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Abstract 

Bismuth ferrite BiFeO3 (BFO) is one of the most studied single-phase multiferroic 

materials with both ferroelectricity and G-type antiferromagnetism above room 

temperature. It undergoes a ferroelectric-paraelectric phase transition at TC = 830°C and 

an antiferromagnetic-paramagnetic phase transformation at Néel temperature               

TN = 370 °C. Despite these wonderful properties of BFO, there are some drawbacks 

associated with this material including the formations of impurity phases, weak magnetic 

properties, weak magnetoelectric coupling, and large leakage current density. Therefore, 

the appropriate chemical modifications are required to improve the electrical and 

magnetic properties of BFO. In this work, the substitutions of rare earth (RE) ions, such 

as Dy3+, Er3+, Yb3+, etc., for the A-site Bi3+ ion have been performed and the structures 

and physical properties of the resulting solid solutions have been investigated. 

First, new multiferroic materials (1−x)BiFeO3-xDyFeO3 (denoted BDF-x) and                 

(1-x)BiFe(1-y)Ti(y)O(3+y/2)-xDyFeO3 (denoted BDFT-x-y) were synthesized by solid-state 

reactions. Compared with pure BFO, the ferromagnetism in the BDF-x solid solution is 

substantially enhanced by the structural distortion and unpaired electrons due to A-site 

substitution of Dy3+ for Bi3+. The electrical properties, including the ferroelectric and 

dielectric properties, are further improved by the substitution of Ti4+ for Fe3+ on the        

B-site, which substantially diminishes the conductivity and consequently the dielectric 

loss. Well-developed ferroelectric hysteresis loops are displayed in BDFT-x-y with a 

large remnant polarization Pr = 23 μC/cm2 at room temperature, which is significantly 

higher than the previously reported Pr = 3.5 μC/cm2 in pure BiFeO3 ceramic. Moreover, 

weak ferromagnetism is found in it at room temperature (Ms = 0.1 μB/f.u.). The structure-

composition phase diagram of the BiFeO3-DyFeO3 system is established.  

The chemically modified (1-x)BiFe(1-y)Ti(y)O(3+y/2)-xLuFeO3 ceramics exhibit 

ferromagnetism with a saturated magnetization (Ms = 0.03 μB/f.u) and a remnant 

polarization of 0.30 μC/cm2 at room temperature. In the (1−x)BiFeO3-xYbFeO3 solid 

solution, a calculated spontaneous polarization of 7.7 μC/cm2 is obtained for the x = 0.11 

ceramics which exhibit a weak ferromagnetism with Ms = 0.025 μB/f.u at room 

temperature. Interestingly, an unusual magnetization reversal behavior is discovered in 

the (1−x)BiFeO3-xErFeO3 solid solution. At x = 0.12, the magnetic pole inversion occurs 

at 30 K. Lastly, the (1−x)BiFeO3-xEuFeO3 solid solution is found to exhibit an interesting 

magnetization behavior, with the magnetic properties undergoing a crossover from an 

antiferromagnetic to ferromagnetic state at x = 0.12.  
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Chapter 1.  
 
Introduction 

1.1 Perovskite Structure 

Perovskite is known as the most widely studied oxide structure adopted by many 

functional materials, with a wide range of chemistries possible and thousands of 

examples known. Many of the piezoelectric and ferroelectric materials used in 

technological applications crystallize in the complex perovskite structure. A typical 

perovskite structure was first found in the naturally occurring mineral calcium titanium 

oxide (CaTiO3) which is named after a Russian mineralogist, Count LevAleksevich von 

Perovski [1]. In this work, the materials that adopt the crystal chemistry features of the 

perovskite structure were studied.  

The perovskite structure, shown in Figure 1.1, has the general stoichiometry 

ABO3, where “A” is a large size cation with a coordination number of 12 that sits at cube 

corner positions, “B” atom is a small cation in the octahedron site formed by O6 at the 

face-centers of the unit cell.  

 

Figure 1.1 The B-cation-centered perovskite structure (ABO3) for (a) cubic, 

nonpolar, and (b) tetragonal, polar, unit cells.  

(a) (b) 
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 Perovskite compounds undergo structural distortions when partial substitution 

with A and/or B cations to a different oxidation states A’ and/or B’ cations. The most 

commonly used parameter for determining the stability of perovskite structure, which is 

known as the degree of distortion of a perovskite from ideal cubic, is the Goldschmidt 

tolerance factor, t, defined as follows: 

 

 

where rA, rB and rO are ionic radii of A, B and O, respectively [2]. An ideal perovskite 

structure has a tolerance factor t =1, which indicates a perfect fit and the space group for 

cubic perovskites is Pm  m. The coordinates for A cations are (0,0,0), B cation is (
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) 

and O anion are (
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). [3] Any deviation from t = 1 will cause 

distortion in the structure. A cubic perovskite such as CaTiO3, the tolerance factor is in 

the range of 0.90  t  1, whereas for a smaller cation A, an orthorhombic distortion will 

occur, the tolerance factor is in the range of 0.85  t  0.9. All perovskite distortions that 

maintain the A- and B-site oxygen coordinations involve the tilting of the BO6 octahedra 

and an associated displacement of the A cation. The perovskite structure is stable if the 

tolerance factor is in the range of 0.88  t  1.09, with a selection of a large low valent A-

site cations and a small high valent B-site cations allowing for a distorted polar structure 

[3,4]. 

 The perovskite structure is an important structure adpoted by a large number of 

compounds. It has a great variety of structural distortions and modifications because of 

its flexibility. The perovskite structure can accommodate ions with different sizes and 

charges (e.g. AIBVO3, A
IIBIVO3, A

IIIBIIIO3) and the same site can be occupied by ions with 

different charges (e.g. A(B’B’’)O3). The perovskite structure provides the building blocks 

for the assembly of other important crystal structures (e.g. Can+1TinO3n+1) [3]. Materials 

with perovskite structures constitute important classes of functional materials because of 

its variety of ferroic properties, which can be used in many practical applications such as 

high Tc superconductors, mixed electronic/ionic conduction, oxidation/reduction 

catalysts, sensors, solid oxides, fuel cells and also the main focus of this work, the 
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piezoelectric and ferroelectric ceramics. Many of these materials are synthesized 

through extensive formation of solid solutions [4]. 

 

1.2 Ferroic Properties 

The prefix “ferro” refers historically to iron (ferrum in Latin). A crystal as being a 

“ferroic” when it has two or more orientation states in the absence of a magnetic field, 

electric field, and mechanical stress, and can switch from one to another state with the 

application of a magnetic field, an electric field, a mechanical stress, or a combination of 

these. There are three ferroic orders: ferroelectricity (coupling of charge polarization and 

electric field), ferroelasticity (coupling of stress and strain), and ferromagnetism (coupling 

of magnetic moment and magnetic field), which are often extended to anti-ferroics: 

antiferromagnetism and antiferroelectricity [5].  

 

1.2.1 Ferroelectricity 

Ferroelectrics are a special sub-group of piezoelectrics (Section 1.3). 

Ferroelectrics have a spontaneous polarization, Ps, which can be switched with an 

applied electric field. Ferroelectric materials are polar materials that possess at least two 

equilibrium orientations of spontaneous polarization Ps in the absence of an electric field. 

Under the application of the electric filed, the direction of the polarization vector can be 

reorientated [6]. The most commonly used ferroelectric materials adopt the perovskite 

crystal structure. In order to classify a material as a ferroelectric, two conditions are 

required, which are the existence of spontaneous polarization and a demonstrated 

reorienting of the polarization. Ferroelectricity is characterized by its hysteresis loops 

which show the polarization (P) as a function of the applied electric field (E). A typical 

plot of polarization versus electric field for the ferroelectric state is shown in Figure 1.2. 

Upon the application of a sufficiently high electric field, the polarization of different 

domains will reorient along the direction of the field and reach a saturation Ps. Although 

the polarization decreases with the decreasing applied field, the polarization does not 

return to the value of zero upon the removal of the electric field, retaining the remnant 
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polarization Pr at E = 0. The electric field must be reversed in order to obtain a zero 

polarization state. Therefore, the field required to reduce the polarization to zero is 

known as the coercive field Ec.  Further increase of the field in the negative direction will 

cause a new alignment of dipoles and saturation in reverse direction. With the field 

strength being reduced to zero followed by another reversal, a hysteresis loop is 

produced with the completed cycle [7]. 

 

Figure 1.2 Typical polarization versus electric field (P-E) ferroelectric 
hysteresis loop displayed in ferroelectric materials. The blue arrows 
represent the polarization directions of several unit cells.   

Accompanied by a symmetry change, ferroelectric materials exhibit a large 

change in their properties across a critical temperature. Ferroelectric properties are only 

observed over a certain temperature range that is characteristic to the material. It is 

typically a lower-temperature state because increasing thermal motion at high 

temperature often breaks down the common displacements in adjacent octahedra [6]. 

The temperature at which there is a phase transition between the ferroelectric, polar 

state and a paraelectric, nonpolar state is known as the Curie temperature, Tc. Such 

phase transition may be of first or second order [7].  
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The second-order phase transition is characterized by the continuous change of 

polarization at the Curie point [8]. For a ferroelectric system, the Gibbs free energy G as 

a state function can be expressed by choosing polarization, stress components and 

temperature as independent variables. Figure 1.3 (a) represents the free energy G as a 

function of polarization at different temperatures for a second order phase transition. At 

T < Tc, there are two equal energy minima for the system which have equal and 

opposite polarizations with a maximum of free energy at P = 0. Either of these two states 

is energetically more stable than a non-polar state at P = 0. At T = Tc , the potential 

curve flattens out with a single minimum at P = 0, causing anomalies in the temperature 

dependences of dielectric, elastic, thermal, and optical properties around the phase 

transition temperature. At T > Tc, the crystal is in a nonpolar, paraelectric state with a 

single free energy minimum at P = 0. As the temperature decreases through Tc, most 

ferroelectric materials undergo a structural phase transition from the paraelectric 

(nonferroelectric) phase to the ferroelectric phase [8].  

For the first-order phase transition, the spontaneous polarization changes 

discontinuously with temperature at the phase transition temperature. The Gibbs free 

energy G as a function of polarization at different temperatures for a first-order phase 

transition is shown in Figure 1.3 (b). At T ≤ Tc the free energy has two minima, similar to 

that seen in a second-order phase transition. At higher temperatures, a third local 

minimum appears at P = 0 [9]. At this state, the ferroelectric phase is stable, and the 

paraelectric phase is metastable. At T = Tc, all three minima have the same depth, 

therefore the free energies of the paraelectric and ferroelectric phases are equal. Figure 

1.3 (c) gives an example of the anomaly in the dielectric properties that occurs at the 

phase transition. It shows the dielectric constant ε’ (or dielectric permittivity) as a function 

of temperature. At T  Tc (Fig 1.3 (b)), the central minimum is lower in energy than the 

other minima, creating a metastable ferroelectric phase. A single minimum appears at P 

= 0 at T > Tc, and the paraelectric state is stable [7].  
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Figure 1.3 Gibbs free energy as a function of the polarization P at various 
temperatures for (a) a second-order phase transition, and (b) a first-
order phase transition. (c) The variation of the dielectric permittivity 
as a function of temperature for a normal ferroelectric, showing the 
anomaly in permittivity that occurs at Tc.   

 

1.2.2 Ferroelasticity 

 Ferroelasticity is defined analogously to ferroelectricity, i.e., a crystal is said to be 

ferroelastic when it possesses two or more orientation states under stress-free 

conditions, exhibiting a transition between these states upon application of mechanical 

stress [10].  A typical strain (s) versus stress () of a ferroelastic shows a hysteresis loop, 

similar to the P-E loop in Figure 1.2.  Ferroelasticity is a structure-dependent property 

and is directly inferable from the crystal structure. In the ferroelastic state, the crystal 

symmetry is reduced to a subgroup of a higher symmetry class by a small distortion 

which is a measure of the spontaneous strain [11]. For example, as temperature 

decreases to about 120 C, BaTiO3 transforms from the non-ferroelastic state with a high 
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symmetry class (space group     ) into a ferroelastic state with reduced symmetry 

(space group P4mm), which is a subgroup of the high symmetry class. The onset of 

ferroelasticity, as a function of temperature or pressure, is often accompanied by 

additional cooperative phenomena, such as magnetic or ferroelectric ordering [11]. 

 

1.2.3 Ferromagnetism and Antiferromagnetism 

 A magnetic field H produces lines of forces which are known as the magnetic flux 

density B. When a material is placed in an applied magnetic field, the flux density can 

either decrease or increase. For example, a diamagnetic material will reduce the density 

of the lines of force within the material, whereas a paramagnetic material will increase 

the flux density [12]. As a result, such interactions in the material produce a magnetic 

field of its own, known as the magnetization M, and this is related to the magnetic flux 

density and applied field as shown in Equation 1.2: 

                                                                 ,                                                      (1.2) 

However, in magnetic materials, the magnetisation is usually discussed in terms of the 

magnetic susceptibility , which is shown as following: 

                                                              
 

 
 ,                                                               (1.3)     

An element exhibits magnetic behavior if it possesses an odd number of electrons since 

electrons carry a spin of 
 

 
, as the total spin will not be zero [13]. The magnetic 

susceptibility  represents the response of a substance to an applied magnetic field and 

is temperature dependent. Many paramagnetic materials, in which there is no interaction 

between moments, follow the Curie Law: 

                                                                 
 

 
  ,                                                            (1.4) 

where T is temperature in K, and C is the Curie constant which is defined as  
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   ,                                            (1.5) 

where    is the Avogrado’s number,    is the Boltzmann constant,    is the Bohr 

magneton, and      is spin-only effective magnetic moment: 

                                                                      ,                                               (1.6) 

where g is the gyromagnetic ratio (g-factor), which is equal to 2 for spin only systems, 

and S is the total spin quantum number. It should be noted that the contribution of orbital 

angular momentum is ignored since it is normally quenched by crystal field effects for 

the first row transition metals [14]. 

When there are cooperative interactions between the individual electron spins, 

then different temperature dependences are observed. The typical temperature-

dependent susceptibility and inverse susceptibility curves of paramagnetic, ferro- and 

antiferromagnetic materials are shown in Figure 1.4 [4]. 

 

Figure 1.4 (a) Temperature dependences of the magnetic susceptibilities for 
paramagnetic, ferromagnetic and antiferromagnetic materials. (b) 
Inverse susceptibility dependences for each type where 

ferromagnets give a positive Weiss temperature , and 

antiferromagnets give a negative Weiss temperature   [16].   
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For ferromagnetic materials, all the spins are aligned parallel along the same 

direction, as seen in Figure 1.4 (a), resulting in a net spontaneous moment in the 

material, even in the absence of an applied field. This behavior happens below a certain 

temperature, known as the Curie temperature Tc, below which quantum mechanical 

exchange energy causes electrons with parallel spins to have a lower energy than those 

with antiparallel spins [15]. Above Tc, the thermal energy (     is larger than that of the 

exchange energy and the ordered arrangement disappears so that that spins become 

paramagnetic. Below Tc, a sharp upturn is observed in the susceptibility due to the 

alignment of the spins with the applied field [16].  

Another common type of spin arrangement is antiferromagnetic, where the 

moments are ordered antiparallel to each other, resulting in zero net magnetic moment. 

Similar to ferromagnetism, this behaviour occurs below a phase transition temperature, 

TN. Above TN, the susceptibility is nearly independent of the direction of the field relative 

to the spin axis. However below TN, the susceptibility of antiferromagets depends 

strongly on the orientation of magnetic field [16]. Both ferro- and antiferromagnetic 

materials can be described by a modified version of the Curie law, known as the Curie-

Weiss law, shown in Equation 1.7: 

                                                         ,                                                   (1.7) 

where  is the Weiss temperature. It is used to determine the type of magnetic ordering 

a material exhibits, by fitting the paramagnetic region of the inverse susceptibility data, 

as shown in Figure 1.4 (b). A positive  value represents the behavior of the spins are 

predominately ferromagnetic, whereas a negative  value indicates the spins are 

predominately antiferromagnetic [16].  

 For complex oxides, it is possible to discuss the susceptibility in terms of 

magnetic moments of the metals that are present. From the microscopic point of view, 

magnetism is based on the quantum mechanics of electronic angular momentum, which 

has two distinct sources - (i) orbital motion; the orbital motion of electrons in an orbit of 

an atom. This orbital moment can be related to the current flowing in a loop of wire of 

zero (negligible) resistance and gives rise to the orbital magnetic moment; and (ii) spin; 
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spinning of electrons around its own spin axis gives rise to a spin magnetic moment.  

Electrons possess both spin and orbital angular momentum, and except for the triply 

degenerate ground state of d1 or d2 electron configurations, the orbital angular 

momentum is usually negligible for the first row transition metals. Therefore it is possible 

to determine the theoretical magnetic moment (  ) using the spin-only momentum 

equation as follow [14]: 

                                                                               ,                                         (1.8) 

where s is the spin quantum number of an atom or ion, the unit of     is in Bohr 

magnetons. The value of   is related to the number of unpaired electrons (  = 
 

 
 for each 

unpaired electrons; i.e. for 3 unpaired electrons,   = 
 

 
). 

