe0.9Mn0.1O3 (x = 0) shows 

negligible hysteresis loop (figure 5.19). However, on co-substitution with Ca, the 

magnetization of the samples increases. A very wide hysteresis loop is observed for x = 0.15 
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and the coercivity decreases for higher degree of Ca substitution. Bi0.6Ca0.4Fe0.9Mn0.1O3 

shows a linear variation of magnetization with negligible remanence and coercivity. 

Remanence, coercivity and magnetization increase (as shown in figures 5.25 to 5.27) with Ca 

substitution showing a maximum at x = 0.15 (MPB region) as in the x = y co-substituted 

system. However, unlike the x = y co-substituted system, here, even the magnetization at 6 T 

shows a maximum at x = 0.15.  

 

 

Figure 5.20. Room temperature magnetization curves of Bi1-xCaxFe0.8Mn0.2O3 The figure at 

the bottom shows the zoomed magnetization curves of selected compositions. 
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Bi0.85Ca0.15Fe0.9Mn0.1O3 shows the highest coercivity around 8 kOe which is even 

larger than that observed for Bi0.825Ca0.175Fe0.825Mn0.175O3 (see figure 4.15, chapter 4). 

 

 

Figure 5.21. Room temperature magnetization curves of Bi1-xCaxFe0.7Mn0.3O3. The figure at 

the bottom shows the zoomed magnetization curves of selected compositions. 

 

Compared to BiFe0.9Mn0.1O3, BiFe0.8Mn0.2O3 shows a wider hysteresis loop (figure 

5.20). In the Bi1-xCaxFe0.8Mn0.2O3 series, the loop becomes wider till x = 0.2 and then 

becomes narrower for higher amount of Ca substitution. Remanence and coercivity increase 
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with increasing Ca substitution and show a maximum at x = 0.2. Magnetization at 60 kOe 

increases with Ca substitution with an anomaly around x = 0.15 which is the structural 

transition region in the Bi1-xCaxFe0.8Mn0.2O3 system. 

 

 

Figure 5.22. Room temperature magnetization curves of Bi1-xCaxFe0.6Mn0.4O3. The figure at 

the bottom shows the zoomed magnetization curves of selected compositions. 

BiFe0.7Mn0.3O3 shows almost negligible hysteresis loop whereas comparatively a 

wider hysteresis loop is observed for x = 0.2 and then again the loop becomes narrower and 

shows paramagnetic-like nature for x = 0.4 (figure 5.21). However, the zoomed curves 

showed a narrow hysteresis loop with very low coercivity and remanence. With calcium     
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co-substitution, magnetization of the samples increases in the y = 0.3 series as in the case of 

the y = 0.1 and 0.2 series. Remanence and coercivity show a sudden jump for x = 0.05 and 

then decrease for x = 0.1. Remanence and coercivity show a maximum at x = 0.2. 

Magnetization at 60 kOe increases with increasing the Ca content, without showing any 

anomaly at the structural transition region. 

 

 

Figure 5.23. Room temperature magnetization curves of Bi1-xCaxFe0.5Mn0.5O3. The figure at 

the bottom shows the zoomed magnetization curves of selected compositions. 
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In the y = 0.4 system, all compositions show a paramagnetic-like nature, and the 

magnetization increases with Ca content. Unlike for the other co-substituted series, 

remanence and coercivity are maximum for x = 0 in Bi1-xCaxFe0.6Mn0.4O3 as shown figure 

5.25 (b) and figure 5.26(b). A clear anomaly in the remanence and coercivity can be observed 

at x = 0.25.  

 

 

Figure 5.24. Zoomed magnetization curves of x = 0.4, x = 0.5 and x = 0.6 in 

Bi1xCaxFe0.5Mn0.5O3 at room temperature. 

 

In the Bi1-xCaxFe0.5Mn0.5O3 system, for x ≤ 0.4, a linear M-H curve with almost zero 

remanence and coercivity are observed which is the typical paramagnetic/antiferromagnetic 

character. However, the zoomed curves showed a narrow hysteresis loop with very low 

coercivity and remanence. For x = 0.5 and x = 0.6, a weak ferromagnetic loop is observed at 

low magnetic fields as shown in figure 5.24. Magnetization increases with increase in the Ca 

substitution content as in the case of other four systems. For the y = 0.5 system, remanence 

and coercivity show very low value as compared to the compositions in the y ≤ 0.4 series. As 

seen in figure 5.25(c), coercivity shows an anomaly around x = 0.25 whereas remanence 

shows values which is within the error limit of the measurement as shown in figure 5.26 (c). 
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Figure 5.25. (a) Variation of room temperature coercivity (Hc) as a function of x in            

Bi1-xCaxFe1-yMn1-yO3. Variation of Hc for (b) y = 0.4 and (c) y = 0.5.  

 

 

It is possible that the weak ferromagnetism shown by the co-substituted compositions 

is due to the D-M interaction assisted canted antiferromagnetic structure [16,17]. 

Furthermore, the co-substitution can efficiently suppress the spin cycloid structure which 

allows weak ferromagnetism in the R3c phase.  Upon co-substitution, the Fe-O-Fe bond angle 

changes and this can also contribute to the higher magnetic properties observed, as illustrated 

for the x = y system. In all the five different series studied, higher magnetic properties are 

observed around the structural transition region as in the x = y system where an MPB assisted 

enhancement occurs, as reported for the rare earth substituted BiFeO3 [18-20].  In addition to 

these structural changes, the presence of both the Mn
3+

 and Mn
4+ 

species (as confirmed by the 

contraction in unit cell volume and XPS analysis) can lead to double exchange interaction 

resulting in ferromagnetism. For all the different series, magnetization increases with increase 

in the Ca (Mn) content as shown figure 5.27. Such an increase in the magnetization with 

increase in the Mn/Ca content in BiFeO3 is reported in the literature [21-23]. Within a 

particular series with constant Mn content, when Ca substitution is increased, possibly more 

Mn
4+ 

species along with oxygen vacancies are created to attain the charge neutrality. 
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Anomaly in magnetization shown by Bi1-xCaxFe0.9Mn0.1O3 and Bi1-xCaxFe0.8Mn0.2O3 around 

the structural transition region (x = 0.15) could be due to the MPB assisted enhancement as 

discussed in the case of the x = y system. Both the coercivity and remanence decrease with 

increase in the manganese substitution content. Compositions in Bi1-xCaxFe0.9Mn0.1O3 exhibit 

highest coercivity and remanence whereas the compositions in Bi1-xCaxFe0.5Mn0.5O3 show the 

lowest. For y = 0.5, the coercivity and remanence are almost negligible.  

 

 

Figure 5.26. Variation of room temperature remnant magnetization (Mr) as a function of x in 

Bi1-xCaxFe1-yMn1-yO3. (b) Variation of Mr for (b) y = 0.4 and (c) y = 0.5.  
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Figure 5.27. Room temperature magnetization at 60 kOe (M60) as a function of x in           

Bi1-xCaxFe1-yMnyO3 for different values of y. 

 

The magnetization curves measured at 5 K are shown in figures 5.285.32 and the 

low-temperature magnetic parameters are plotted in figures 5.335.35. Very low remanence 

and coercivity are observed for BiFe0.9Mn0.1O3. Upon Ca substitution, a clear magnetic 

hysteresis loop is observed for x ≥ 0.1. Remanence, coercivity and magnetization at 60 kOe 

increase with Ca substitution showing a maximum around the MPB region, x = 0.15 

(maximum coercivity at x = 0.2) as in the case of the room temperature hysteresis curves and 

then decrease. Similar to the x = y system, in the y = 0.1 series also coercivity observed at 5 K 

is less than that observed at room temperature whereas the remanence and magnetization 

show larger values. 
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Figure 5.28. Magnetization vs applied magnetic field curves of Bi1-xCaxFe0.9Mn0.1O3 at 5 K. 

 

Figure 5.29. Magnetization vs applied magnetic field curves of Bi1-xCaxFe0.8Mn0.2O3 at 5 K. 
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Negligible coercivity and remanence are observed for BiFe0.8Mn0.2O3 at 5 K similar to 

BiFe0.9Mn0.1O3. With Ca substitution, x ≥ 0.15 compositions show ferromagnetic-like 

hysteresis loop. Maximum remanence and coercivity are observed around the MPB region, 

whereas as the magnetization at 60 kOe increases with co-substitution. As in the                       

Bi1-xCaxFe0.1Mn0.9O3 system, for the y = 0.2 system also the low-temperature coercivity 

values are less than the corresponding room temperature coercivity.  

 

 

Figure 5.30. Magnetization vs applied magnetic field curves of Bi1-xCaxFe0.7Mn0.3O3 at 5 K. 

 

In the Bi1-xCaxFe0.7Mn0.3O3 system, a narrow hysteresis loop is observed till x = 0.15. 

Compositions with x ≥ 0.2 show a wider hysteresis loop. Remanence show a maximum at      

x = 0.2 and coercivity show a maximum at x = 0.25, whereas the magnetization at 60 kOe 

shows anomalously high value for x = 0.1. The low-temperature coercivity values are higher 

than the room temperature coercivity unlike in the case of the Bi1-xCaxFe0.1Mn0.9O3 and                             

Bi1-xCaxFe0.2Mn0.8O3 co-substituted systems. 
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Figure 5.31. Magnetization vs applied magnetic field curves of Bi1-xCaxFe0.6Mn0.4O3 at 5 K. 