 For heavier elements such as the lanthanides, the orbital angular momentum 

cannot be neglected, and so must be taken into account in the total angular momentum  

 , which is the vector sum of the orbital L and spin S angular momenta. The magnetic 

moment is given by [17]: 

                                                                             ,                                           (1.9) 

where   is the Landé   -factor and is calculated by: 

                                                           
                    

       
   .                               (1.10) 

As a result, it leads to a wide range of magnetic moments, particularly for the 

lanthanides with partially filled f  orbitals. For example, 0    for Eu3+ and 10.63    for 

Dy3+  [18].  
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1.3  Multiferroics 

 Multiferroic materials have attracted extensive interest in the past decades 

because of their exceptional potential for new device applications in multiple-state 

memory elements, electric field controlled ferromagnetic resonance devices and 

transducers with magnetically modulated piezoelectricity [19, 20]. Multiferroics are the 

materials which exhibit two or all three of the ferroic properties: ferroelectricity, 

ferromagnetism, and ferroelasticity, simultaneously. Multiferroic materials with both the 

ferroelectric properties and magnetic properties exhibit magnetoelectric effect (ME).   

 

1.3.1 Types of Multiferroics 

 Multiferroic materials can be divided into two groups. The first group, called type-I 

multiferroics, contains those materials in which ferroelectricity and magnetism have 

different sources and are independent of one another, though there is some coupling 

between them. In these materials, ferroelectricity typically appears at higher 

temperatures than magnetism and the spontaneous polarization P is often large (of 

order 10 – 100 C/cm2) [19]. The second group, which is called type-II multiferroics, are 

newly discovered materials [21, 22], in which magnetism can induce ferroelectricity, 

implying a strong coupling between the two. However, the polarization in type-II 

multiferroics is usually much smaller (about 10-2 C/cm2) [23-27]. Also, multiferroics can 

be classified into two categories: (a) single phase multiferroics which show 

ferroelectricity and ferromagnetism simultaneously in one phase, and (b) multiferroic 

composites which are combinations of ferromagnetic and ferroelectric phases.  
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1.3.1.1 Single Phase Multiferroic Compounds 

There are various multiferroic materials. Some of the most recently studied 

multiferroics include hexagonal rare-earth manganites with formula MMnO3 (M = Y, Ho, 

Er, Tm, Yb, Lu or Sc) which are single phase multiferroics that exhibit ferroelectricity and 

frustrated magnetic ordering [28-31]. Also, the compounds BaMF4 (M = Ho Fe, Co, or Ni) 

have an orthorhombic crystal structure at high temperatures with antiferromagnetic (or 

weak ferromagnetic) ordering and (anti)ferroelectric properties at low temperatures [32, 

33]. Perovskite compounds containing magnetic ions which fully or partially occupy the 

octahedral positions in the perovskite structure form another group of single phase 

multiferroic. For example, BiFeO3 has a rhombohedral pseudo-perovskite structure with 

alternating layers of bismuth and oxygen, and iron and oxygen. Fe3+ ions in the 

octahedral positions cause exchange interaction between the Fe3+ ions along the       

Fe3+ - O2+ - Fe3+ chains [34].  

There are a limited number of multiferroics existing in nature and the reasons are 

discussed below in Section 1.3.3. Some single phase multiferroic materials exhibit 

multiferroic properties and magnetoelectric coupling at low temperatures (below room 

temperature), which is not suitable for practical applications. For example, TbMnO2 is a 

single phase multiferroic material which shows magnetism-induced ferroelectricity and 

switchable polarization with magnetic field with a small polarization ( 80 nCcm-1) at very 

low temperature (3 K) [22].  

Among all multiferroic materials studied so far, BiFeO3 (BFO) is known to the 

only single-phase room temperature multiferroic material, which displays ferroelectric 

behaviour below Tc ~ 1103 K and G-type antiferromagnetic behaviour below TN ~ 643 K 

[35]. At room temperature, the structure of BFO is characterized by a rhombohedral 

distortion with R3c space group in the nearly cubic perovskite cell, in which the cations 

(Bi3+ and Fe3+) are displaced along the [111] direction with FeO6 octahedra rotating 

antiphase around the rhombohedral axis. In addition, Bi3+ at A-site has a 

stereochemically active 6s2 lone pair, which activates a hybridization of Bi 6p  and O 2p 

states, and causes the off-centering displacement of Bi3+ toward O2-, inducing giant 

spontaneous ferroelectric polarization [36]. In terms of the magnetic properties, BFO 
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displays a G-type antiferromagnetic ordering with an incommensurately modulated 

cycloidal spiral spin structure with a modulation period of 62-64 nm and the canted spins 

arising from the Dzyaloshinskii-Moriya interaction [36]. This unique multiferroic behaviour 

permits BFO to be an ideal candidate for important multifunctional applications as 

multiple-state memory elements, sensors and actuators, and electric-field-controlled 

ferromagnetic resonance devices [19, 23, 24]. A detailed review of the physics and 

potential applications of BiFeO3 will be discussed in Section 1.6.  

 

1.3.1.2 Multiferroic Composite Systems 

 Natural single-phase multiferroics are rare, and their magnetoelectric (ME) 

coupling is usually weak or occurs at low temperatures. In contrast, multiferroic 

composites, which incorporate both a ferroelectric (piezoelectric/electrostrictive) phase 

and a ferromagnetic (piezomagnetic/magnetostrictive) phase, yield a giant ME coupling 

response above room temperature [41]. Figure 1.5 shows the schematic of a multiferroic 

composite for strain-mediated ME coupling. The distortion of the magnetostrictive phase 

under the magnetic stimulus is transferred to the piezoelectric phase, resulting in an 

electrical response [41]. Most multiferroic composites can be achieved in the form of 

laminates [42, 43] or epitaxial multilayers [44]. CoFe2O4, NiFeO3, Terfenol-D, and La1-

xSrxMnO3 have been used for the ferromagnetic phase, and BaTiO3, Pb(Zr, Ti)O3 (PTZ), 

BiFeO3, and PbTiO3 have been used for the ferroelectric phase [45,46,47,48,49,50]. It 

was found that the magnetoelectric coefficient in PTZ/Terfenol-D composite material 

could reach as high as 2 Vcm-1Oe-1 = 5 x 10-8 Cm-2Oe-1 [51]. The converse effect was 

observed with    = 2.3 x 10-7 Cm-2Oe-1 in the La0.67Sr0.33MnO3/BaTiO3 system [52].  
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Figure 1.5 Schematic of a multiferroic composite for strain-mediated ME 
coupling. ε stands for strain. 

 

1.3.2 Magnetoelectric Effects 

It is very likely for a multiferroic to exhibit magnetoelectric (ME) effect in which an 

electric polarization can be induced by a magnetic field, and vice versa, a magnetization 

can be induced by an electric field [53]. The magnetoelectric effect in a single phase 

multiferroic is given by Landau theory which is expressed in terms of Gibbs free energy 

function. It can be expressed as the following equation by using the Einstein summation 

convention [41]: 

             
 

 
           

 

 
                   

    

 
       

    

 
        .(1.11) 

Differentiating it with respect to    leads to the polarization:  

                                
  

   
    

  
 

 
              

    

 
        .                   (1.12) 

When there is no electric field applied, E = 0, then the polarization becomes: 

                                              
        

    

 
         ,                                  (1.13) 

where   is the linear magnetoelectric coefficient, that describes both the electric 

polarization resulting from a magnetic field and the magnetization resulting from an 
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electric field. β is the quadratic (or bilinear) magnetoelectric coefficient [41]. ME coupling 

is limited by the relation:  

                                                                           .                                             (1.14)                    

Since ferroelectric and ferromagnetic materials have particularly high ε and , large ME 

coupling might be expected for ferromagnetic ferroelectrics, which is an important type of 

multiferroics [41]. In order to enhance the ME coupling for technological applications, a 

variety of hybrid multiferroic composites have been studied [54]. The typical examples of 

multiferroic materials exhibiting magnetoelectric effect are Cr2O3, BiMnO3, and BiFeO3 

[54]. 

 

1.3.3 Why Are There So Few Multiferroic Materials 

As mentioned previously, despite the advances in the field of multiferroics, few 

multiferroic materials with a strong coupling of magnetic and electric properties at room 

temperature have been found. The reason is that ferroelectricity and ferromagnetism 

(antiferromagnetism) are almost mutually exclusive by nature, which limits the choice of 

potential multiferroic materials [55].  

For example, in the perovskite-structure materials, the d-orbital occupancy of the 

B cation is a requirement for the existence of magnetic moment and the consequent 

existence of magnetic ordering [15]. Ferroelectricity primarily arises from the additional 

bonding between the B cation and O2- anion. In other words, the hybridization between 

the d orbitals of the B cation and the p orbitals of the O2- anion requires close energy 

levels between these two sets of orbitals [15]. However, adding electrons to the d 

orbitals will increase the d orbital energy significantly, broadening the energy difference 

between the d orbitals of B-site cation and p orbitals of the O2- anion.  As a result, the 

hybridization of p orbital and d orbital becomes difficult and thus ferroelectricity and 

magnetism tend to be mutually exclusive [55]. 

Structural distortion is another limiting factor that prevents the coexistence of 

ferromagnetism and ferroelectricity. In some cases, the uneven occupancy of the d 
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orbitals gives rise to magnetic properties, leading to a geometrical distortion of the 

structure, due to the interaction between the d orbitals and the ligand field, which 

removes the degeneracy of the electronic ground state. This effect is called Jahn-Teller 

distortion [56]. On the other hand, the hybridization between the B cation and the p 

orbitals of the O2- anion gives rise to off-center distortion. In a partially filled d orbital 

system, the energy can be lowered either by the Jahn-Teller distortion or off-center 

distortion. However, for cations with certain d-orbital occupancies, the tendency to 

undergo a Jahn-Teller distrtion is strong and will likely be the dominant structural effect. 

[15,55]. Examples of this effect are seen in lanthanum manganite, LaMnO3, in which the 

Mn3+ ion has a d4 configuration, and yttrium titanate, YTiO3, in which the Ti3+ ion is d1. 

Both materials have a d-type Jahn-Teller distortion, in which the elongated axes of the 

oxygen octahedra are oriented parallel to each other along the crystallographic c axis 

[15,57] 

Although ferroelectricity and ferromagnetism (antiferromagnetism) are mostly 

mutually exclusive, which is the main reason why there are so few multiferroic materials. 

BiFeO3 (BFO) is one of the few multiferroic materials [34,58]. The A-site Bi3+ has 

stereochemically active 6s2 lone-pair electrons, which results in hybridization of O 2p 

and Bi 6p orbitals. As a result, an off-center distortion between Bi3+ toward O2- promotes 

the ferroelectric polarization [36,59]. 

 

1.4 Piezoelectricity 

Piezoelectricy was discovered in 1880 by French physicists Pierre and Jacques 

Curies during their study of crystals such as quartz, zinc blende and tourmaline [60]. 

Piezoelectric materials convert mechanical energy into electrical energy, and vice versa. 

The direct piezoelectric effect is the electrical charge/polarization generated by a 

mechanical stress applied to a piezoelectric material, as described in Equation 1.13. The 

converse piezoelectric effect is associated with an internal strain in the material in 

response to the application an electrical field and it is described in Equation 1.14 [61, 62]. 
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                                                                                                                     (1.13) 

                                                                                                                    (1.14) 

Here,     is the resultant charge density,     is the applied stress,     is the strain 

developed in a piezoelectric material with the application of an electric field   . 

     and      are the piezoelectric tensor known as the piezoelectric coefficient for the 

direct and converse effects that are thermodynamically equivalent [7]. The indices i and j 

are the tensor notation of the physical properties of crystals. The longitudinal coefficients 

(ij =11, 22, 33) are the piezoelectric coefficients measured in the direction of the applied 

field. The transverse coefficient (ij =12, 23, 31) are measured in the direction 

perpendicular to the field. Shear coefficients (ji = 14, 15, 16,… 35, 36) are the remaining 

piezoelectric coefficients [62]. By using matrix notation, Equations 1.13 and 1.14 can be 

simplified as follows: 

                                                                                                                   (1.15)                                  

                                                                  ,                                                (1.16)                                     

where i  = 1, 2, 3 and   = 1, 2, …, 6. The linear and shear components of the strain are 

represented by the value of   = 1, 2, 3 and   = 4, 5, 6, respectively [7]. 

The conversion of energy by the ceramic element from electrical to mechanical 

form or vice versa is described by the electromechanical coupling coefficients k33, k31, kp, 

and k15. The electromechanical coupling factor k specifics the conversion efficiency 

between electrical and mechanical energies which is defined by the following equation: 

               
                        

                         
  or     

                        

                        
       .           (1.17) 

These subscripts indicate the relative directions of electrical and mechanical quantities 

and the kind of motion involved. For example, k33 is the coupling factor for longitudinal 

vibrations for a long thin bar with electrode on the ends, polarized along the length, and 

vibrating in a simple length expansion and contraction. k31 relates to a long thin bar but 

electrode on a pair of long faces. kp relates to the coupling of electrical and mechanical 

energy in a thin round disc, whereas k15 signifies the energy conversion in a thickness 
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shear vibration. In order to increase the piezoelectric response to an applied stimulus, 

large piezoelectric coefficients are desirable and often the piezoelectric coefficient d33 

attracts more interests due to its same direction piezoelectric coefficient as the applied 

stress or electric field [63].   

 

1.5 Morphotropic Phase Boundary (MPB) 

Ferroelectricity and piezoelectricity are crystallographic symmetry dependent. 

According to the point group symmetry of lattices, crystals can be classified into seven 

crystal systems: triclinic, monoclinic, orthorhombic, tetragonal, rhombohedral, hexagonal 

and cubic. As shown in Figure 1.6, these systems can again be subdivided into 32 point 

groups according to their lattice systems. 11 of them possess a center of symmetry, and 

are non-piezoelectric. The remaining 21 non-centro-symmetric crystallographic classes, 

piezoelectricity exists in 20 of them. Of the 20 piezoelectric crystal classes, only 10 of 

them (1, 2, m, mm2, 4, 4mm, 3, 3m, 6, and 6m ) are polar point groups and can have 

ferroelectricity, meaning ferroelectric materials are a subclass of piezoelectric materials 

[64]. Almost all of the high performance piezoelectric materials that have been 

developed are ferroelectrics. The reason behind this is that the large spontaneous 

polarization in ferroelectrics promotes space for the change of polarization directions. 

The space for changing polarization directions is much larger than all the other kinds of 

dielectric materials. Although large polarization does not necessarily lead to large 

piezoelectricity, piezoelectricity does depend on the change of polarization by its 

definition. The large spontaneous polarization in ferroelectrics could possibly 

accommodate a relatively large change of polarization.  Therefore in searching for high 

performance piezoelectric materials, it is essential to focus on ferroelectrics that can 

change their spontaneous polarization easily.  

The symmetry of the crystallographic structure of ferroelectrics is important for 

the orientation of the spontaneous polarization. Perovskite ferroelectrics have 6 possible 

orientations along the <100> directions of the spontaneous polarization in a tetragonal 

phase, 8 possible orientations along the <111> directions in a rhombohedral phase and 

12 possible orientations along the <110> directions in an orthorhombic phase. The 
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spontaneous polarization can be switched among these orientations in each of the 

phases under the application of an electric field and/or mechanical force [64, 65].  

 

Figure 1.6. Point group flow chart.   
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The term “morphotropic phase boundary” (MPB) was originally used to refer to 

phase transitions caused by changes in composition [5]. It is now mainly used in the 

scientific literature to describe the boundary that separates regions of rhombohedral 

symmetry with regions of tetragonal or orthorhombic symmetry in the binary phase 

diagrams of ferroelectric oxide solid solutions.  Materials with compositions near this 

boundary exhibit a greatly enhanced piezoelectric response relative to the compositions 

far from the boundary [66].  

 One of the earliest developed complex-structured ferroelectrics that shows an 

MPB is known as lead zirconate titanate - PbZr1-xTixO3 (PZT) system, where x  0.45 - 

0.52 [67]. It is a solid solution of PbZrO3 and PbTiO3. The MPB related structures are 

closely dependent on temperature. Above the transition temperature Tc, PZT is 

paraelectric with the cubic perovskite structure. Below the transition temperature, 

however, the material becomes ferroelectric, with the symmetry of the tetragonal for Ti-

rich compositions and rhombohedral for Zr-rich compositions. At the compositions 

across MPB, the two phases have close free energy and they tend to coexist. Previous 

experiments have found that the maximum values of the dielectric permittivity, 

piezoelectric coefficients and the electromechanical coupling factors of PZT at room 

temperature can be achieved in this MPB region. However, the maximum value of the 

remanent polarization is shifted to smaller Ti contents [5]. Recent studies using high-

resolution X-ray powder diffraction measurements on a homogeneous sample of PZT 

have shown the existence of a monoclinic phase which “bridges” the tetragonal and 

rhombohedral phases. Therefore, the high electromechanical response in the MPB 

region of the phase transition from tetragonal to rhombohedral is related to this 

intermediate phase of monoclinic symmetry. As a result, the piezoelectric elongation of 

the unit cell occurs along with the monoclinic distortion [68]. Other renowned examples 

of enhanced piezoelectric responses at the MPB have been reported in single-crystal 

relaxor-based solid solution, Pb(Mg1/3Nb2/3)O3-PbTiO3 (PMN-PT) by Ye’s research group 

[69, 70]. 
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1.6 Review of Physics and Applications of Bismuth Ferrite  

Multiferroic materials possessing electric, magnetic and/or structure order 

parameters will exhibit ferromagnetic, ferroelectric, and/or ferroelastic behaviours 

simultaneously [36]. Among all the multiferroic materials studied so far, Bismuth ferrite, 

BiFeO3 (BFO) is the most widely studied material and is known to be the only single-

phase room temperature multiferroic material.  