 

 

Figure 5.32. Magnetization vs applied magnetic field curves of Bi1-xCaxFe0.5Mn0.5O3 at 5 K. 
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For the y = 0.4 system, ferromagnetic like hysteresis loop is observed from x = 0.05. 

Remanence show a maximum at x = 0.2 and coercivity at x = 0.25. Magnetization at 60 kOe 

shows a highest value around x = 0.1 and then decreases continuously till x = 0.4. The      

low-temperature coercivity values are higher than the room temperature coercivity like that 

for the y = 0.3 co-substituted system. For the y = 0.5 system, ferromagnetic loops are 

observed for all the compositions. Remanence, coercivity and magnetization at 60 kOe show 

a clear anomaly around x = 0.2 as in the case of the room temperature magnetic parameters. 

Remanence and magnetization show a maximum at x = 0.2 whereas coercivity shows a dip. 

 

 

 
Figure 5.33. Coercivity (Hc) at 5 K as a function of x in Bi1-xCaxFe1-yMnyO3.  
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Figure 5.34. (a) Remnant magnetization (Mr) at 5 K as a function of x in Bi1-xCaxFe1-yMnyO3. 

Zoomed Mr curves for (b) y = 0.1, and (c)  y = 0.2 

 

 
 

Figure 5.35. Magnetization at 5 K at the field of 60 kOe (M60) as a function of x in            

Bi1-xCaxFe1-yMnyO3. 
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It is observed that, in a particular series (with constant Mn content), room temperature 

and low-temperature magnetic parameters exhibit anomaly around the same values of x,  

which vary  from x = 0.15 to x = 0.25 for different y (Mn) values. In Bi1-xCaxFe1-yMnyO3, the 

structural transition is observed around x = 0.10.2. The anomalous magnetic parameters 

observed in the compositional region x = 0.1 to x = 0.25 could be due to the MPB assisted 

enhanced properties similar to that observed for the Bi1-xCaxFe1-xMnxO3 series. Another 

possibility for these enhanced properties is the Mn
3+

/Mn
4+ 

content, though such a trend was 

not observed from the XPS analysis.  

 

5.5.2. M vs. T measurements 

The ZFC and FC magnetization curves of different compositions in Bi1-xCaxFe1-yMnyO3, 

measured in an applied magnetic field of 500 Oe, are shown in figures 5.365.40. For 

BiFe0.9Mn0.1O3, both the FC and ZFC magnetizations decrease with increasing temperature 

showing a kink around 26 K and 195 K as shown in figure 5.36. On the other hand, upon Ca 

substitution, these kinks disappear, and a broad peak is observed in the ZFC curve, with the 

FC magnetization decreasing continuously, suggesting a spin glass transition. The spin glass 

transition is observed for x = 0.1 at a Tp around 30 K. The spin glass transition temperature 

increases with increasing Ca substitution and show the maximum vlaue at x = 0.25 with       

Tp = 45 K and then decreases for higher compositions. Such a spin-glass-like behaviour is 

reported in calcium and manganese co-substituted systems Bi0.5Ca0.5Fe1-yMnyO3 and         

Bi0.8Ca0.2Fe1-yMnyO3 [1-3]. The ferromagnetic loop observed at 5 K for x ≥ 0.1 in               

Bi1-xCaxFe0.9Mn0.1O3 could be due to the spin glass state of the system since such loops are 

absent for x ≤ 0.05. 
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Figure 5.36. ZFC and FC magnetization curves of Bi1-xCaxFe0.9Mn0.1O3 

 

    Figure 5.37. ZFC and FC magnetization curves of Bi1-xCaxFe0.8Mn0.2O3. 
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BiFe0.8Mn0.2O3 shows a ZFC curve similar to that of BiFe0.9Mn0.1O3, though no kinks 

are observed (figure 5.37). Upon Ca substitution, till x = 0.1, similar ZFC–FC behaviour is 

observed. The x = 0.15 composition shows a spin glass transition at Tp  = 41 K. In   the       

Bi1-xCaxFe0.8Mn0.2O3 series, maximum Tp (52 K) is observed for x = 0.25.  In the y = 0.2 

system, magnetic hysteresis loop at 5 K is observed only for x ≥ 0.15 which exhibit a spin 

glass state. In Bi1-xCaxFe0.7Mn0.3O3, compositions with x ≥ 0.1 show spin-glass-like 

behaviour. Bi0.9Ca0.1Fe0.7Mn0.3O3 shows a very low Tp (4 K) as compared to the y = 0.1 and y 

= 0.2 systems (figure 5.38). In the y = 0.3 series, Tp is maximum (45 K) at x = 0.25. Similar 

to the y = 0.1 and 0.2 systems, for y = 0.3, magnetic hysteresis loop is observed only for         

x ≥ 0.1 for which a spin glass state is observed.   

 

 

Figure 5.38. ZFC and FC magnetization curves of Bi1-xCaxFe0.7Mn0.3O3. 

  

Unlike the BiFe1-xMnxO3 systems for x ≤ 0.3, BiFe0.6Mn0.4O3 shows a spin glass transition 

with Tp around 4.5 K as shown figure 5.39. Upon Ca substitution the spin glass transition 

temperature slowly increases and gives a maximum value of Tp = 46 K at x = 0.25. A 

magnetic hysteresis loop is observed for x > 0 in the Bi1-xCaxFe0.6Mn0.4O3 series (as explained 
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with respect to figure 5.31). The narrower loop at 5 K observed for BiFe0.6Mn0.4O3 is due to 

its low Tp (4.5 K) which is close to the lowest measurement temperature. In the y = 0.5 series, 

Bi0.95Ca0.05Fe0.5Mn0.5O3 shows a peak in the ZFC curve at Tp = 9 K (figure 5.40). Surprisingly 

Bi0.9Ca0.1Fe0.5Mn0.5O3 exhibits two peaks in the ZFC curve, at Tp1 and Tp2 at 16 K and 48 K, 

respectively, as shown in figure 5.41. For Bi0.88Ca0.12Fe0.5Mn0.5O3 the first transition gets 

diminished and for Bi0.86Ca0.14Fe0.5Mn0.5O3 it almost disappears. For comparison, ZFC 

magnetization curves of different compositions in Bi1-xCaxFe0.5Mn0.5O3 are shown in figure 

5.42. Compositions with x > 0.2 show a hump in the ZFC curves around 10 K (figure 5.42). 

In x = 0.2, it is possible that Tp1 is not observed due to the higher magnetization. Though the 

first transition (at Tp1) is observed in the x = y systems and some of the compositions in the    

x ≠ y series, it appears as a weak transition and observed only as a hump/shoulder and 

variation of Tp1 with substitution is not observed. On the other hand, in Bi1-xCaxFe0.5Mn0.5O3 , 

Tp1 shows a clear variation with increasing Ca content as shown in the inset of figure 5.41. 

Tp2 varies with Ca substitution showing a maximum at x = 0.3. Maximum Tp = 60 K is shown 

by Bi0.7Ca0.3Fe0.5Mn0.5O3 among the different compositions in the five series. As all the 

compositions in Bi1-xCaxFe0.5Mn0.5O3 show spin-glass-like behaviour, correspondingly all 

compositions show magnetic hysteresis loops at 5 K as shown in figure 5.32.  

 

Figure 5.39. ZFC and FC magnetization curves of Bi1-xCaxFe0.6Mn0.4O3. 
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Figure 5.40. ZFC and FC magnetization curves of Bi1-xCaxFe0.5Mn0.5O3. 

 

 

Figure 5.41. ZFC magnetization curves of Bi0.95Ca0.05Fe0.5Mn0.5O3, Bi0.9Ca0.1Fe0.5Mn0.5O3 

and Bi0.92Ca0.12Fe0.5Mn0.5O3  showing the two transitions observed. Inset shows the variation 

of Tp1 vs. x in Bi1-xCaxFe0.5Mn0.5O3. 
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Figure 5.42. Comparison of the ZFC magnetization curves of different Bi1-xCaxFe0.5Mn0.5O3 

compositions. 
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Figure 5.43. Comparison of the ZFC/FC magnetization curves of different compositions in 

Bi1-xCaxFe1-yMnyO3 for x = 0 and x = y.   
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The FC/ZFC magnetization curves of different compositions in Bi1-xCaxFe1-yMnyO3 

for   x = 0 (BiFe1-yMnyO3) and x = y (Bi1-xCaxFexMnxO3) are compared in figure 5.43. All the 

compositions in BiFe1-yMnyO3 show a decrease in the magnetization with increasing 

temperature. BiFe0.4Mn0.6O3 shows a spin glass transition at a very low temperature (4.5 K). 

On the other hand, the Ca-substituted compositions for x = y show a spin glass transition 

around 40 K. Ca substitution in BiFe1-yMnyO3 probably induces frustrated/spin glass phase 

possibly due to the creation of competing exchange interactions involving Mn
3+

 and Mn
4+

. 

 

 

Figure 5.44. Spin glass transition temperature, Tp, vs. x of Bi1-xCaxFe1-yMnyO3. 

 

Figure 5.44 shows the spin glass transition temperature observed for the different 

series of compositions plotted against the calcium substitution content. Except for y = 0.5, 

maximum Tp is observed at x = 0.25 in the Bi1-xCaxFe1-yMnyO3 series. The y = 0.5 series 

show maximum Tp at x = 0.3. All the series show almost similar Tp ≈ 40 K at x = 0.4. 