 

1.6.1 Structure of BiFeO3 

The atomic structure of BiFeO3 was determined by Michel et al. in 1969 based on 

X-ray diffraction on single crystal and neutron diffraction on powder samples [71].  The 

crystal structure of bismuth ferrite is characterized as rhombohedral perovskite unit cell 

with space group R3c at room temperature, as shown in Figure 1.7. The perovskite-type 

unit cell has a lattice parameter, arh = 3.97 Å and a rhombohedral angle,  rh = 89.3-89.4 

at room temperature [72], with ferroelectric polarization along the pseudocubic [111] 

direction [72]. On the other hand, the unit cell can also be described as hexagonal with 

lattice parameters, ahex = 5.58 Å and chex = 13.09 Å. The hexagonal c-axis is parallel to 

the diagonals of the perovskite cube, i.e., [001]hexagonal‖ [111]pseudocubic [72, 73]. As 

mentioned earlier in Section 1.1, the Goldschmidt tolerance factor, t, can be used to 

measure how well the ions fit into a perovskite unit cell and BiFeO3 has a tolerance 

factor t of 0.88 [76]. For BiFeO3, the superexchange Fe-O-Fe angle  = 154 -156 [72]. 

The Fe-O-Fe angle is important since it controls both the magnetic exchange and orbital 

overlap between Fe and O, and thus it determines the magnetic ordering temperature 

and the conductivity [73], which will be discussed in later sections.  
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Figure 1.7 Schematic view of the R3c structure of BiFeO3 that is built up from 
two cubic perovskite unit cells. The cations are displaced along the 
[111] direction relative to the anions, and the oxygen octahedra 
rotate with alternating sense around the [111] axis.  

Note. Reprinted from C. Ederer, N. A. Spaldin, Weak ferromagnetism and magnetoelectric 
coupling in bismuth ferrite, Phys. Rev. B, 71 (2005) 060401, with the permission of 
Americal Physical Society [159]. 

 

1.6.2 Ferroelectricity of BiFeO3 

The ferroelectric polarization of bulk BiFeO3 is along the diagonals of the 

perovskite unit cell, which is [111] pseudocubic/[001] hexagonal. The 6s2 lone-pair orbital 

of Bi3+ stereochemically activates a hybridization of Bi 6p and O 2p states, and causes 

an off-centering displacement of Bi3+ toward O2- to induce ferroelectricity [36]. It has 

been reported that the BiFeO3 ceramics have a large polarization of Pr = 60 Ccm-2 

normal to [001] and Pr = 100Ccm-2 along the pseudocubic [111] direction [77]. Thin 

films of BiFeO3 often have great ferroelectric properties. Previous research [78] reported 

a rhombohedral crystal class of BiFeO3, but later it has been proved that BiFeO3 displays 

the monoclinic morphology when grown onto a substrate (e.g. SrTiO3). The in-plane 

contraction and out-of-plane elongation, as well as the lattice mismatch between the film 

and the substrate, are responsible for the symmetry-lowering distortion [79]. It was also 

reported that as the film’s thickness was reduced (below 100 nm), there was a further 

change in symmetry from monoclinic to tetragonal, which was observed on the XRD and 

Raman spectroscopy data [79]. However, this result does not seem to be consistent with 
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the result of piezo-response force microscopy (PFM) study. As a result, the external 

shape of the unit cell maybe tetragonal, but it remains monoclinic with the internal 

degrees of freedom responsible for the polarization [80]. The relationship between the 

strain and polarization of BiFeO3 has been confirmed by several researchers, stating that 

the absolute magnitude of the spontaneous polarization does not change, however, it 

rotates out-of-plane through the monoclinic symmetry plane [81]. The small sensitivity of 

BiFeO3 to epitaxial strain may arise from its relatively low piezoelectric coefficient due to 

the inferior dielectric property. However, its electrostrictive coefficient is not small [73].  

 

1.6.3 Dielectric Properties of BiFeO3 

 At room temperature, the GHz dielectric constant for BiFeO3 is equal to εr = 30, 

which was reported as the intrinsic dielectric constant at radio frequencies [82]. It peaks 

at the rhombohedral-orthorhombic phase transition (825 - 840 C) [82]. This intrinsic 

dielectric constant εr = 30 may seem small for a ferroelectric, but it is reasonable.  First, 

the ferroelectric polarization has already saturated at room temperature, which is far 

below the ferroelectric Curie temperature of BiFeO3. Since the dielectric constant is a 

measure of polarizability, the variation of the nearly saturated polarization will be 

negligible under electric fields, leading to a small dielectric constant. Next, it starts with a 

strong first-order transition so that there is less phonon softening and thus a low 

dielectric constant is expected [73].   

 

1.6.4 Ferromagnetism and Magnetoelectric Coupling of BiFeO3 

 The bulk BiFeO3 is an antiferromagnetic and ferroelectric material with 

antiferromagnetic Néel temperature and ferroelectric Curie temperature at TN ~ 643 K 

and TC ~ 1103 K, respectively. The Fe magnetic moments are coupled ferromagnetically 

within the (111)pseudocubic planes and antiferromagnetically between adjacent planes, 

forming the so-called G-type antiferromagnetic order [68]. The G-type 

antiferromagnetism in BiFeO3 is that each Fe3+ spin is surrounded by six antiparallel 

spins on the nearest neighboring Fe ions. A weak ferromagnetism will be produced if the 
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magnetic moments are oriented perpendicular to the [111] direction. However, these 

spins are not perfectly anti-parallel and a small canted moment of the antiferromagnetic 

sublattices results in a macroscopic magnetization due to the Dzyaoshinskii-Moriya 

interactions [83]. Superimposed on this antiferromagnetic ordering is a spiral spin 

structure, in which the antiferromagnetic axis rotates through the crystal with a long 

wavelength period of ~ 620 Å, with the antiferromagnetically ordered sublattices 

propagating in the [110]h direction [84]. The plane within which the spins rotate is called 

the magnetic easy plane, which is defined by the propagation vector (black) and the 

polarization vector (red) as shown in Figure 1.8. The blue and green arrows represent 

the canted antiferromagnetic spins which yield a net magnetic moment which is shown 

as purple arrows. This net magnetic moment is averaged out to zero due to the spiral 

spin rotation [85]. 

 

Figure 1.8 Schematic representation of the spiral spin in BiFeO3. 

Note. Reprinted from D. Lebeugle, D. Colson, A. Forget, M. Viret, A.M. Bataille, A. Gukasov, 
Electric-field-induced spin flop for BiFeO3 single crystals at room temperature, 
Physical Review Letters, 100 (2008) 227602. doi:10.1103/PhysRevLett.100.227602, 
with the permission of American Physical Society [85]. 

 

The spiral spin structure in BiFeO3 can be destroyed by doping [86] or by epitaxial 

strain [87], disrupting the cancellation of the macroscopic magnetization and also 

promoting the linear ME effect [68]. The relationship between ferroelectricity and 

antiferromagnetism in bulk BiFeO3 materials has been studied recently. Figure 1.9 

shows the magnetic easy plane that contains the spins, the vector of ferroelectric 

polarization, and the vector of spiral spin propagation. By applying an electric field E, the 

magnetic easy plane rotates with the rotation of the polarization.  
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Figure 1.9 Schematic of the planes for the two polarization domains separated 
by a domain wall in bulk BiFeO3, with cycloids vector k1. 

Note. Reprinted from D. Lebeugle, D. Colson, A. Forget, M. Viret, A.M. Bataille, A. Gukasov, 
Electric-field-induced spin flop for BiFeO3 single crystals at room temperature, 
Physical Review Letters, 100 (2008) 227602. doi:10.1103/PhysRevLett.100.227602, 
with the permission of American Physical Society [85]. 

 

 However, a significant magnetization and also a strong ME coupling have been 

observed recently in epitaxial thin films, which suggests that the spiral spin structure is 

also suppressed in thin films [88]. The reason may arise from the epitaxial constraints or 

enhanced anisotropy. As mentioned above, thin films have G-type antiferromagnetism 

with a slighting canting so that the magnetic moments can easily be perpendicular to the 

ferroelectric polarization. The polarization can be switched by an angle other than 180 

so that it changes the magnetic easy plane, and in the case of rhombohedral symmetry, 

it can be switched by 71, 109 and also 180 [85]. These epitaxial thin films show large 

electric polarization which makes them promising candidates for the materials of ME 

device applications based on voltage-control of magnetization [68, 73]. 
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1.6.5 Limitations of BiFeO3-based Materials 

 BiFeO3 is the single-phase material that shows multiferroic phenomenon at room 

temperature, and it has attracted the attention of scientists for its potential applications 

and the fundamental interest in understanding its properties [19, 20, 23, 24, 89]. Despite 

the interesting properties of BiFeO3-based materials, several obstacles associated with 

this compound hinder them from practical applications.  

 The leakage current behaviour in BiFeO3 arises as a result of domain walls. 

However, recently researchers have been suggested that the reason for high leakage 

current falls behind the volatile nature of Bi3+ ions during synthesis. BiFeO3 is considered 

a p-type semiconducting material resulting from the loss of Bi3+ cations during the      

high-temperature synthesis process, which causes vacancies to act as p-type centers for 

accepting electrons [90]. The Fe-O bond length (~ 1.93 Å) is shorter than the Bi-O bond 

length (~ 2.31 Å), and thus the formation of Bi vacancies is easier than the formation of 

Fe vacancies [93]. As a result, this leads to a reduction of Fe3+ to Fe2+ and the formation 

of cation and anion vacancies [91]. The loss of Bi3+ ion also leads to oxygen vacancy 

formation. As a result, the low electrical resistivity affects the measurement of dielectric 

and ferroelectric properties at room temperature [92]. 

 In addition to the high leakage current, BiFeO3 also exhibits weak 

magnetoelectric (ME) coupling. Many researchers have reported the weak 

magnetoelectric coupling in BiFeO3 [73]. As discussed above, the expected strong linear 

ME effect is averaged out by the existence of spiral spin, that is, the linear ME effects 

are forbidden by magnetic symmetry [73]. However, there is a much weaker and higher 

order quadratic ME effect in BiFeO3 [34]. Many stuides reported the observation of a 

weak magnetoelectric coupling in A-site rare-earth-doped (Bi1-xREx)FeO3 (RE = La, Nd, 

Sm, Sr) ceramics [94 - 97]. For example, in La-doped (Bi1-xREx)FeO3 ceramics, the 

magnitudes of remanent magnetization (Mr) and coercive field (Hc) increase with 

increasing La content [97], which may be due to the disruption of the cycloidal spin 

structure [98] and increased magnetoelectric coupling [93]. The canting of the 

antiferromagnetic spins by the modification of the antiparallel sublattice magnetization of 

Fe3+ is responsible for the weak ferromagnetism in (Bi1-xLax)FeO3 ceramics [97]. 
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Another limitation in BiFeO3-based ceramic materials is the low remnant 

polarization (Pr = 6.0 C/cm2). A large polarization has been observed experimentally in 

BiFeO3 single crystal and thin films [99,100], however, there is no evidence showing the 

similar magnitude of remnant polarization in the BiFeO3 ceramics. The reason for low 

remnant polarization may be related to the difficulties in preparing single-phase materials. 

The presence of secondary phases results in high leakage currents [34].  

 

1.7 Objectives of This Work and Organization of the Thesis 

 Recently, the perovskite compound BiFeO3, in which ferroelectricity and 

antiferromagnetism coexist at room temperature, has attracted a great deal of interest. 

Despite the unique nature and special properties of BiFeO3, the drawbacks that are 

discussed in section 1.6 require researchers to make chemical modifications on BiFeO3 

in order to achieve better electrical and magnetic properties. In the past decade, different 

attempts such as rapid liquid phase sintering, leaching the impurity phase with dilute 

nitric acid, and immediate quenching after sintering have been employed in order to 

overcome these drawbacks associated with BiFeO3 and to improve its physical 

properties [101,102]. However, it is still difficult to obtain promising properties of single-

phase BiFeO3 ceramics. On the other hand, the physical properties of BiFeO3 could be 

modulated by the process of ion doping, which has been proved to be an effective 

method to improve the performance of bulk BiFeO3 [19, 23, 24, 103]. 

 

1.7.1 The (Bi1-xREx)FeO3 (RE = Dy, Lu, Yb, Er, and Eu) Solid Solutions 

 To enhance the ferromagnetism in BiFeO3, several researchers have studied the 

substitution of rare-earth elements for the Bi3+ ions on the A site of the perovskite unit 

cell. The enhanced ferromagnetic behaviour has been observed in A-site doped samples 

with rare earth elements such as La, Nd, Er, Dy, Eu, and Sm [19, 35, 23, 24, 

96,103,104]. Other researchers have studied the substitution of Bi by alkaline earth 

metals such as Ba, Ca and Sr [105 - 107].  Moreover, in recent studies, improved 
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magnetic and ferroelectric properties were also found in BiFeO3 co-substituted with rare 

earth ions and alkaline earth ions [108, 109, 110].  

It was found in our previous work of studying the effects of chemical modification 

on the structure and dielectric and magnetic properties of the (1-x)BiFeO3-xDyFeO3 solid 

solution [23] that there is a structural change from rhombohedral perovskite to 

orthorhombic orthoferrite at the morphotropic phase boundary located at x  0.1. The 

ferroelectric and magnetic properties were improved by Dy3+ substitution on the A site 

and the simultaneous chemical substitution of Ti4+ for Fe3+ on the B site. A large 

saturated magnetization (0.5 B/f.u.) was realized in 0.92BiFeO3-0.08DyFeO3 with 2% 

substitution of Ti4+ for Fe3+, which was believed to arise from the disruption of the spiral 

spin modulation and the spin interactions between Dy3+ and Fe3+.  The aliovalent ionic 

substitution on the B-site of the perovskite structure, namely Ti4+ for Fe3+, was found to 

improve the dielectric and ferroelectric properties of BiFeO3-based solid solutions, by 

reducing the concentration of oxygen vacancies and thereby decreasing the conductivity 

[73]. The co-substitutions resulted in the reduction in the leakage current density and the 

enhanced ferroelectric properties of BiFeO3 to some extent. Therefore, the first part of 

this project (Chapter 3) will extend this subject by focusing on the synthesis, preparation 

and characterization of the (1-x)BiFeO3-xDyFeO3 solid solution, with co-substitutions of 

lanthanide ion for Bi3+ on the A-site and Ti4+ for Fe3+ on the B site.  

Furthermore, the chemically modified BFO with the A-site substitution of RE3+ 

(RE = Dy, Lu, Yb, Er, and Eu) for Bi3+ is used in order to improve the electrical and 

magnetic properties of the pure BiFeO3 ceramics. These chemical modifications have 

two effects. First, the smaller ionic radius of the RE3+ ions can induce the structure 

distortion and increase the magnetic moment. Second, the shrinkage of the lattice 

parameters can disrupt the characteristic cycloidal spin structure in the antiferromagnetic 

BiFeO3. These effects are expected to result in enhanced ferromgnatism and 

ferroelectricity. 

In the following chapters, BiFeO3 is substituted with other rare-earth metal ions: 

Lu3+, Yb3+, Eu3+, and Er3+, which have different ionic radii and various numbers of 

unpaired electrons than the Dy3+ ion. The ionic radii of the Dy3+, Lu3+, Yb3+, Er3+, and Eu3+ 
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ions are 1.027 Å, 0.977 Å, 0.985 Å, 1.004 Å and 1.066 Å, respectively, and the numbers 

of unpaired electrons for  Eu3+, Dy3+, Er3+, Yb3+, and Lu3+ are 6, 5, 3, 1 and 0, 

respectively. 

In order to better undersand the effects of rare-earth substitutions on the 

strucutral distortions and thereby on  the ferromagnetism and ferroelectricity, Lu is 

chosen to substitute Bi because it has a zero unpaired electrons and smaller ionic raidus 

(0.977 Å) than that of Bi3+ (1.17 Å) and Dy 3+ (1.027 Å). Therefore, the solid solution 

system (1-x)BiFeO3-xLuFeO3, in which Lu substitutes for Bi3+ on the A-site,  with the 

simultaneous chemical substitution of Ti4+ for Fe3+ on the B-site, was also studied in 

Chapter 4. The structures of these two co-substituted solid solution systems are 

investigated by X-ray diffraction (XRD) analysis, along with differential scanning 

calorimetry, dielectric measurements, ferroelectric measurements, and magnetic 

characterization by using SQUID.   