Furthermore, only the compositions which exhibit spin glass transition (above 5 K) show 

magnetic hysteresis loop at 5 K which confirms that the magnetic loop observed at 5 K is 
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associated with the spin glass state and not from any other impurities. There is no particular 

trend observed in the magnitude of Tp with respect to the Mn content and the                      

Bi1-xCaxFe0.5Mn0.5O3 compositions exhibit relatively higher Tp. It is possible that this is due to 

the difference in the Mn
3+

/Mn
4+

 content in different compositions which determines the 

strength of the different competing ferro- and antiferromagnetic exchange interactions 

leading to spin glass behaviour. 

 

5.6. Dielectric properties 

The dielectric constant measured for the different compositions in                           

Bi1-xCaxFe1-yMnyO3, as a function of frequency in the range of 1 kHz to 1 MHz, is shown in 

figures 5.455.49. The pellets of Bi0.95Ca0.05Fe0.7Mn0.3O3, Bi0.95Ca0.05Fe0.6Mn0.4O3 and 

Bi0.9Ca0.1Fe0.6Mn0.4O3 melted and cracked when sintered at 850 °C, and hence dielectric 

measurements could not be carried out on these compositions. The dielectric constant 

decreases with increasing frequency and becomes almost constant at higher frequencies as in 

the the x = y co-substituted system, discussed in chapter 4. The dielectric constant at 10 kHz 

is plotted against Ca content in figure 5.50. A maximum in the dielectric constant is observed 

at x = 0.1, 0.25, 0.2, and 0.15 for y = 0.1, 0.2, 0.3, and 0.4, respectively. In the y = 0.5 system, 

the dielectric constant shows a maximum around x = 0.05 with another maximum at x = 0.25. 

In all the five series, an anomaly in the value of the dielectric constant is observed at x = 0.25. 

The mixed phase nature in the MPB region and the interfacial space charge accumulation 

could lead to such higher values of the dielectric constant [24].  
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Figure 5.45. Dielectric spectra of Bi1-xCaxFe0.9Mn0.1O3.  

 

 

Figure 5.46. Dielectric spectra of Bi1-xCaxFe0.8Mn0.2O3. 
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Figure 5.47. Dielectric spectra of Bi1-xCaxFe0.7Mn0.3O3. 

 

 

Figure 5.48. Dielectric spectra of Bi1-xCaxFe0.6Mn0.4O3.  
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Figure 5.49. Dielectric spectra of Bi1-xCaxFe0.5Mn0.5O3.  

 

 

Figure 5.50. Dielectric constant at 10 kHz vs. x in Bi1-xCaxFe1-yMnyO3. 

 

Similar to that observed for the x = y system, as discussed in chapter 3, an anomaly in 

the dielectric constant is observed for  the   x ≠ y system around the structural phase transition 
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region. Higher dielectric constant indicates the possibility of higher ferroelectric polarization 

of the compositions. Higher magnetic parameters and higher dielectric constant in the 

structural phase transition region in Bi1-xCaxFe1-yMnyO3 possibly will enhance the 

magnetoelectric coupling in the BiFeO3 system. Thus, it would be possible to tune the 

dielectric (ferroelectric) and magnetic properties of BiFeO3 by varying the Ca and Mn 

substitution level in Bi1-xCaxFe1-yMnyO3. 

5.8. Conclusions 

Structural, magnetic and dielectric properties of Ca and Mn co-substituted bismuth 

ferrite, Bi1-xAxFe1-yMnyO3, (0≤ x≤ 0.4; 0.1≤ y≤ 0.5) have been studied. The rhombohedral 

R3c phase is stabilized up to the Ca substitution content x = 0.15. Rietveld refinement 

analysis of the XRD patterns revealed that all the five series show a structural change from 

rhombohedral R3c to orthorhombic Pbnm around x = 0.15 similar to the x = y co-substituted 

series. An R3c-Pbnm mixed phase was observed in the MPB region. Raman spectra of the 

compositions also confirmed structural transition around this region. The decrease in the 

lattice parameters and unit cell volume suggested the presence of Mn
4+

 in the compositions. 

XPS analysis of compositions confirmed the presence of both Mn
3+

 and Mn
4+

. Weak 

ferromagnetism is observed for compositions except for y ≥ 0.4. Weak ferromagnetism of the 

samples can be attributed to the DMI assisted canted antiferromagnetism and the effective 

suppression of spin cycloid structure upon co-substitution. Coercivity and remanence showed 

higher values around the MPB region, whereas the magnetization at 60 kOe increases with 

calcium and manganese substituent. A very high room temperature coercivity around 8 kOe 

is observed for Bi0.85Ca0.15Fe0.9Mn0.1O3 which is the highest among all the Ca and Mn         

co-substituted compositions studied. Most of the compositions show a spin-glass-like 

behaviour whose glass transition temperature varies with the substituent level. The frustrated 

magnetic behaviour in the system is probably due to the competing magnetic exchange 

interactions involving Fe
3+

, Mn
3+

 and Mn
4+ 

which could lead to the formation of 

ferromagnetic clusters. A large magnetic hysteresis loop with high magnetization is observed 

at low temperature is associated with this spin glass state observed. Dielectric constant also 

shows an anomaly around the structural transition region. The high magnetic parameters, 

along with the high dielectric constants in the MPB region are likely to lead to higher 

magnetoelectric coupling in specific composition. 
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6.1. Conclusions 

Magnetoelectrics or multiferroics, due to their combined order parameters, have 

potential applications in the fields of data storage, sensors, actuators, etc. There are very few 

known room temperature multiferroics and perovskite based multiferroics are of great interest 

as it is easy to alter its properties. Though composite multiferroics can exhibit 

magnetoelectricity, the coupling shown by them is very low and thus it is important to find 

single phase multiferroics having higher magnetic/ferroelectric transition temperatures with 

large magnetoelectric coupling. Bismuth ferrite, BiFeO3 (BFO) is one of the well-known and 

well-studied single phase room-temperature multiferroic materials, due to its higher 

ferroelectric Curie temperature and antiferromagnetic transition temperature, both above 

room temperature. Large polarization values had been reported for BFO, but due to its 

antiferromagnetic nature and spin cycloidal structure, it shows very weak magnetization and 

coercivity, resulting in a very low magnetoelectric coefficient. Different approaches have 

been made to enhance the magnetic properties of BFO by destructing the spin periodicity, 

such as fabrication of nanoparticles and thin films, where particles with size below the spin 

cycloidal wavelength (64 nm) can show weak ferromagnetism.  

The easiest way to alter the properties of BiFeO3 is the substitution at the Bi- or      

Fe- site with suitable ions, where, due to structural distortions, the spin cycloidal structure 

collapses resulting in weak ferromagnetism and thus enhancing the magnetoelectric 

properties. In the case of Fe-site substitution, besides the structural distortions, magnetic 

exchange interactions between the Fe and the substituted ions can also lead to better magnetic 

properties. In the last five years, there have been many reports on the co-substitution in 

BiFeO3, which is the simultaneous substitution at the Bi and Fe sites, where both the 

magnetic and ferroelectric properties can be altered simultaneously. Many co-substituted 

systems are known to show higher ferroelectric and magnetic properties with enhanced 

magnetoelectric coupling. However, on co-substitution, the system becomes too complex to 

understand due to the many exchange interactions pathways. To completely understand the 

properties of such a system, bulk or single crystalline samples are needed since nanoparticle 

and thin film systems could exhibit anomalous properties due to size effect. 

In most of the substituted BFO systems, only room temperature magnetic properties 

are explored, and not much is known about the low-temperature magnetic properties. To fully 

understand the magnetic nature of the Bi/Fe-site substituted or co-substituted systems, studies 
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at low temperatures are required. In this context, we have attempted to study divalent ion and 

manganese co-substituted bulk polycrystalline BiFeO3, where Mn
4+ 

and/or oxygen vacancies 

will be created in order to compensate the charge and this will largely effect on the magnetic 

and electrical properties. Detailed studies are made on the magnetic characteristics below 

room temperature on different compositions in the co-substituted systems. All the 

compositions are prepared by the solid state method of synthesis. 

To understand the role of the size of the Bi-site substituted ion on the magnetic 

properties, studies are made on bulk polycrystalline samples of Bi1-xAxFe1-xMnxO3 (A = Ca, 

Sr, Ba) for 0≤ x≤ 0.3. Ca
2+

 has almost comparable ionic radii to that of Bi
3+

 whereas Sr
2+ 

and
 

Ba
2+

 are comparatively larger ions. All the systems studied showed a structural transition at 

higher levels of substitution, with mixed phase behaviour in intermediate compositional 

regions.  A decrease in the lattice parameters and unit cell volume are observed in all cases, 

irrespective of the size of the substituted divalent ion which indicated the presence of Mn
4+

 in 

all the three co-substituted systems. Among the three co-substituted systems, higher magnetic 

parameters and dielectric constant were observed for the Ca-Mn co-substituted samples. 

Similarly, in all the three cases, higher magnetic parameters were observed around x = 0.15, 

in the MPB region. Higher magnetic parameters observed around x = 0.15 could be due to the 

decreased rhombohedral distortion, presence of more than one phase, changes in the Fe-O-Fe 

bond angle and Fe-O bond lengths upon co-substitution.  