The Lu-substituted BiFeO3 solid solution system studied in Chapter 4 shows 

enhanced ferromagnetic and ferroelectric properties. Therefore, the effects of other rare-

earth element with different number of unpaired electrons and ionic radii are 

systematically investigated in the following chapters. With a slightly larger ionic radius 

and 1 unpaired electron, Yb3+ (r = 0.985 Å) is chosen to be studied next and to be 

compared with Lu3+ (0.977 Å, 0 number of unpaired electrons). As such, the effects of 

chemical modifications on the structures and ferroelectric and ferromagnetic properties 

of the (1-x)BiFeO3-xLuFeO3 solid solution are presented in Chapter 5. Then, Er3+ is 

chosen and studied in Chapter 6 because it has a larger ionic radius (1.004 Å) and a 

larger number of unpaired electrons (3) than that of Yb3+ (0.985 Å, 0 numbers of 

unpaired electrons).  An interesting magnetic phenomenon called “magnetic pole 

inversion” is observed in the (1-x)BiFeO3-xErFeO3 solid solution. The terminology 

“magnetic pole inversion” is defined as a crossover of dc magnetization from a positive 

value to a negative value as a function of temperature in materials below their magnetic 

ordering temperature. In most of the ferromagnets, the magnetic moment directions can 

be significantly changed by applying sufficiently high external magnetic field rather than 

varying temperature. These solid solution systems containing select rare-earth elements 
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with different ionic radii and various numbers of unpaired electrons are found to exhibit 

improved ferromagnetic and ferroelectric properties over the pure BFO system. 

The (1-x)BiFeO3-xDyFeO3 solid solution studied in Chapter 3 is a promising room 

temperature multiferroic material, however, in order to find a better room temperature 

multiferroic material, Eu3+ is chosen and the (1-x)BiFeO3-xEuFeO3 solid solution is 

studied in Chapter 7. Eu3+ has 6 unpaired electrons, one more than Dy3+ (5 unpaired 

electrons) and it has the largest ionic radius (1.066 Å) compared with Dy3+ (1.027 Å), 

Lu3+ (0.977 Å), Yb3+ (0.985 Å), and Eu3+
 (1.004 Å). In order to achieve the same 

magnitude of the structural distortion, a higher concentration of Eu3+ is required. An 

interesting magnetization behaviour is discovered by the substitution of Eu3+ for the Bi3+ 

ion, that with increasing concentrations of EuFeO3, the antiferromagnetic property 

transforms to ferromagnetic property  

Lastly, in Chapter 8, we perform a comparative analysis of these five solid 

solution systems that are formed by the substitutions with different rare-earth ions to 

reveal the trends in the phase symmetry, phase boundary and phase transformation of 

the different systems, and the variations of the ferromagnetic and ferroelectric properties 

with the different substituting RE elements. Also, a preliminary and on-going work is 

highlighted: the synchrotron spectroscopic studies that reveal some insights on the local 

structures, coordination number and bonding environments of the solid solutions, useful 

for understanding the microscopic origins of the structural changes and the enhanced 

multiferroic properties. Finally this project is concluded with suggestions for some future 

work. 
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Chapter 2.  
 
Materials Characterization: Principles and 
Techniques 

2.1 Introduction 

This chapter introduces some basic principles and applications of various 

experimental techniques that are used to characterize the structure, electric and 

magnetic properties of materials synthesized in this thesis work. These characterization 

techniques include powder X-ray diffraction (XRD), electric impedance spectroscopy, 

superconducting quantum interference device magnetometry (SQUID), dielectric 

spectroscopy, and ferroelectric measurements. 

 

2.2 Powder X-ray Diffraction (XRD) 

X-rays are electromagnetic radiation with photon energy in the range of 0.1 keV 

to 100 keV. They are lying in the region between gamma and ultraviolet in the 

electromagnetic spectrum. X-rays in the range of 0.01 to 1.0 angstroms are used for 

diffraction applications. Due to X-rays’ comparable wavelength to the size of atoms, they 

are ideally suited for characterizing the crystallographic structure, grain size, and 

preferred orientation in polycrystalline or single crystal solid samples. In this work, 

powder X-ray diffraction (XRD) is used to determine the crystal structure, phase 

symmetry and lattice parameters of the material studied.  
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2.2.1 Lab X-ray Source 

X-ray diffractors consist of a X-ray source. Electrons are generated by a cathode 

ray tube and accelerated towards a metal target, usually copper or chromium. These 

incident electrons have sufficient energy to ionize some of the metal electrons.  In the 

case of copper, upon the collision, the electrons have sufficient energy to dislodge 1s  

(K-shell) electrons (Figure 2.1). The vacancies in Cu 1s will be immediately occupied by 

electrons from an outer orbital (2p or 3p), resulting in energy release in the form of X-ray 

radiation during this transition.  

 

Figure 2.1 Generation of Cu    X-rays, arising from the 2p  1s transition. 

There are several components that a X-ray spectrum has, most commonly being 

   and   . For copper, the 2p  1s transition produces     and      X-rays of 

wavelength 1.54051 Å and 1.54433 Å, respectively, corresponding to the two possible 

spin states of the 2p electron.    has a slightly shorter wavelength and twice the 

intensity as    . The 3p  1s transition produces   X-ray of wavelength 1.3922 Å.      

    X-ray is more favourable due to its wavelength comparable or slightly smaller than 

the atomic or ionic distances of the solid samples, and thus it is more common to be 
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used as the source of the powder x-ray diffraction. Nickel foil is used to filtered out the   

   X-rays, which allows the     X-ray beams to pass through to interact with the sample 

material [103].     and     are sufficiently close in wavelegnth such that a weighted 

average of the two is commonly used. In this thesis, a copper source with    = 1.5418 Å 

was used for lab diffractometer experiments. 

Two instruments that used for a lab diffractometer experiments in this work. 

Rigaku Rapid Axis (R-AXIS) is an X-ray diffractometer using IPs (imaging plate) and a 

triple axis goniometer, designed for rapid measurement of diffracted X-rays from crystal 

line samples. Burker D8 Advance diffractometer was also used for high-resolution 

powder diffraction, equipped with a Goebel mirror for a parallel X-ray beam. It speeds up 

data collection and provides additional information about the properties of crystalline 

samples, such as texture, residual stress, grain size and epitaxial relations.  

 

2.2.2 Bragg’s Law 

X-ray diffraction is based on constructive interference of monochromatic X-rays 

with the lattice planes in a crystalline sample. Bragg’s law describes the relationship 

between the spacing of atomic planes in crystals and the angles of incidence at which 

these planes produce the most intense reflections with the X-rays radiations and particle 

waves. Bragg’s law is given in Equation 2.1: 

                                                                                                               (2.1) 

where      is the inter-planar spacing between crystal planes hkl (the d-spacing), hkl are 

Miller indices which are a notation system used to describe lattice planes,  is the Bragg 

angle between the incident (or diffracted) ray and the associated crystal planes, n is an 

integer, referred to as the order of diffraction, and  is the wavelength of the X-rays. 

Several solutions of Bragg’s law are possbile with a given set of planes, however n is 

nomally set to unity 1 [6]. 

 Suppose there are two beams diffracted from adjacent planes where an incident 

X-ray beam makes an angle  with one of the planes as shown in Figure 2.2, the beam 
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can be reflected from both the upper and the lower planes. The beam reflected from the 

lower plane travels further than the beam reflected from the upper plane with a path 

difference of        which is shown as ABC in Figure 2.2. This path difference must be 

an integer multiple of  in order for the two beams to have constructive interference. 

Therefore, Bragg’s law (Equation 2.1) must be obeyed in order for constructive 

interference to occur. For powdered samples, all possible diffraction directions of the 

lattice should be attained due to the random orientation of the crystal grain. Since each 

crystal has its unique set of d-spacings, the conversion of the diffraction peaks to d-

spacings allows identification of the crystal. This can be achieved by comparison of d-

spacings with standard reference X-ray patterns.  

 

Figure 2.2 Schematic showing Bragg diffraction from a set of lattice planes 
with an interplanar spacing d. 

 

2.2.3 Principles Used for Crystal Symmetry Determination 

In principle, each crystal has its own crystal structure, giving rise to a unique X-

ray diffraction pattern, like a fingerprint, that provides valuable information on the crystal 

structure. A crystal structure is composed of a motif, which is a unique arrangement of 

atoms/molecules. Motifs are located upon the points of a lattice, which is an array of 

points repeating periodically in three dimensions.  The simplest repeating unit in a crystal 

is called a unit cell, from which the entire lattice can be built up by the repetition in three 

dimensions. The shape and position of the peaks resulting from the main diffraction are 

influenced by many factors, such as the size and shape of the unit cell and the position 

and identity of the atoms. However, the integrated intensity of the diffuse peaks is 
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unaffected by the size of the atom [6]. Therefore, X-ray diffraction is a useful tool to 

identify different phases, especially in the morphotropic phase boundary (MPB) region.  

The structures of various crystals are classified by seven groups of crystal 

systems (i.e. cubic, tetragonal, orthorhombic, hexagonal, rhombohedral, monoclinic, and 

triclinic). The symmetry of each group is described by the relationship between the 

lattice parameters a, b, and c, and angles  , , and , as denoted in Figure 2.3. The 

lattice parameters and the axes system for these crystal systems are listed in Table 2.1. 

The lattice parameters are closely related to phase symmetry and composition, which 

can be calculated by the Bragg’s law from the XRD pattern. 

Table 2.1 Unit cell geometries for the seven crystal systems. 
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Figure 2.3 Illustration of a unit cell and the corresponding lattice parameters.  

 An X-ray powder pattern has two characteristics: the d-spacings and the intensity 

of the peaks. In orthogonal crystals (  =  =  = 90), the Miller indices are related to the 

d-spacing of the unit cell by: 

                                     
 

    
   

  

  
 

  

  
 

  

  
     ,                                              (2.2) 

where hkl are the Miller indices. The d-spacings can be calculated from the 2 value in 

the diffraction pattern using Bragg’s law. Then the lattice parameter can be determined 

by using Equation 2.2. For a crystal with high symmetry, cubic or tetragonal, the d-

spacing formulae can be simplified by using the relation of a = b = c or a = b, 

respectively. As for monoclinic and triclinic crystals, where their angles are not 90°, an 

additional component is needed to calculate the d-spacings [6]. 

 The peak splitting pattern in XRD usually provides information about the crystal 

symmetry, the thickness of the crystalline layer, roughness, phase transitions, lattice 

mismatch, chemical composition, and phase purity of a material. It can be affected by 

the change of d-spacing. Figure 2.4 represents the characteristic splitting patterns for the 
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(111), (200), and (220) reflections for the cubic, tetragonal and rhombohedral 

symmetries. For a cubic phase, there is only one diffraction peak for all the {100} planes, 

because the d-spacings are all the same for (001), (00-1), (010), (0-10), (100), (-100) 

planes. On the other hand, a tetragonal phase has two diffraction peaks for the {100} 

planes since the lattice parameters a (equal to b) and c are different, yielding two d-

spacings for the {100} planes. For a tetragonal crystal, a peak splitting will be seen in the 

{200} reflection since (200) = (020)  (002).  

 

Figure 2.4 Characteristic splitting patterns for the (111), (200), and (220) 
reflections for the cubic, tetragonal and rhombohedral symmetries. 

 

2.2.4 Rietveld Refinements 

The Rietveld method is a technique for refining the crystal structure and lattice 

parameters of a material. A least-square approach is used to refine a theoretical XRD 

pattern until it matches the experimental XRD pattern. The crystal structure is then 

refined from the calculation of the theoretical pattern which includes the space group, 

lattice parameters, atomic positions, occupancies, atomic displacement parameters. It 

also can incorporate instrumental information in order to correct any background from 

the specific instrument used [111]. TOPAS-Academic software is used to refine the 

Rietveld refinement data in this work. Using this software, the lattice parameters, bond 
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lengths, bond angles, and atomic displacements of the materials synthesized can be 

obtained. 

 

2.3 Dielectric Spectroscopy 

Dielectric relaxation studies help explain the various mechanisms responsible for 

polarization. It reveals the time dependence of the frequency response of a group of 

dipoles when subjected to an external applied field. The dipoles responsible for the 

polarization do not always follow the oscillations of the electric field at certain 

frequencies when an alternating voltage is applied to a sample. The complex dielectric 

permittivity * can be expressed as, 

                                                          ,                                         (2.3) 

where   is the angular frequency,   is the real part of the permittivity, which is in phase 

with the applied field,   is the imaginary part of the permittivity which is in quadrature 

with the applied field, and       [113, 114]. The real part of the complex permittivity 

measures the amount of energy that can be stored in the material when an external 

electrical field is applied. The imaginary part of the complex permittivity is known as loss 

factor, which is a measure of the amount of energy lost from the material due to an 

external field. The loss tangent,  tan , is usually used to represent the ratio of the 

imaginary part to the real part of the complex permittivity as shown below: 

                                                               .                                              (2.4) 

The loss tangent is also called by the terms such as dissipation factor or loss 

factor as illustrated in Figure 2.5 [114]. 
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Figure 2.5 The dielectric loss tangent (tan ) in terms of the real component 
and the imaginary component of the permittivity. 

In this thesis work, Novocontrol Alpha high-resolution broadband dielectric 

analyzer with a Novotherm heating system was used to perform dielectric 

measurements. It directly measures the permittivity from impedance. The sample is 

coated with gold or silver electrodes to form a capacitor and then connected to the 

instrument through gold wires. The schematic of the circuit used in the dielectric 

permittivity measurements is shown in Figure 2.6 [115].  

 

Figure 2.6 Schematic diagram of the circuit used in the dielectric permittivity 
measurements. 
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 The signal generator applies a voltage (V) of a frequency  /2 to the sample, 

and simultaneously generates a current (I) of the same frequency in the sample. There 

will be a phase shift of the current from the voltage by the phase angle . As shown in 

Figure 2.6, the complex voltage V* and the complex current I* is measured with a phase 

sensitive voltage-current analyzer. As a result, the impedance Z* of the sample can be 

calculated by the following equation: 

                                                                           ,                                        (2.5) 

where    is the real impendance and    is the imaginary impendance [107]. The 

impedance of a capacitor can be calculated with Equation 2.6, 

                                                         
    

 

   
      ,                                                 (2.6) 

where     is the capacitance of the sampe [107]. Next, dividing the equation of the 

capacitance of the sampe    (Euqation 2.7) by the capacitance of the empty sample 

apacitor   (Equation 2.8)  gives rise to the equation for calculating the real permittvity ’ 

(Equation 2.9). 

                                                            
  

 
     ,                                                  (2.7) 

                                                            
 

 
       ,                                              (2.8) 

                                                                           ,                                                 (2.9) 

where   is the permittivity of free space (8.854 x 10-12 F/m), ’ is the complex permittivity 

of the sample, A is the area of the electrodes, and d is the distance between the 

electrodes. The magnitude of   depends on the degree of polarization of the material. 

For ferroelectric materials such as BaTiO3, 
  = 103 to 104 [103]. 
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2.4 Superconducting Quantum Interference Device (SQUID) 
Magnetometer 

In this work, the SQUID magnetometer (MPMS XL, Quantum Design) is capable 

of measuring a magnetic flux. The magnetic flux produced in the SQUID by the sample 

is of  the order of one-thousandth of a flux quantum, where the flux quantum is           

2.07 x 10-7 G/cm2.  A superconducting magnet solenoid incorporated in the system can 

also generate a magnetic field of 7 Tesla. The SQUID in MPMS (Magnetic Property 

Measurement System) is the source of the instrument’s significant sensitivity and 

capacity [116]. It does not directly detect the magnetic field from the sample. The sample 

space is located within a superconducting detection coil. The detection coil is a single 

piece of superconducting wire wound in a set of three coils configured as a second 

derivative gradiometer, as shown in Figure 2.7. The upper coil is a single turn wound 

clockwise, the centre coil comprises two turns wound anti-clockwise, and the bottom coil 

is again a single turn wound clockwise. In this configuration the detection coil is only 

sensitive to the magnetic stray fields of the sample, whereas the current induced in the 

detection coil by the small fluctuation of the magnetic field of the SQUID magnet, if there 

is any, is canceled out, leaving the current induced by the motion of the magnetic 

sample within the middle coil of which both turns are anticlockwise.  Centred around the 

detection coil is the superconducting magnet capable of producing a uniform constant 

magnetic field over the entire coil region.  

During the measurement, as the sample is moved vertically through the detection 

coil, the magnetic moment of the sample induces an electric current in the detection coils. 

Since the superconducting connecting wires, the superconducting detection coils, and 

the SQUID superconducting input coil form a closed superconducting loop, any change 

of magnetic flux in the detection coil produces a change in the persistent current in the 

detection circuit, which is proportional to the change in magnetic flux. Since the SQUID 

functions as a highly sensitive current-to-voltage converter, the variations in the current 

in the detection coil produce corresponding variations in the SQUID output voltage and 

these variations are proportional to the magnetic moment of the sample [117]. 
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Figure 2.7 Schematic of second derivative gradiometer and sample movement 

in a SQUID magnetometer. 

 

The sample needs to move upwards for each measurement, and this movement 

is called a scan. The SQUID picks up the output voltage of the centre of the scan as the 

SQUID response for the sample. The output peak corresponds to the sample position 

being in between the two turns of the middle coil that represents the SQUID response of 

the sample. Therefore, before the magnetic measurement, a procedure called centring is 

required, in which the sample position needs to be adjusted such that the centre of the 

scan is in between the two turns of the middle coil. Eventually, the output signal, V, is 

recorded as a function of scan length, in cm as shown in Figure 2.8. The MPMS 

software of a curve-fitting algorithm fits the measured V(cm) data points to the 

theoretical curve of an ideal dipole and thus extracts the magnetic moment [116]. 
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Figure 2.8 Illustration of the SQUID response. 

 

The magnetic field in a SQUID magnetometer is generated by the circular current 

in the multifilament superconducting wire. Due to the superconducting state of these 

wires, It is easy to generate a large current which gives rise to a large magnetic field 

without cooling system, which is required for a conventional magnet due to the heat 

produced by the large current flowing through the wires with resistance [117, 118].  

A MPMS XL SQUID magnetometer that was used in this work can measure a 

magnetic moment in the range from 10-8 to 2 emu (electromagnetic unit, 1 emu = 

1.256637 x 10-5 Oe), with an operation temperature range from 2 K to 400 K. The 

operation temperature can be increased to 800 K by using a tube oven with 2 mm 

diameter inserted into the original sample chamber. Figure 2.9 shows an example of a 

typical configuration of the sample and the sample holder for high-temperature SQUID 

measurements, in which the sample is attached to the sample rod then inserted into the 

oven. The sample is attached to the sample rod by alumina cement which is diamagnetic. 

However, it is difficult to prepare a sample for the high temperature SQUID 

measurements due to the small space of the oven (2 mm in diameter). The use of oven 

will significantly increase the operation temperature, but it will also decrease the 

measurement sensitivity to a great extent. As a result, in order to obtain strong enough 
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signal, for samples with small magnetic moment, a high magnetic field is usually needed 

for high temperature SQUID measurements [117, 118]. 

 

Figure 2.9 Sample for high temperature SQUID measurement by using an oven.  

Note. Reprinted from W.-M. Zhu, Synthesis, structural, and properties of perovskite 
materials for multiferroism and piezoelectricity (Doctoral dissertation). Retrieved from 
SFU library thesis database, with the permission of W.-M. Zhu [118]. 

 

2.5 Ferroelectric Hysteresis Measurements 

The ferroelectric properties of the materials prepared in this work are 

characterized using a RT66A Standard Ferroelectric Testing System (Radiant 

Technologies), which measures polarization as a function of electric field by using a 

modified Sawyer-Tower circuit, as shown in Figure 2.10 [119]. In this circuit, an 

alternating voltage (V) is applied by a signal generator across a pair of electrodes on the 

surfaces of a sample capacitor (Cs) [119]. A resistor-capacitor circuit is connected in 

series with the sample, which compensates for the phase shift that is caused by 

conductivity or dielectric loss in the sample [120]. The sample and reference capacitors 

(Cr) are connected in series so that the voltage (Vr) across the reference capacitor is 
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proportional to the polarization of the sample [119]. The charge developed on the 

surface of the sample,         can be calculated by the following equation: 

                                                                  .                                     (2.11) 

From the charge ( ) on the surface of the sample, the polarization ( ) can be 

determined using the following equation: 

                                                          
 

 
    ,                                                   (2.12) 

where   is the area of the electrodes. The applied electric field   is calculated from the 

sample thickness  , and the voltage across the sample  , as shown in the following 

equation: 

                                                         
 

 
   .                                            (2.13) 

The ferroelectric hysteresis loop of the sample, as shown in Figure 1.2 in Chapter 1, is 

then displayed by plotting the field on the x-axis and the polarization on the y-axis. 

 

Figure 2.10 Schematic of the modified Sawyer-Tower circuit for the 
measurement of the ferroelectric hysteresis loop. 
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2.6 X-ray Absorption Spectroscopy (XAS) 

X-ray Absorption Spectroscopy (XAS) is a widely-used technique for determining 

the local geometric and electronic structure of matter (i.e. solid, liquid or gas). This 

technique provides information on interatomic distances, oxidation states, and the nature 

and number of neighbours surrounding the absorbing atom. The strong sensitivity to the 

neighbours makes XAS the tool of choice, in particular, for coordination chemistry, 

catalysis, and other nanostructures. Generally, there are two possible types of analyses 

in XAS: EXAFS (Extended X-ray Absorption Fine Structure) and XANES                       

(X-ray Absorption Near Edge Structure) [121]. In this section, the principle of X-ray 

absorption, the theory of XANES, as well as its analysis which has been used in this 

work, will be introduced, followed by a brief introduction of the synchrotron XAS 

experimental setup. 

 

2.6.1 The Principle of X-ray Absorption 

X-rays are electromagnetic radiation with photon energies that range from 0.1 

keV to 100 keV. Three types of interactions can be identified when X-rays interact with 

matter: scattering, elastic and inelastic, and the photoelectric effects. XAS depends on 

the photoelectric effect in which absorption of a photon leads to the ejection of an 

electron from a bound level (K, L, M, etc, shells) of the absorbing atom, followed by the 

emission of a photoelectron. XAS measures X-ray absorption by core-level electrons in 

atoms of the material being examined. The level that an electron is promoted to is 

determined by the energy of the incoming photon, h, and the binding energy of the 

electron   . The final energy of the ejected photoelectron    is given by the following 

equation: 

                                                                                                          (2.14) 

The absorbed electron can then be promoted to unoccupied or continuum states 

by several mechanisms, resulting in fluorescence X-rays, Auger electrons emission, or 

secondary electrons, as shown in Figure 2.11 [121,122]. 
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Figure 2.11 Schematic representation of (a) X-ray photoionisation and 
subsequent ejection of a photoelectron, and the (b) fluorescence, (c) 
Auger electrons emission, or (d) secondary electrons emission 
relaxation process of an excited atom.  

 

As a consequence of the absorption, the amount of X-rays transmitted through a 

material will be decreased, and such decrease can be measured by the intensity of the 

X-rays transmitted (  ) relative to their initial intensity (  ), as described by the Beer-

Lambert law. The degree to which a material absorbs X-rays is called the absorption 

coefficient ,     , and it can be described using the equation: 

                                                                         
  

  
    .                                          (2.15)                               

In addition, the absorption coefficient can also be derived from the X-ray 

fluorescence following the generation of a core-hole by the excitation of a core electron, 

as shown in Figure 2.11 (b). This core-hole is then filled by another electron in the atom 

and an X-ray is released by the decay of the excited state with energy characteristic of 
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the initially excited core-electron. The following equation describes the relationship 

between the absorption coefficient and the fluorescence intensity,   : 

                                                                    .                                           (2.16)           

The X-ray absorption coefficient depends on the atomic number, atomic mass, 

and the incident X-ray energy, regardless of the local environment [123]. As the energy 

of the photon increases,      generally decreases until it reaches a certain critical 

energy called the absorption edge [123];  such energy coincides with the binding energy 

of the core-electron being excited. Each element has its own unique electron binding 

energy and absorption edges. Therefore, XAS is especially useful for studying the 

geometric and electronic structure of the ceramics since it is an element-specific 

technique as the X-rays can be tuned to the different energies required for promoting 

core-electrons within different elements [121,122]. In additon, the energies of the 

absorbed radiation at these edges correspond to the binding energies of the electrons in 

the specific shells (K, L, M, etc.) of the absorbing elements. They are named according 

to the principle quantum number of the electron that is excited: K for n = 1, L for n = 2, M 

for n = 3, etc.  The absorption edges are labelled in the order of increasing energy, K, LI, 

LII, LIII, MI, etc, corresponding to the excitation of an electron from the 1s (1S1/2), 2s (2S1/2), 

2p (2P1/2), 2P (2P3/2), 3S (2S1/2) orbitals, respectively [121], as shown in Figure 2.12.  

 

Figure 2.12 Schematic of (a) the Bohr atomic model, (b) the absorption edges 

with the corresponding continuum. 
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The main purpose of XAS is to measure the effective absorption coefficient,      

of the element being studied as a function of the X-ray energy. The absorption behaviour 

of the element would vary depending on its interaction with the local environment. 

Therefore,      is measured near and above the absorption edge of the element that is 

being studied, giving rise to a spectrum similar as shown in Figure 2.13. The absorption 

spectrum can be divided into two main regions: the X-ray absorption near edge structure 

(XANES), and the extended X-ray absorption fine structure (EXAFS). These two regions 

provide specific information relative to the absorbing atom.  

 

Figure 2.13 Schematic illustration of an X-ray absorption spectrum, showing the 
structured absorption that is seen both within ca. 50 eV of the edge 
(XANES) and for several hundred to greater than 1,000 eV above the 
edge (EXAFS). 

 

2.6.2 X-ray Absorption Near-Edge Structure (XANES) 

The XANES region of an XAS spectrum ranges from  30 eV from the absorption 

edge with the energy of the incident X-ray beam E = E0 10 eV, where E0 is the 

ionisation energy (or threshold energy). It consists of three parts: the pre-edge, 

absorption edge, and post-edge as shown in Figure 2.14. The absorption edge is the 

most intense region of a XANES spectrum, which is characterized by transitions of the 

photoelectrons from occupied to unoccupied energy level. However, the electronic 
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transition can also occur at energies lower than the absorption edge.  This can be from 

an excitation of an electron (1s) of the absorbing atom from the core level to higher 

vacant orbitals. Orbital hybridization induced by coordinating species can also cause a 

signal in the pre-edge region [122]. This pre-edge region often provides information 

about the local electronic structure at short distances ( 3 Å) from the excited atom.  

 

Figure 2.14 Illustration of a XANES spectra showing the (a) pre-edge, (b) 

absorption edge, and (c) multiple scattering features.  

 

The absorption region is known as the most identifiable and quantifiable feature 

of XANES, which is the initial intense decrease of transmitted X-rays as a result of their 

absorption by the element being studied [123]. This region gives information on the 

coordination number, the electronic configuration, and the oxidation state of the 

absorbing atom [121-124]. The reason is absorption edge correlates to element-specific 

and edge-specific electronic transitions, which are sensitive to the atom’s effective 

nuclear charge, Zeff [125]. The oxidation state and ligand interaction can change the Zeff 

of an atom so that these properties can be characterized using the XANES absorption 

edge [122]. The K-edge XANES absorption peak position is useful to determine the 
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oxidation states of various metals [126, 127] since the energy required to promote K-

edge transitions is higher in an oxidized metal due to its larger Zeff than in a non-oxidized 

metal. For example, for the K edge of a first-row transition metal, the 1s  3d transitions 

are often observed for metals that have an open 3d shell. Although the 1s  3d 

transition is forbidden by dipole selection rules, it is observed due to 3d + 4p mixing and 

the direct quadrupolar coupling [128]. As a result, the intensity of the 1s  3d transitions 

can be used as a probe of geometry. With increasing intensity, the site is progressively 

distorted from a centrosymmetric environment (i.e. octahedral  square pyramidal  

tetrahedral) [129]. Also, it can distinguish between square – planar and tetrahedral sites 

[130]. For second-row transition metals, the 1s  4d transitions are not observed, but by 

measuring data at the LIII and LII edges (2p  4d transitions), it is still possible to obtain 

information about the empty bond states [131].  Similarly, the peak shift can be observed 

in metal LIII-edge XANES spectra, but it is normally related the intensity of the LIII-

absorption edge to oxidate states, as there is a more direct correlation of its intensity to 

empty d-orbitals [119,132]. The low energy of LIII and LII edges allows 2p  4d 

transitions and results in sharp transitions with narrow lines. Moreover, for excitations 

into the 3d (or 4d) shells, the 1s  4p transitions are allowed and observed for first-row 

transition metals. It is found that the 1s  4p transition is intense for square-planar 

complexes (i.e. CuII and NiII complexes), but weak for tetrahedral complexes [119]. The 

reason may be due to the decrease in mixing between the empty 4p orbital (4pZ) and the 

ligand orbitals for square-planar complexes. Moreover, both K-edge and LIII-edge of 

XANES can be influenced by the chemical species attached to the absorbing atom. For 

example, the metal-ligand systems that contain electronegative atoms, such as S and 

Cl, will have a greater metal-ligand covalency and often have a smaller Zeff. Thus, a shift 

in metal K-edge absorption edge position to lower energies is observed [122]. The 

intensity of the LIII-edge will also be changed with the chemical species attached to the 

absorbing atom since its intensity relates to empty d-orbitals [126, 127]. For example, a 

more intense LIII-absorption edge is often observed in thiolates-attached metal-ligand 

systems, since thiolates remove electron density from metal d-orbitals, resulting in more 

electron transitions to the empty d-orbitals [126].  

Lastly, the post-edge region of XANES is caused by the scattering of 

photoelectrons between multiple neighbours, known as multiple scattering. The kinetic 
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energies of the absorption-induced photoelectrons are low and their mean free paths are 

large in this energy region. Therefore, the emitted photoelectrons can scatter from 

multiple atoms and return to the original absorbing atom. These returning photoelectrons 

then create the spectral oscillations immediately following the absorption edge. Such 

multiple scattering oscillations can provide qualitative information regarding the structure 

around the absorbing atoms, including metal lattice type. However, it is difficult to have a 

comprehensive refinement for multiple scattering within nanomaterials [124]. Therefore, 

the absorption edge is still the most commonly characterized region of the XANES 

spectra.  

 

2.6.3 Synchrotron XAS Experimental Setup 

The measurement of an X-ray absorption spectrum involves measuring the 

intensities of incoming and transmitted beam. Various beamlines have different 

experimental setups, in general, X-ray absorption is measured either by transmission or 

directly by fluorescence or electron yield, as shown schematically in Figure 2.15 [122].  

 

Figure 2.15 Schematic illustrating the various modes of XAS measurements.  
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In transmission mode, the measurements of the incoming intensity (   ) and 

transmitted intensity (  ) are achieved by using an ionization chamber in front of, and 

behind, the sample, which are used to directly calculate      according to Equation 

2.15. This method is often limited to concentrated samples (  ca.10 mM or 500 ppm) 

[122, 124]. In fluorescence mode, the intensity of the fluorescene X-rays (  ) is usually 

detected by a Si or Ge solid-state detector [122, 124].    and    are then used to 

calculate      according to Equation 2.16. This mode is normally used in cases where 

the sample concentration is high, so that the self-absorption effects can reduce 

fluorescene and thereby      [122, 124]. In electron yield mode, either a liquid or 

powdered sample is placed onto the sample holder. This mode measures the number of 

electrons that are lost to the continuum as a result of the absorption process [122, 124]. 

Both the sample and the sample holder must be sufficiently conductive for meauring the 

emitted electrons. In addition, the relatviely short mean free path of the electrons causes 

this to be more surface sensitvie and it does not experience the same self-absorption 

effect as the fluorescence mode [124, 132].  

In this work, the Fe K-edge synchrotron X-ray absorption near edge structure 

(XANES) was obtained in transmission mode at the 01C1 beamline of the National 

Synchrotron Radiation Research Center (NSRRC) in Taiwan, as illustrated in Figure 

2.16. This beamline is a high-resolution X-ray beamline with both collimating and 

focusing mirrors, which will deliver monochromatic photon beams with energy ranging 

from 6 keV to 33 keV for XANES, EXAFS, powder diffraction and the related 

experiments. At the sample position, the expected photon flux is 1 x 1011 photon/sec/200 

mA with an average energy resolution (∆E/E) of 1.6 x 10-4 and the focused beam size is 

 0.9 mm x 0.2 mm [133]. 
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Figure 2.16 Schematic illustrating of beamline 01C1 experimental station.   
Note. Reprinted from National Synchrotron Radiation Research Center, Retrieved from 

http://www.nsrrc.org.tw/english/index.aspx, with the permission of Dr. Chi-Shun Tu 
[122,133]. 
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Chapter 3.  
 
Synthesis, Structure, and Characterization of the 
(1-x)BiFeO3-xDyFeO3 Solid Solution 

 

3.1 Abstract 

The Dy-doped BFO ceramics were prepared by solid state reactions. The crystal 

structure and multiferroic properties of the samples were systematically investigated.  

The structure of (1−x)BiFeO3-xDyFeO3 (denoted as BDF-x) solid solution was studied by 

high-temperature X-ray diffraction, in order to understand the effects of the rare-earth ion 

Dy3+ doping on the multiferroic properties of BiFeO3. A morphotropic phase boundary 

between the rhombohedral perovskite R3c phase and the orthorhombic orthoferrite 

Pbnm phase was identified by XRD. For x  0.08, the solid solution is rhombohedral 

perovskite R3c phase at room temperature. If the temperature is increased, this solid 

solution undergoes a first-order phase transition from the rhombohedral to the 

orthorhombic structure. In the composition range of morphotropic phase boundary, a 

mixture of two phases was observed and the percentage of each phase was analyzed. 

The ferroelectric and magnetic properties were improved by Dy3+ doping on the A-site 

(Bi site). To further improve the physical properties of BFO, the (Dy-Ti)-co-doped BFO 

ceramics, (1-x)BiFe(1-y)Ti(y)O(3+y/2)-xDyFeO3 (denoted BDFT-x-y), were synthesized by 

solid state reactions, and their structural and multiferroic properties were systematically 

studied. The chemical substitution of Ti4+ for Fe3+ on the B site led to a large remnant 

polarization of 23 μC/cm2 at room temperature in Bi0.9Dy0.1Fe0.98Ti0.02O3.01 solid solution. 