Since the higher magnetic parameters at room temperature were observed for the    

Ca-Mn co-substituted system, detailed structural and magnetic studies have been carried out 

on close compositions in the Bi1-xCaxFe1-yMnyO3 (both x = y and x ≠ y) systems, to identify 

the structural transition and MPB regions. Rietveld refinement of the XRD patterns and 

Raman spectra analysis indicated that in Bi1-xCaxFe1-xMnxO3 (x = y) rhombohedral (R3c) to 

orthorhombic (Pbnm) structural transition occurs around x = 0.15 with a mixed phase of R3c 

and Pbnm existing in the x = 0.120.175 region. The existence of Mn
3+

 and Mn
4+

 as evident 

from XPS and titration analysis can lead to double exchange magnetic interaction which 

again contributes to the enhanced magnetic properties observed. A wide magnetic hysteresis 

loop was observed in the MPB region with very high coercivity and relatively larger 

remanence. Room temperature magnetization increased with the degree of co-substitution. 

Large hysteresis loop was observed at 5K, with anomalous magnetic parameters around the 

MPB region. Weak ferromagnetism observed is due to the canted antiferromagnetism and the 

efficient suppression of the spin cycloid by the structural distortion caused by co-substitution. 
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The anomaly in the parameters around the structural transition region can be explained from 

the anomaly in the structural parameters such as the rhombohedral angle, Fe-O-Fe bond 

angle, Fe-O bond length, Helen-Megaw parameters, etc., apart from the larger amounts of 

Mn
3+ 

and oxygen vacancies around x = 0.15. The magnetic transition observed in the       

high-temperature magnetization studies confirmed the formation of the single phase 

compositions and excludes the possibility of any impurities or phase separation.              

Low-temperature ZFC-FC magnetization curves indicated a composition dependent         

spin-glass-like transition showing a maximum spin glass transition temperature in the MPB 

region. Bi1-xCaxFe1-xMnxO3 system showed higher dielectric constant at x = 0.15 which again 

falls within the MPB region. Higher dielectric properties could be due to the existence of 

MPB as in the case of known ferroelectric systems or due to the dense microstructure existing 

around the MPB region as evidenced from the SEM images. Magnetodielectric (MD) 

measurements revealed a positive MD value for the rhombohedral phase and negative MD 

for the orthorhombic phase with a maximum at x = 0.1. This composition-dependent 

magnetodielectric property is quite interesting and further analysis is required. A very high 

remanence and coercivity were observed for Bi0.825Ca0.175Fe0.825Mn0.175O3, at room 

temperature, which is comparatively much larger than for many of the reported BFO systems, 

and hence could possibly perform as a very good candidate for device applications. 

To understand more about the Ca and Mn co-substituted BiFeO3 system, we have 

varied the Ca concentration by fixing the Mn substitution level with the general formula    

Bi1-xCaxFe1-yMnyO3 (0.05≤ x ≤ 0.4 and 0≤ y ≤ 0.5). The aim was to study the effect of          

Ca substitution on the structural and magnetic properties of BiFe1-yMnyO3. In all five 

different series analyzed, rhombohedral to orthorhombic structural transition around x = 0.15, 

similar to that in the Bi1-xCaxFe1-xMnxO3 system, was observed. The decrease in lattice 

parameters was observed with increasing Ca content (with constant amount of Mn) or 

increase in the Mn (with constant amount of Ca) content suggesting the presence of Mn
4+

 in 

all compositions. Structural analysis by XRD and Raman spectroscopy also revealed that Ca 

and Mn substitution helps to stabilize the rhombohedral phase of BiFeO3 till a particular 

degree of substitution (for Ca, x ≈ 0.15, for Mn, y ≈ 0.3) and a higher degree of substitution 

leads to a transition to orthorhombic structure. For y ≥ 0.4, Ca substitution helps stabilizing 

the rhombohedral phase till x = 0.1, above which a structural transition occurs. It is important 

to note that, in BFO systems, only the rhombohedral R3c phase is ferroelectric and in the 

orthorhombic Pbnm phase, ferroelectricity is forbidden by the symmetry considerations. 
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Thus, it is possible to tune the ferroelectric and magnetic properties of BFO with the proper 

amount of Ca and Mn substitutions. in the x ≠ y system, magnetization increases with 

increase in the Ca or Mn content.  Similar to the x = y system, higher magnetic and dielectric 

properties are observed around the structural transition region. ZFC-FC magnetization studies 

confirmed that the magnetic hysteresis loop observed at 5 K is associated with a spin glass 

state. XPS analysis revealed the presence of both Mn
3+

 and Mn
4+

 species along with oxygen 

vacancies in the x ≠ y system similar to the x = y system which again brings the ferromagnetic 

double exchange interaction into picture.  Spin-glass-like phase originates due to the 

competing magnetic exchange interactions involving Fe
3+

, Mn
3+

, Mn
4+

, and possibly Fe
2+

 and 

Mn
2+

 (due to oxygen vacancies) which leads to formation of magnetic clusters. The           

Bi1-xCaxFe0.9Mn0.1O3 system exhibits almost similar trend in the magnetic and dielectric 

properties as that of Bi1-xCaxFe1-xMnxO3. Similarly, Bi0.85Ca0.15Fe0.9Mn0.1O3 show higher 

coercivity (≈ 8 kOe) than that for Bi0.825Ca0.175Fe0.825Mn0.175O3.  