A high saturated magnetization of 0.8 μB/f.u. at 2 K was observed in 

Bi0.82Dy0.18Fe0.98Ti0.02O3.01 solid solution. The coexistence of the ferroelectric and 

ferromagnetic orders makes these solid solutions truly multiferroic multiferroic materials.  
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3.2 Introduction 

Multiferroic materials can be defined as materials that have different ferroic 

properties such as ferromagnetism, ferroelectricity, ferroelasticity, and ferrotorodicity 

coexisting in the same phase. There is a great potential for magnetoelectric applications 

of multiferroic materials since they simultaneously exhibit ferromagnetism and 

ferroelectricity [23]. The coupling between ferroelectric and ferromagnetic order 

parameters allows the switching of the ferroelectric state by a magnetic field and vice 

versa.  However, it is very difficult to obtain both high ferroelectricity and strong 

ferromagnetism in multiferroic materials since they are mutually exclusive and their 

magnetoelectric couplings often occur at very low temperatures [85]. Recently, some 

researches have been focusing on coupling ferroelectric and ferromagnetic properties 

within a single phase material especially for spintronics applications [132].  Among these 

multiferroic materials, bismuth ferrite, BiFeO3 (BFO) belongs to the ABO3 perovskite 

structure. It has a rhombohedrally distorted perovskite structure with a space group of 

R3c, whose ions are displaced along the [111] direction relative to the ideal centro-

symmetric position. The presence of 6s2 lone pair electrons on Bi3+ ions makes BiFeO3 

ferroelectric, whereas the occupancy of unpaired d orbital electrons makes it 

(anti)ferromagnetic [36]. With a three-fold axis along the [111] direction, Bi3+ and Fe3+ 

cations are displaced from their symmetric position. Hence a spontaneous polarization is 

generated by this symmetry along [111] [36]. Spins are aligned along [111] with slightly 

canted moments from this direction, which results in a weak ferromagnetic moment [85]. 

However, there are not many reports on the electrical properties of pure BFO [34].  BFO 

is a G-type antiferromagnet below its Néel temperature (TN  643 K), which is 

superimposed by a spiral spin structure with an incommensurate long-wave period of 62 

nm in the lattice [84], and a ferroelectric below its Curie temperature (TC  1103 K) [68]. 

At room temperature, BFO single crystal has a rhombohedral R3c structure with a lattice 

parameter of ar = 3.96 Å and αr = 89.4° [72]. Despite those favorable properties of BFO, 

there are also some major obstacles associated with this compound, such as formations 

of impurity phases, weak magnetic properties, weak magnetoelectric coupling, and large 

leakage current density [34, 73, 90, 91, 92, 97, 99, 100], which make pure BFO 

unfavourable for multiferroic applications.  
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The electrical and magnetic properties of BFO can be improved by substituting 

the A ion with different rare earth or alkaline earth metal ions, such as the A site 

substitutions of Bi3+ by Sm3+, Gd3+, Ca2+, etc. [19, 23, 24, 35, 96, 103, 104], or the B site 

of Fe3+ ion by transition metals of Cr3+, Co3+, Mn3+, etc [108-110]. In the previous 

research of multiferroic compounds Bi0.9Sm0.1FeO3, Bi0.9Gd0.1FeO3, Bi0.9Ca0.1FeO3, 

Bi0.9Sm0.05Ca0.05FeO3, and Bi0.9Gd0.05Ca0.05FeO3, all XRD patterns indicated the formation 

of the rhombohedral perovskite BFO structure with a minor impurity phases (about 3% of 

Bi2F4O9) along with the major BFO phase. This phase was reported to form during the 

synthesis of BFO [135 - 137], and cannot be removed even by longer calcination time 

which could also lead to more volatilization of Bi2O3 [138]. The magnetic hysteresis loops 

of these compounds at room temperature indicated weak ferromagnetism with no 

saturation magnetization. The deduced values of the remnant magnetization Mr and 

coercivity Hc  showed similar variation with the ratio of hexagonal c/a, which revealed 

that the lattice distortion also had a major effect on the appearance of weak 

ferromagnetism in these compounds [138]. However, the enhanced values of Mr and Hc 

for the Gd-containing compounds can be explained by the partial suppression of the 

spiral spin structure due to the lattice distortion and the stronger interaction between 

magnetic ions. In addition, there was no significant and systematic difference in 

magnetic transition temperature TN for different ionic substitutions and the transition 

temperatures were found to be in the range of 300-310°C, which was lower than the TN 

of BFO (370°C) [138]. Therefore, the solid solutions between BFO and lanthanide 

ferrites are expected to exhibit interesting and promising properties for magnetoelectric 

effects.  

It was found in our previous work about the effect of chemical modification on the 

structure, dielectric and magnetic properties of BDF-x solid solution [23] that there was a 

structural change from the rhombohedral perovskite into the orthorhombic orthoferrite 

structure at the morphotropic phase boundary at x  0.1. The ferroelectric and magnetic 

properties were improved by Dy3+ substitution on the A site. The BDF-x ceramics have 

some defects present in the lattice which are related to the electronic conduction and 

ionic conduction. These defects could come from the volatilization of Bi2O3 during the 

preparation process of material, which results in oxygen vacancies and bismuth 

vacancies. Moreover, Fe2+ would occupy the octahedral site in perovskite and the 
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presence of Fe2+ may lead to electron hopping conduction from Fe2+ to Fe3+ [23]. 

However, the concentration of oxygen vacancies can be reduced by the substitution of 

Ti4+ for Fe3+ on the B site because Ti4+ has a higher charge and it is about the same size 

as Fe3+, which leads to a decreased conductivity than the undoped BDF-x ceramics. The 

2% excessive Bi2O3 was introduced to the BDF-x-y solid solution, in which the excesses 

of Bi2O3 became a liquid phase during sintering and helped to increase the density of 

ceramics. The chemical substitution of 2% Ti4+ for Fe3+ on the B site resulted in a large 

saturated magnetization (0.5 B/f.u.) in BDFT-0.08-0.02, which may arise from the 

disruption of the spiral spin modulation and the spin interactions between Dy3+ and Fe3+. 

The aliovalent ionic substitution of Ti4+ for Fe3+ on the B site of the perovskite structure is 

proven to be able to improve the dielectric and ferroelectric properties of BiFeO3-based 

solid solutions by reducing the concentration of oxygen vacancies and thereby 

decreasing the conductivity [73].The doping has resulted in the reduction of the leakage 

current density and the improvement in the ferroelectric properties of BFO to some 

extent. Therefore, in order to improve the dielectric and ferroelectric properties and to 

further explore the multiferroic and magnetoelectric properties of BFO-based solid 

solutions, the effects of chemical modification by means of aliovalent ionic substitution 

on the structure and properties of BDFT-x and the BDFT-x-y solid solutions will be 

investigated in this chapter.  

 

3.3 Experimental 

3.3.1 Synthesis 

 The ceramic samples of (1-x)BiFeO3-xDyFeO3 (denoted as BDF-x) solid solution 

were prepared by conventional solid state reaction method. The starting materials were 

Bi2O3 (99.975%), Fe2O3 (99%) and Dy2O3 (99.9%), and they were weighed accurately to 

four significant digits according to the stoichiometric chemical formula: 

                
      

 
      

 

 
      

 

 
                                                 (3.1)        
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Each composition was mixed and grounded by ball milling for 24 h. Ball milling 

container was setup as 25.0 ml bottle with 15.0 ml of ethanol and 40 zirconium oxide 

balls.  The mixed powders were pressed into 10 mm pellets, packed down in a platinum 

crucible and then calcined in furnace at 820 C for 4 h. After the calcination, the sample 

disc was subsequently regrind thoroughly by ball milling for 24 h. The sample powders 

were then mixed with 0.15 ml of 5% polyvinyl alcohol (PVA) binder. Later, the powders 

were repressed into pellets with a diameter of 10 mm and then heated at 450 C for 1 h 

to evaporate the PVA binder. After the elimination of the binder, the pellets were packed 

down into a platinum crucible and sealed in a lager Al2O3 crucible, and then 

subsequently sintered at 900 C for 4 h. The calcination temperature and sintering 

temperature are increased up to 850 C and 950 C, respectively with correspondence 

of increased concentration of Dy. In addition, the ceramic samples of                             

(1-x)BiFe(1-y)Ti(y)O(3+y/2)-xDyFeO3 (denoted as BDFT-x-y) with 2% excess of Bi2O3 

(99.975%) were also prepared by using the same conventional solid-state reactions as 

the non-Bi2O3 excess BDFT-x-y. 

 

3.3.2 Structural Analysis 

 X-ray diffractions of the as-sintered ceramics were performed on a Bruker D-8 

diffractometer using Cu K  radiation (40 mA, 40 kV, 0.01 steps and 2 = 15 - 80) to 

analyze the phase purity and to determine the crystal structure. BiFeO3 single crystals 

were ground into a powder and XRD data were collected and used as a structural 

reference for BiFeO3. The resulting patterns were analyzed using TOPAS-Academic 

Software by Rietveld refinements to determine the symmetry, lattice parameters, and 

atomic positions of the solid solutions. 

 

3.3.3. Differential Scanning Calorimetry Measurement (DSC) 

  The differential scanning calorimetry (DSC) was carried out by using a Seiko 

DSC-6200 instrument with a heating rate of 10 C/min under nitrogen atmosphere from  

-50 C to 550 C. It is used to determine the phase transitions of the solid solutions. 



 

60 

3.3.4 Dielectric, Ferroelectric and Magnetic Measurements  

The as-sintered ceramics were polished with a series of silicon carbon sand 

papers down to 9 m to achieve parallel and flat surfaces on the circular faces of the 

ceramics, with various thickness (1000 - 200 m). The polished ceramics were sputtered 

with gold layers (Anatech Hummer Sputter-Coater 6.2, 12min., 15 mA plasma discharge 

current). The gold wires were attached to both surfaces of the samples. The dielectric 

properties (permittivity, ', and loss tangent, tan) of the (1-x)BiFeO3-xDyFeO3 ceramics 

were measured as a function of temperature at various frequencies from 1 -100    , 

using a Novocontrol Alpha high-resolution broadband dielectric analyzer. Ferroelectric 

hysteresis loops were measured by a RT66A ferroelectric testing system (Radian 

Technology), connected to a Trek 609E-6 high voltage bipolar amplifier. Magnetic 

measurements were performed using a Quantum Design MPMS-XL SQUID 

magnetometer.  

 

3.4 Results and Discussion 

3.4.1 Structural Analysis  

The X-ray diffraction patterns of the BDF-x (x = 0.03 - 0.18) solid solutions are 

shown in Figure 3.1. The structure of BDF-x (x = 0.03 - 0.18) solid solutions was studied 

by high-temperature X-ray diffraction, which can be used to determine the phase 

transition temperatures and the structures of the BDF-x solid solution. For x  0.08, the 

solid solution is of rhombohedral R3c phase.  At the composition x around 0.10, with the 

increase of DyFeO3 concentration, a structural change from rhombohedral (R3c)  into a 

mixture of rhombohedral (R3c) and orthoferrite phase (Pbnm) was found, which 

indicates the presence of a morphotropic phase boundary. In the MPB region, a mixture 

of two phases was observed in the composition range of x = 0.08 - 0.12. The percentage 

of each phase was analyzed by Rietveld refinements. For x > 0.12, the solid solution is 

orthorhombic perovskite with Pbnm space group. Bi2Fe4O9 impurity phase was observed 

in the compounds for x  0.1, which may be due to the kinetics of the BiFeO3 formation 

and the evaporation of Bi2O3 [73]. However, the impurity disappeared with increasing 
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amount of DyFeO3, which indicates that DyFeO3 can suppress the formation of the 

undesirable Bi2Fe4O9 phase.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1 X-ray diffraction patterns of the BDF-x (x = 0.03 - 0.18) ceramics 
prepared at optimal sintering temperatures. Stars indicate the peaks 
of the Bi2Fe4O9 impurity phase. 
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Figure 3.2 (a) Rhombohedral (R3c) and orthorhombic (Pbnm) phase ratio as a 
function of composition for the BDF-x (x = 0.03 - 0.13) ceramics. (b) 
Variation of the lattice parameters of BDF-x (x = 0.03 - 0.13) ceramics 
as a function of composition in the pure rhombohedral (R3c) phase 
and MPB (rhombohedral R3c phase + orthorhombic Pbnm phase). 
The lattice parameters are described in a pseudocubic cell apc for 
the R3c phase, cpc for the Pbnm phase. 

 R3c  (R3c + Pbnm) 

(a) 
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Figure 3.2 (a) shows the structure phase percentage for each composition of 

BDF-x (x = 0.03 - 0.13) solid solutions. The orthorhombic Pbnm phase increases with 

the increasing amount of Dy. The morphotropic phase boundary (MPB) is observed in 

the composition range of x = 0.08 - 0.15. Figure 3.2 (b) shows that the lattice parameter 

of the rhombohedral phase is decreased with increasing Dy content, which leads to the 

shrinkage of the unit cell due to the smaller ionic radius of Dy3+ (1.027 Å) compared with 

that of Bi3+ (1.17 Å). When x = 0.08, the pseudocubic cell parameter, apc for the R3c 

rhombohedral becomes smaller, indicating that the phase transition changes from the 

R3c rhombohedral phase to the Pbnm orthorhombic phase. In order to stabilize the 

perovskite structure, the BDF-x soild solution undergoes a transformation from the 

rhombohedral R3c to the orthorhombic Pbnm phase or to a bridging mixture of phases. 

This result is consistent with the XRD analysis. . Meanwhile, the lattice parameters of 

orthorhombic phase are increased gradually with the increasing amount of DyFeO3.  

10 20 30 40 50 60 70 80 90

BDF-0.10

400 C

350C

300 C

250 C

200 C

 

 

In
te

n
s
it
y
 (

a
.u

.)

2(degree)

30 C

 

Figure 3.3 X-ray diffraction patterns of the BDF-0.10 ceramics measured at 
various temperatures. 
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Figure 3.4 Phase percentage of BDF-0.10 ceramics measured at various 

temperatures.  

 

Figure 3.3 and 3.4 show the XRD pattern and phase ratio of BDF-0.1, 

respectively, measured at different temperatures. The percentages of R3c and Pbnm are 

changed with increasing temperature. The structure of BDF-0.10 changes gradually from 

mixed phases of rhombohedral R3c and orthorhombic Pbnm to a single phase Pbnm 

with increasing temperature. The majority of the rhombohedral phase is converted to 

orthorhombic at around 350 oC. These results are consistent with the differential 

scanning calorimetry (DSC) measurements and the anomaly in the temperature-

dependence of the dielectric constant, which will be discussed later in this chapter.  

 

 (Pbnm) 
 MPB 

(R3c + Pbnm) 
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Table  3.1 Rietveld refinement results of the calculated lattice parameters and 
phase ratio for the BDF-0.10 ceramics at room temperature.  

 

The XRD patterns for the BDF-0.10 ceramics at different temperatures and 

different compositions were refined by Rietveld refinements. As an example, the room-

temperature structural information for BDF-0.10 is shown in Table 3.1, with the values of 

the phase ratio, the lattice parameters, and the calculated spontaneous polarization.  

The method of calculation of the spontaneous polarization was as follows: 

 The spontaneous polarization was calculated by using the A-site and B-site 

cation displacements in the rhombohedral unit cell. An example for such a calculation is  

                           
                    

                
 = polarization for A site cation (along c axis),   (3.2) 

                           
                    

                
 = polarization for B site cation (along c axis),  (3.3) 

where     and    are A site and B site atom displacements, respectively,    and    is 

the ionic charges of A site and B site, respectively,    and    is numbers of atoms per 

unit cell for A site and B site cation, respectively.  The total polarization is the sum of 

Equation (3.2) and Equation (3.3). The unit of total polarization is (
                

  ). 

Electrons charge per Ångström square is converted to C/cm2. For example, to calculate 

the polarization of the BDF-0.10 (RT) solid solution,    = 0.4464 and    = 0.01648 are 

the ratio along c axis.    and    are both equal to 3.    and    are both equal to 6 in a 

perovskite unit cell. Lattice parameter c is equal to 13.821 Å and lattice volume equals to 

370.616 Å3. Plugging in all the numbers and convert the unit, the calculated polarization 

is 6.572 C/cm2. 
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Figure 3.5 The Fe3+-O-Fe3+ superexchange angle of BDF-x (x = 0.03 - 0.10) 

ceramics with various Dy concentration. 

 

In order to study the origin of the magnetic interactions, the Fe3+-O-Fe3+ 

superexchange angle was obtained from the atom positions. The superexchange angle 

for pure BiFeO3 at room temperature was reported to be 153.5o [88]. Figure 3.5 shows 

the Fe3+-O-Fe3+ superexchange angle of BDF-x ceramics at various compositions. As a 

result, the Fe3+-O-Fe3+ superexchange angle of the BDF-x solid solution decreases as 

the Dy concentration increases in the rhombohedral range. When the Dy concentration 

is increased to 10%, the solid solution enters the MPB range, showing a sudden 

increase of the Fe3+-O-Fe3+ superexchange angle.  The results of the XRD and Rietveld 

refinement revealed that the Dy-doping on the A site resulted in the structural distortions 

and corresponding changes in the Fe-O-Fe bond distances and bond angles [99], which 

is expected to enhance the magnetic and ferroelectric properties. Further discussion on 

the magnetic properties of BDF-x-y is given in Section 3.4.5 of this chapter. 

 

 MPB  R3c 
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3.4.2  Ferroelectric Properties 

According to the conduction mechanism deduced in Ref. [139], one of the main 

sources for high electric conductivity in BFO was the concentration of oxygen vacancies. 

In order to decrease the electric conductivity in the BDF-x ceramics, B-site aliovalent 

ionic substitution of Ti4+ for Fe3+ was performed for all the BDF-x (0.03 ≤ x ≤ 0.18) 

compounds. Among these BDF-x-y (0.03 ≤ x ≤ 0.18, y = 0.02) compounds, the Ti4+-

doped ceramics with composition x = 0.1 showed a pure perovskite phase. This is 

attributed to the increase of perovskite tolerance factor by the substitution Ti4+ ion which 

has a smaller ionic radius than that of Fe3+, leading to the stabilization of the perovskite 

phase. The substitution of Ti4+ for Fe3+, however, requires a higher densification 

temperature for the ceramics, possibly due to the refractory character of TiO2, which 

causes the decomposition of the solid solution. To decrease the sintering temperature,  

2 wt% excess Bi2O3 was introduced as a sintering aid, which at the same time 

compensated for Bi2O3 evaporation. All of the ceramics of BDFT-x-y (0.03 ≤ x ≤ 0.18,     

y = 0.02) compositions sintered at 900 ~ 950 °C with excess of Bi2O3 exhibited a high 

relative density (> 93%) with a pure perovskite phase. This approach was proven to be 

effective in improving the dielectric and ferroelectric properties of the BiFeO3-PbTiO3 

solid solution by reducing the conductivity [19, 139]. Moreover, the role of the 

substitution of Dy3+ on the Bi3+ site of the system could be better investigated. 
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Figure 3.6 Dielectric hysteresis loops of the BDFT-x-y (x = 0.05 - 0.15, y = 0.02) 

ceramics displayed at room temperature. 

The P-E measurements of BDFT-x-y (x = 0.05-0.15, y = 0.02) were performed, 

as shown in Figure 3.6. The results show that the substitution of Ti4+ for Fe3+ has 

significantly reduced the conductivity in the ceramics, which is due to the reduced 

oxygen vacancies and reduced electron hopping conduction from Fe2+ to Fe3+ by the B-

site substitution. As mentioned earlier, due to the comparable thermodynamic stability of 

Fe3+ and Fe2+, some Fe2+ ions are always formed during the synthetic process of BiFeO3 

and its solid solutions, giving rise to positively charged oxygen vacancies in the final 

products as a result of charge balance, which is responsible for the high electric 

conductivity [19, 139]. The substitution of Ti4+ for Fe3+ compensates the negative charge 

produced by the Fe2+ ions, reduces the concentration of oxygen vacancies, and thereby 

decreases the electric conductivity of the BiFeO3–DyFeO3 ceramics. By doping with the 

same percentage of the Ti4+ ions for various Dy concentrations, particularly, a saturated 

dielectric hysteresis loop without leakage feature was found in BDFT-0.10-0.02 of 
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morphotropic phase boundary (MPB) composition, which shows a promising remnant 

polarization of 23 μC/cm2 (Fig. 3.6). 

Figure 3.7 Temperature dependence of the dielectric constant (’) for all 

of the  BDFT-x-y (x = 0.05 - 0.18, y = 0.02) samples measured upon cooling at 10 

kHz, 102 kHz, and 103 kHz. 

 

Figure 3.7 shows the temperature dependence of the dielectric constant (ε) for 

all of the BDF-x-y (0.05 ≤ x ≤ 0.18, y = 0.02) samples measured upon cooling at 10 kHz, 
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102 kHz, and 103 kHz. A maximum value of the dielectric constant appeared at Curie 

temperature (TC), which decreased from 450 °C to 200 °C with the increase of the 

DyFeO3 concentration for different samples. The dielectric anomaly with the variation of 

Dy concentration was observed for all the samples, which is consistent with the results 

of the DSC measurements (see sec. 3.4.3). Incidentally, with the increase of DyFeO3 

concentration, the frequency-independent dielectric peaks changed into bumps with 

frequency relaxation behaviour (insets), indicating that the majority of the rhombohedral 

R3c phase transitions to the orthorhombic structure by the DyFeO3 substitution.  

 

3.4.3 Differential Scanning Calorimetry (DSC) Analysis  

The phase transitions of the BDEF-x-y solid solution system were also studied by 

differential scanning calorimetry (DSC) in the heating and cooling processes, and the 

results are shown in Figure 3.8 and Table 3.2. A systematic change of transition 

temperature with respect to composition, as well as a large thermal hysteresis, was 

observed, which is related to the majority of rhombohedral (R3c) phase transitions to the 

orthorhombic structure. With the increase of the Dy3+ ions, the transition temperatures 

decreased from 538 C to 223 C in the heating process, and from 454 
C to 151 C in 

the cooling process.  
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Figure 3.8 (a) The phase transition detected as the endothermic peaks by DSC 
for all of the BDFT-x-y (x = 0.05 - 0.15, y = 0.02) samples measured 
on heating. (b) The phase transition detected as the exothermic 
peaks by DSC for all of the BDFT-x-y (x = 0.05 - 0.15, y = 0.02) 
samples measured on cooling.  
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Table  3.2 The phase transition temperature by DSC for all of the BDFT-x-y (x = 
0.05 - 0.15, y = 0.02) samples measured by DSC on heating and 
cooling.  

 

3.4.4  Temperature-Composition Phase Diagram 

Based on the above structural analysis, dielectric characterization, ferroelectric 

measurements, and DSC analysis, a temperature-composition phase diagram for the  

(1-x)BFO-xDFO solid solution is established by combining the results of high 

temperature X-ray diffraction, differential scanning calorimetry (DSC), and dielectric 

measurements (Figure 3.9). The structure of BDF-x ceramic changes from the 

rhombohedral perovskite (R3c) to the orthorhombic orthoferrite (Pbnm), as the 

concentration of Dy (x) increases. In the range of morphotropic phase boundary (MPB), 

a mixture of two phases (rhombohedral and orthorhombic) is observed. With the 

increase of temperature, the structure of BDF-x solid solution (0.03  x  0.10) also 

undergoes the similar structure evolution, that is, from the rhombohedral perovskite R3c 

to the MPB, and then to the orthorhombic orthoferrite (Pbnm). 
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Figure 3.9 Partial temperature-composition phase diagram of the                     
(1-x)BiFeO3-xDyFeO3 (BDF-x) solid solution system, indicating the 
pure rhombohedral phase, the MPB with a mixture of rhombohedral 
and orthorhombic phases, and the pure orthorhombic phase. 
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3.4.5 Magnetic Characterization of the BDFT-x-y Solid Soluiton 
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Figure 3.10 Magnetic hysteresis loops of the BDFT-x-y (x = 0.05-0.18, y = 0.02) 
ceramics measured at 300 K and 2 K.  

 

It is known that the ferroelectricity of BFO originates from the structural distortion 

associated with 6s2 lone pair electrons of Bi3+ ions, whereas the magnetic property 

comes from the Fe3+-O-Fe3+ superexchange interactions [88] related to the Fe3+-O-Fe3+ 

superexchange angle of the BDF-x ceramics with various compositions. Pure BFO often 

shows a weak ferromagnetic order due to the G-Type antiferromagnetic spin structure, 

which is superimposed by a spiral spin structure with an incommensurate long-wave 

period of 62 nm in the lattice, including the canting of AFM sublattices. It will suppress 

the macroscopic ferromagnetic order and inhibit the observation of ME effect, so the    

Dy-doping was performed in order to suppress the spiral spin structure. Thus, it is 

expected that the Dy-doping on the perovskite A site will modify the magnetic properties 

of BFO. This hypothesis is proven by the variation of magnetization (M) with magnetic 
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field (H) (M-H curves) of the BDFT-x-y (0.05 ≤ x ≤ 0.18, y = 0.02) solid solutions at 300 K 

and 2 K, as shown in Figure 3.10. At room temperature, weak ferromagnetism was 

displayed in the compositions (x ≤ 0.18) by a slim magnetic hysteresis loop with a 

residual magnetization of 0.015 μB/f.u for x = 0.1. However, at a low temperature of 2 K, 

all of the samples exhibited ferromagnetic behaviour and a large saturated 

magnetization of 0.8 μB/f.u. was displayed in BDFT-0.18-0.02. All the results show that 

the introduction of Dy3+ on the perovskite A site can enhance the magnetic properties of 

BiFeO3. This is due to the effect of unpaired electrons on Dy3+, which could result in 

additional magnetic interactions and ordering, and the modifications of the structure by 

the chemical substitution with ions of different sizes. Indeed, the weak ferromagnetism in 

BDFT-0.1-0.02 at room temperature is believed to arise from a structural distortion 

induced by the Dy3+ ion with a smaller ionic radius (1.027 Å) than that of Bi3+ (1.17 Å), 

which destroys the spiral spin modulation in BiFeO3 and consequently induces the weak 

ferromagnetism. The magnetic Dy3+ ion has five unpaired electrons which can also 

increase the magnetism. Therefore the saturated magnetization is increased as the 

concentration of Dy increased. Since the concentration of the magnetic Dy3+ ion in 

BDFT-0.1-0.02 is too low to form a long range A-site magnetic ordering, the significantly 

enhanced magnetization at low temperatures must result from the interaction between 

the spins of the A site Dy3+ ion and the B site Fe3+
 ion, which to some extent, decouples 

the antiferromagnetic interactions between the Fe3+ ions. A similar magnetic behaviour 

has also been found in (1-x)BiFeO3-xErFeO3 solid solution which will be discussed in 

detail in Chapter 6.  
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Figure 3.11 Fe-O-Fe angle as a function of Dy concentration of BDF-x (x = 0.03 - 
0.09) solid solutions at 300 K.  

 The enhancement of ferromagnetism by Dy substitution can be explained by 

structure distortion which leads to suppression of the spiral spin magnetic order. The 

variation of superexchange angle (Fe-O-Fe) provides the evidence that structure 

distortion is induced by the Dy substitution. Fe-O-Fe angle has a direct effect on 

magnetism. The smaller the Fe-O-Fe angle leads to enhanced ferromagnetism. 

According to Kanamori-Goodenough Rule, for an antiferromagnetic, t2g-p-t2g is equal to 

180, whereas for ferromagnetic, t2g-p-eg is equal to 90 [18, 19]. When the material has 

a Fe-O-Fe angle of 180, it is pure antiferromagnetic. When the Fe-O-Fe angle is 90, 

the material is ferromagnetic due to the d orbital of Fe3+ hybridizing with 2p orbital of O2-.. 

This is consistent with the magnetic hysteresis result.  
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Figure 3.12 Temperature dependence of magnetization measured in zero-field-
cooling (ZFC) process for BDFT-x-y (x = 0.05 - 0.18, y = 0.02).  

 

Figure 3.12 shows the temperature dependence of the magnetization for the 

BFD-x-y (0.05 ≤ x ≤ 0.18, y = 0.02) ceramics.  The magnetic anomalies at around 100 K 

in BDFT-x-y (0.1 < x ≤ 0.18, y = 0.02) arise from the spin reorientation of the Fe3+ 

moments, as observed in DyFeO3 and other orthoferrites with an orthorhombic structure 

(Pbnm) [19, 139]. No anomalies were observed in the solid solution with a DyFeO3 

content less than 10 mol%, which was possibly due to the rhombohedral R3c structure 

of these samples. This may be due to the low Dy concentration, which is not high 

enough to affect the interaction between Fe ions, leading to the feature of magnetization 

as a function of temperature remaining the characteristics of antiferromagnets. The 

results obtained from this work indicate that the (Dy, Ti)-co-doped ceramics exhibit larger 

magnetization than that of the pure BFO sample. As the (Dy, Ti)-co-doping concentration 

increases, the Fe-O-Fe bond angle decreases, followed by the variations decrease of Bi-

O bond and Fe-O bond distance. A possible explanation is that the (Dy, Ti)-co-doping 
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might increase the structural distortion, resulting in a change of bond angle of Fe-O-Fe 

which enhances the magnetization [76]. The change in the Fe-O-Fe bond angle arises 

primarily due to the modulation in the rigid FeO6 octahedra [140]. The variations of the 

Fe-O bond distance and bond angle due to the ionic substitution play a significant role in 

structure transformation [35], which will promote the suppression of the spin cycloid and 

the enhancement of the ferromagnetic and ferroelectric properties of BFO.  

 

3.5 Conclusions 

The (1-x)BiFeO3-xDyFeO3 solid solutions and the Ti-modified multiferroic          

(1-x)BiFeO3-xDyFeO3 solid solutions were successfully synthesized and their structural 

and multiferroic properties were systematically studied. A transition from the 

rhombohedral perovskite to MPB (mixture of rhombohedral and orthorhombic phases) 

was observed by XRD at x around 0.1. From differential scanning calorimetry (DSC) and 

dielectric measurements, an anomaly occurred at around room temperature for 

compositions of x ≤ 0.1 and shifted to lower temperatures for x > 0.1, which is attributed 

to the related transition from the majority rhombohedral R3c phase to the orthorhombic 

structure. The temperature-composition phase diagram of (1-x)BiFeO3-xDyFeO3 solid 

solution was established.  BDF-x solid solution and chemically modified BDFT-x-y 

ceramics exhibited weak ferromagnetism at room temperature and a large saturated 

magnetization (Ms = 0.8 B/f.u.) at 2 K, as well as a typical ferroelectric hysteresis loop 

with a large remnant polarization of 23 C/cm2. Through this work, we have revealed 

that the Dy and Ti ions are effectively incorporated into the crystal structure of BFO, 

which provides an alternative strategy to enhance the multiferroic properties. These 

properties entitle the (1-x)BiFeO3-xDyFeO3 solid solution to novel applications as one of 

the few multiferroic materials that exhibit both decent magnetization and electric 

polarization. 

In this chapter, we demonstrate that the magnetization of (1-x)BiFeO3-xDyFeO3 

solid solution was enhanced by Dy A-site substitution. There are two reasons for such 

enhancement: the structure distortion and five unpaired electrons. In the next chapter, in 
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order to investigate the pure effect from structural distortion, Lu was incorporated into 

BFO to form (1-x)BiFeO3-xLuFeO3 solid solution. Lu has a smaller ionic radius compared 

with Bi3+, and zero unpaired electrons. By such substitution of Bi3+ with Lu3+ on the A-

site, the variation of magnetization is merely due to structure distortion.  
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Chapter 4. 
 
Synthesis, Structure, and Characterization of the 
(1-x)BiFeO3-xLuFeO3 Solid Solution 

4.1 Abstract 

The coexistence of electric and magnetic order parameters in multiferroics offers 

new multifunctional devices based on the cross-control of magnetic moments and/or 

polarizations by the electric field and/or magnetic field. BiFeO3 is one of the few single-

phase multiferroics with both ferroelectricity and antiferromagnetism above room 

temperature. In many antiferromagnetic materials, the spin configuration of magnetic 

ions is determined by the superexchange through O 2p states, while in ferroelectric 

materials with perovskite structure, O2- ions play an essential role in the lattice distortion. 

This motivated us to investigate the solid solution systems of (1−x)BiFeO3-xLuFeO3 

(denoted as BLF-x), taking into consideration the possible spin-lattice couplings in the 

multiferroics. The pure BiFeO3 crystallizes in a rhombohedral R3c structure and pure 

LuFeO3 crystallizes in an orthorhombic Pbnm structure. Furthermore, in order to better 

understand the effects of rare-earth substitutions on the strucutral distortions and 

thereby on the ferromagnetism and ferroelectricity, Lu is chosen to substitute Bi because 

it has a zero unpaired electrons and smaller ionic raidii (0.977 Å) than that of Bi3+ (1.17 Å) 

and Dy 3+ (1.027 Å). Therefore, the solid solution system (1-x)BiFeO3-xLuFeO3, in which 

Lu substitutes for Bi3+ on the A-site,  with the simultaneous chemical substitution of Ti4+ 

for Fe3+ on the B-site, was studied. 

 In this work, the solid solutions of BLF-x were prepared by the solid state reaction 

method. The substitution of Lu3+ for Bi3+ is found to significantly improve the magnetic 

properties of BiFeO3. For the solid solution with x < 0.10, the structure remains a 

rhombohedral perovskite with R3c space group. With the further increase of LuFeO3 
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content, a morphotropic phase boundary is found in the composition range of   x = 0.10 

– 0.15. The Lu3+ ion has no unpaired electron, therefore the enhancement of the 

magnetization in the BLF-x solid solution must arise purely from the crystal structural 

modification. This study provides a better understanding of the fundamentals of the 

structural distortions of BiFeO3-based solid solutions with Lu-doping on the A-site, and 

the resulting effects on the multiferroic properties. 