Thus, from the studies on the different compositions in the Ca and Mn co-substituted 

BiFeO3, it is found that many of the compositions with equal or unequal amounts of Ca and 

Mn exhibit better magnetic and dielectric properties. Interesting but complex magnetic 

characteristics are exhibited by different compositions at low temperatures, due to the 

formation of magnetic clusters involving competing magnetic exchange interactions. The 

cluster-glass-like nature is likely to be responsible for the anomalous magnetic characteristics 

at low temperature. Among the various compositions studied, enhanced properties were 

observed for the Bi1-xCaxFe1-xMnxO3 and Bi1-xCaxFe0.9Mn0.1O3 series. The magnetic transition 

temperatures is not much affected on substitution, which suggests that the Ca/Mn                

co-substituted BiFeO3 can be considered as one of the ideal systems for magnetoelectric 

device applications within a large temperature window. 

6.2. Future perspectives 

The work reported in this thesis is only a preliminary investigation of a complex 

magnetic system. Although improved magnetic, dielectric and magnetodielectric properties 

are observed in the Ca and Mn co-substituted BiFeO3, when compared to only Ca substitution 

at the Bi-site or Mn substitution at the Fe-site, which are essential for better magnetoelectric 

coupling, we have not performed any ferroelectric polarization and direct magnetoelectric 

measurements. Higher dielectric constant shown around the structural transition region could 

be due to dense microstructure and not due to higher ferroelectric polarization. Even the 
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oxygen vacancies and the mixed valency of Mn can contribute to the higher dielectric 

constant observed.  Ferroelectricity in BFO based system are many times compromised due 

to the low electrical resistance from the secondary phases, defects and oxygen vacancies. In 

the studied systems, it is possible that the mixed valency of Fe and Mn as well as oxygen 

vacancies could deteriorate the ferroelectric properties. Thus detailed analysis of the 

ferroelectric and magnetoelectric characteristics of the studied compositions is required to 

come to any conclusions on the applicability of the materials as multiferroics. 

The bond angle and bond distances along with the Megaw parameters in each 

composition should be calculated to know the effect of structural distortion on the magnetic 

and ferroelectric properties. Further, temperature dependent Raman and XRD analysis can 

give more information on the structural changes and spin-phonon coupling in the system. Due 

to the different oxidation states and the competing magnetic exchange interactions involving 

Mn
3+

-Mn
3+

,
 
 Mn

3+
-Mn

4+
,
 
 Fe

3+
-Fe

3+
,
 
 Fe

3+
-Mn

3+
 and Fe

3+
-Mn

4+
, etc., the co-substituted 

systems become very complex and it is not easy to completely understand the magnetic 

properties of the system with the current work done. Neutron diffraction analysis can give 

more details about the magnetic structure of the system. The spin-glass-like characteristics 

observed could be from spin glass or cluster glass nature or even from domain pinning 

effects. To confirm this, ac susceptibility measurement has to be performed.           

Frequency-dependent ac susceptibility measurements can differentiate spin glass and cluster 

glass systems, but it would be difficult to differentiate domain pinning effect even from this 

experiments. Also one has to know the exact composition of the system, i.e., oxygen 

stoichiometry and oxidation states of the ions, precisely to make any conclusion.  

As the physics of the Bi1-xCaxFe1-xMnxO3 system is very interesting, single crystals of 

some compositions should be grown without any defects or secondary phase. Structural and 

magnetic analysis of Bi1-xCaxFe1-xMnxO3 single crystals can give more information about the 

system. Thus, more detailed studies are required to understand the system fully, in order to 

propose some of the best compositions showing enhanced properties for magnetoelectric 

applications. 
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Figure A.1. Results of the Rietveld refinement of selected compositions in                         

Bi1-xCaxFe0.9Mn0.1O3. 
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Figure A.2. Results of the Rietveld refinement of selected compositions in                         

Bi1-xCaxFe0.8Mn0.2O3.  
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Figure A.3. Results of the Rietveld refinement of selected compositions in                         

Bi1-xCaxFe0.7Mn0.3O3.  
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Figure A.4. Results of the Rietveld refinement of selected compositions in                         

Bi1-xCaxFe0.6Mn0.4O3.  
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Figure A.5. Results of the Rietveld refinement of selected compositions in                         

Bi1-xCaxFe0.5Mn0.5O3. 
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