 

4.2 Introduction 

Multiferroic materials with the coexistence of at least two ferroic orders 

(ferromagnetic, ferroelectric and ferroelastic) have drawn much interest over the past 

century [59, 73]. Among them, the coexistence of ferroelectricity (showing a 

spontaneous and switchable electrical polarization) and ferromagnetism (showing a 

spontaneous and switchable magnetization), which is expected to lead to 

magnetoelectric (ME) effects, is especially important in both academic research and 

technological applications because of their promising multifunctional applications in 

memory devices, sensors, and spintronics. However, few multiferroic materials 

(especially single-phase ones) have been found up to date because of the mutual 

exclusion between ferroelectricity and ferromagnetism (e.g. in perovskite materials). One 

of the best known multiferroic materials is BiFeO3, which possesses the ABO3 perovskite 

structure and is one of the few single-phase multiferroics with both ferroelectricity and               

anti-ferromagnetism above room temperature. Canonical multiferroic BiFeO3 has low 

magnetization and weak switchable polarization and it is challenging to develop 

multiferroics materials with both large magnetization and polarization since 

ferroelectricity and ferromagnetism are mutually exclusive. Bismuth ferrite (BiFeO3) bulk 

material has a few drawbacks such as low thermodynamic stability of the perovskite 

phase, the presence of a spiral spin arrangement, high electric coercive field, and high 

electric conductivity. Therefore, chemical modifications in the form of solid solution 

systems are needed to improve the magnetic and electrical properties. BiFeO3 has an 

antiferromagnetic spin configuration with a canting of antiferromagnetic sublattices (the 

anti-parallel spins are not at 180 to each other). In order to increase the magnetic 
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properties of BiFeO3, orthoferrite is being incorporated to improve the magnetic 

properties by introducing structure distortion and unpaired electrons. In the previous 

chapter, the (1−x)BiFeO3 –xDyFeO3 solid solution was found to substantially increase the 

ferromagnetism of BFO by structural distortion and unpaired electrons. In order to have 

a better understanding of the ferromagnetism induced by structural distortion, the         

(1-x)BiFeO3-xLuFeO3 (BLF-x) solid solution is studied in this chapter. In BLF-x solid 

solution, there are three types of magnetic interactions: the Fe3+–O2-–Fe3+ interaction 

(Dzyaloshinskii–Moriya, denoted as DM interaction), the Lu3+-O2--Fe3+ interaction and the 

Lu3+-O2--Lu3+ interaction. The interaction of Lu3+-O2--Lu3+ is very weak and only exists 

below a very low temperature of 6 K [141], so, the magnetization of BLF-x at a higher 

temperature range is dominated by the DM interaction and the Lu3+-O2--Fe3+ interaction.  

Furthermore, ceramic samples of (1-x)BiFe(1-y)Ti(y)O(3+y/2)-xLuFeO3 (denoted as BLFT-x-y) 

were also synthesized and characterized to investigate the ferroelectricity and 

ferromagnetism. By introducing Ti4+ on the B-site of BiFeO3-base solid solutions, the 

electric conductivity can be decreased and new types of magnetic interactions, which 

arise from the Lu3+-O2--Ti4+ interaction and the Fe3+-O2--Ti4+-O2--Fe3+ interaction, will be 

induced. In addition, the Ti4+ ion can also disrupt or break the long-range interaction of 

the spiral spin arrangement with a wavelength of 62 nm within the lattice of BFO [84]. 

Therefore, this B-site substitution can also have an impact on the magnetic behaviour of 

BLFT-x-y. In order to investigate the effect of structure distortion on spontaneous 

magnetization, Lu was used to synthesis the BLF-x solid solution because of its smaller 

ionic radius compared with Dy and its absence of unpaired electrons.  

 

4.3 Experimental 

4.3.1 Synthesis 

The ceramic samples of (1−x)BiFeO3 –xLuFeO3 (denoted as BLF-x) solid solution 

were prepared using conventional solid state reactions. The starting materials used were 

Bi2O3 (99.975%), Fe2O3 (99%) and Lu2O3 (99.9%) and they were weighed accurately to 

four significant digits according to the stoichiometric chemical formula: 
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                                           (4.1) 

Each composition was mixed stoichiometrically and ground by ball milling for 24 

h. Ball milling container was setup as 25.0 ml bottle with 15.0 ml of ethanol and 40 

zirconium oxide balls.  The mixed powders were pressed into pellets, packed down into 

a platinum crucible and then calcined at 840 C for 4 h. After the calcination, the sample 

disc was reground by ball milling for 24 h and then the sample powders were ground 

with 0.15ml of 5% polyvinyl alcohol (PVA) binder. The powders were pressed into pellets 

and then heated at 650 C for 1 h for the binder to evaporate. After the elimination of the 

binder, the pellets were packed down into a platinum crucible which was then sealed in a 

larger Al2O3 crucible, followed by sintering at 900 C for 1 h. The calcination 

temperature and sintering temperature are increased up to 850 C and 950 C, 

respectively with correspondence of increased concentration of Lu. In addition, ceramic 

samples of BLFT-x-y were also prepared by using the same solid state reaction method 

as for the BLF-x solid solution. 

 

4.3.2 Structural Analysis 

 X-ray diffractions of as-sintered ceramics were performed on a Bruker D-8 

diffractometer using Cu K  radiation (40 mA, 40 kV, 0.01 steps and 2 = 15 - 80) to 

analyze the phase purity and to refine the crystal structure. BiFeO3 single crystals were 

ground into powders. XRD data were collected and used as a structural reference for 

BiFeO3. The resulting patterns were analyzed using TOPAS-Academic Software by 

Rietveld refinements to determine the symmetry, lattice parameters, and atomic 

positions of the solid solutions. 

 

4.3.3 Ferroelectric and Magnetic Measurements  

The sintered ceramics were mirror-polished with a  series of silicon carbon sand 

papers to achieve parallel and flat surfaces on the circular faces of the ceramics, with 

various thickness (1000 - 200 m). The polished ceramics were sputtered with gold 
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layers (Anatech Hummer Sputter-Coater 6.2, 12 min., 15 mA plasma discharge current). 

The gold wires were attached to both surfaces of the samples as electrodes. The 

ferroelectric hysteresis loops of the (1-x)BiFeO3-xLuFeO3 solid solution were displayed 

by a RT66A ferroelectric testing system (Radian Technology), connected to a Trek 

609E-6 high voltage bipolar amplifier. The magnetization and magnetic field (M-H) 

relation were measured at different temperatures by using a Quantum Design MPMS-XL 

SQUID magnetometer.  

 

4.4 Results and Discussion 

 

4.4.1 Structural Analysis  

Figure 4.1 shows the XRD patterns for BLF-x (x = 0.03 - 0.20) at room 

temperature, suggesting a rhombohedral perovskite R3c phase for all the compositions 

with x < 0.10.  The MPB of BLF-x is found to be in the composition range of x = 0.10 - 

0.15.  Within the MPB, a mixture of two phases (rhombohedral R3c and orthorhombic 

Pbnm) is observed and the percentage of each phase was analyzed by Rietveld 

refinements. For the composition of x = 0.20, the solid solution is a pure orthorhombic 

perovskite phase with Pbnm space group. Because of the kinetics of the BiFeO3 

formation (Equation 4.2) and the evaporation of Bi2O3, a small amount of Bi2Fe4O9 

impurity phase was observed in the compounds with x < 0.1, according to the reaction 

described in Equation 4.4. In Equation 4.3, BixFeyO1.5x+1.5y (x  y) may be such phases as 

Bi3.43Fe0.57O6, Bi12(Bi0.5Fe0.5)O19.5, Bi25FeO39, Bi36Fe2O57, and Bi46Fe2O72. However, in our 

case, the XRD peaks do not match any of these phases.  

                                                                                                   (4.2) 

         

 

                                                                            (4.3)    

(volatile) (unreacted) 

(unreacted) 
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                                                                                     (4.4)        

 

Oxygen vacancies will form due to the volatilization of Bi3+ ions and the conversion of 

Fe3+ into Fe2+ ions in pure BFO ceramics [136], as shown in the following equations, 

                                                                        
   ,                        (4.5)           

                                                                     
      

  .                      (4.6)              

When Lu substitutes Bi in BFO, it reduces the Bi2O3 volatilization, suppresses impurity 

phases and oxygen vacancy formation. This can be explained by the bond dissociation 

energy. The bond association energy of the Lu-O bond (669          standard 

dissociation energies at 298 K) is higher than that of Bi-O bond (337.2  12.6        , 

standard dissociation energies at 298 K), meaning that Lu firmly holds oxygen [142, 143]. 

In the rhombohedral phase region, the perovskite peaks shift to a smaller d-spacing with 

the increase of the LuFeO3 amount, indicating the decrease of the lattice parameters 

with the increase of x values and  the shrinkage of the unit cell due to the smaller ionic 

radius of the Lu3+ ion (0.977 Å) than that of Bi3+ (1.17 Å). As a result, the impurity phase 

disappeared with the increase of the LuFeO3 amount, forming the BLF solid solution of 

pure perovskite phase. 

(volatile) 
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Figure 4.1 X-ray diffraction patterns of the BLF-x (x = 0.03 - 0.20) ceramics 
prepared at optimal sintering temperatures. Stars indicate the peaks 
of the impurity phase Bi2Fe4O9. 
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Figure 4.2 (a) Rhombohedral (R3c) and orthorhombic (Pbnm) phase percentage 

as a function of composition of the BLF-x (x = 0.03 - 0.20) ceramics. 
(b) Variation of the lattice parameter, a, of the BLF-x (x =0.03-0.15) 
ceramics as a function of composition in the pure rhombohedral 
(R3c) phase. (c) The pseudocubic cell lattice parameters (apc = lattice 
parameters a, cpc = lattice parameters c) as a function of the Lu 
concentration. 
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Figure 4.2 (a) shows the structure phase percentage for each composition of the 

BLF-x (x = 0.03 - 0.20) ceramics. It shows that the orthorhombic phase percentage 

increases with increasing concentration of Lu3+ ions. The MPB is in the composition 

range of x = 0.10 - 0.15. Figure 4.2 (b) shows that the lattice parameter of rhombohedral 

phase decreases with increasing amount of Lu in the composition range of BLF-x (x = 

0.03 -0.10). When x reaches 0.10, the pseudocubic cell parameter, apc for the R3c 

rhombohedral phase cannot decrease any further, as shown in Figure 4.2 (c), indicating 

that the phase of the solid solution partially transforms from the rhombohedral to the 

orthorhombic phase, remaining in the perovskite structure. The BLF-x soild solution 

undergoes a phase transformation from rhombohedral R3c to orthorhombic Pbnm, 

through the bridging MPB. Meanwhile, the lattice parameter of the orthorhombic phase is 

increased with increasing amount of Lu.  
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Figure 4.3 X-ray diffraction patterns of the BLF-0.10 ceramics at various 
temperatures. 
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Table  4.1 Rietveld refinement results of the calculated lattice parameters and 
phase ratio for the BLF-0.10 at room temperature.  
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Figure 4.4 Percentage of the rhombohedral (R3c) and orthorhombic phase 
(Pbnm) for the BLF-0.10 ceramics as a function of temperature. 

 

 

The structure evolution and phase transformations of BLF-x solid solution as a 

function of temperature was studied by high-temperature X-ray diffraction. Figure 4.3 

shows the XRD patterns of BLF-0.10 at different temperatures (30 C - 700 C). It can be 

seen that the structure of BLF-0.10 is a mixture of rhombohedral and orthorhombic 
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phases within the whole studied temperature range and the percentages of R3c and 

Pbnm are only slightly changed with increasing temperature, as shown in Figure 4.4. 

There is no crossover of the majority phase from the rhombohedral phase to the 

orthorhombic at temperatures up to 700 oC. As an example, the Rietveld refinement 

results of the calculated lattice parameters and phase percentages for the BLF-0.10 at 

room temperature are shown in Table 4.1 and Figure 4.4. 

 

4.4.2 Ferroelectric Properties 

The off-centre ferroelectric distortion in BFO is mainly due to the stereochemical 

activity of the Bi 6S2 lone pair electrons [73]. The substitution of Bi3+ by Lu3+ and Ti4+ for 

Fe3+ will affect the ferroelectric distortion and decrease the electric conductivity in the 

BLF-x ceramics. The calculated spontaneous polarization at various temperatures is 

shown in the Figures 4.5, which was obtained by using structural information of the       

A-site and B-site cation displacements in the rhombohedral unit cell. 
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Figure 4.5 The calculated spontaneous polarization as a function of various 
temperature for the BLF-0.10 solid solution. 

 

Figure 4.6 Room temperature P-E hysteresis loop of the BLF-0.10-0.02 solid 
solution.  
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Figure 4.5 shows the calculated spontaneous polarization for BLFT-0.10. The 

calculated Ps is around 4.90 C/cm2 at room temperature and it shows a slight increase 

and then remains almost constant upon heating up to 700 C. Figure 4.6 presents an 

unsaturated P-E hysteresis loop without leakage feature in the BLFT-0.10-0.02 sample, 

which is of MPB composition, at room temperature. The ferroelectric property was 

improved by the aliovalent ionic substitution of Ti4+ for Fe3+ ions, which decreased the 

conductivity by reducing the concentration of oxygen vacancies. As mentioned earlier, 

due to the comparable thermodynamic stability of Fe3+ and Fe2+, some Fe2+ ions always 

form during the synthetic process of BiFeO3 solid solutions, giving rise to the positively 

charged oxygen vacancies in the final products as a result of charge balance, which is 

responsible for the high electric conductivity [142]. The substitution of Ti4+ for Fe3+ 

compensates the negative charges produced by the Fe2+ ions, reduces the 

concentration of oxygen vacancies, and thereby decreases the electric conductivity of 

the BLFT-0.10-0.02 ceramics. Hence, it is concluded that the incorporation of Ti4+ into 

the BFO ceramics is an effective technique to improve the ferroelectric properties at 

room temperature.  

 

4.4.3 Temperature-Composition Phase Diagram for the BiFeO3-
LuFeO3 System 

Based on the results obtained above, a partial phase diagram for BLF-x solid 

solutions is established in terms of temperature and composition, by using high 

temperature X-ray diffraction and Rietveld refinements, as shown in Figure 4.7. It depicts 

the effects of Lu-substitution on the phase symmetry and phase transition temperature of 

BLF-x. With the increase of Lu concentration, the structure changes from the 

rhombohedral perovskite R3c phase to the orthorhombic orthoferrite Pbnm phase. For x 

≤ 0.8, the structure remains a rhombohedral perovskite with R3c space group. While in 

the composition range of 0.10 ≤ x  0.15, an MPB region is identified in which the 

rhombohedral R3c and orthorhombic Pbnm phases coexist in a comparable amount. 

The pure orthorhombic Pbnm phase appears with x  0.20. When the temperature is 

increased, the feature of the MPB compositions remains a nearly unchanged mixture of 

the R3c and Pbnm phases, leading to an almost vertical MPB region. 



 

93 

 

Figure 4.7 Partial phase diagram of the (1-x)BIFeO3-xLuFeO3 solid solution 
system, indicating the pure rhombohedral phase region, MPB as a 
mixture of rhombohedral and orthorhombic phase, and the pure 
orthorhombic phase. 
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4.4.4 Magnetic Characterization of BLF-x Solid Solution 

BFO is known to be antiferromagnetic with a G-type magnetic structure, which is 

expected to exhibit a linear variation of the magnetization as a function of the magnetic 

field [144]. The magnetic hysteresis (M-H) curves of the BLF-x (0.03 ≤ x ≤ 0.30) solid 

solutions at 300 K and 5 K are shown in Figure 4.8. A noticeable change from a straight 

line to a slim loop is found in the M-H loops with the increase of Lu concentration, 

indicating that the substitution of Lu for Bi has enhanced the magnetic properties of BFO. 

At room temperature, weak ferromagnetism was displayed for the compositions of          

x ≤ 0.1 by a slim magnetic hysteresis loop, with a residual magnetization of 0.005 μB/f.u 

for x = 0.1. At lower temperature (5 K), all the substituted samples exhibit ferromagnetic 

behavior, with a saturated magnetization of 0.05 μB/f.u. displayed for BLF-0.30. 

Therefore, as expected, the introduction of Lu3+ on the perovskite A-site can improve the 

magnetic properties of BiFeO3 solid solutions due to the effect of structural distortions. 

Indeed, the weak ferromagnetism in BLF-0.1 at room temperature is believed to arise 

from a structural distortion introduced by the Lu3+ ion with a smaller ionic radius (0.977 Å) 

than that of Bi3+ (1.17 Å), which destroys the spiral spin modulation in BiFeO3.  
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Figure 4.8 Magnetic hysteresis loops of the BLF-x (x = 0.03 - 0.30) ceramics 
measured at (a) 300 K and (b) 5 K.  
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Figure 4.9 Magnetic hysteresis loops of BLF-0.10 and BLFT-0.10-0.02 solid 
solutions measured at 300 K. 

 

Furthermore, the Ti4+-modified BLFT-0.10-0.02 solid solution was also prepared 

in order to investigate the modification of magnet properties by A-site and B-site co-

substitution. The magnetic hysteresis (M-H) curves of BLF-0.10 and BLFT-0.10-0.02 

solid solutions at 300 K are shown in Figure 4.9. At room temperature, a weak 

ferromagnetism was displayed in BLF-0.10 by a slim magnetic hysteresis loop with a 

remnant magnetization of 0.005 μB/f.u. whereas a much higher remnant magnetization of 

0.010 μB/f.u. was displayed for BLFT-0.10-0.02 with a decent hysteresis loop. In this 

figure, a slim magnetic hysteresis is presented for BLF-0.10 solid solution, which 

indicates the weak ferromagnetic property of the BLF ceramics. This shows that a low 

concentration of Lu substitution makes a very small enhancement of magnetization. 

However, an evident ferromagnetic behaviour is shown in the BLFT-0.10-0.02 ceramics, 

which means that the G-type antiferromagnetism in BFO is turned into a ferromagnetic 

ordering with a non-zero net magnetic moment due to the cosubstitution. By introducing 

Ti4+ on the B-site, new types of magnetic interactions, Lu3+-O2--Ti4+ and Fe3+-O2--Ti4+-O2--

Fe3+ are created. The Ti4+ ion can also break the long range interaction of a spiral spin 
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arrangement with a wavelength of 62 nm within the lattice [84]. Therefore, the chemically 

modified BLFT-0.10-0.02 ceramics with Lu- and Ti-co-substitutions exhibit 

ferromagnetism at room temperature and a large saturated magnetization Ms = 0.03 

μB/f.u., as well as a clear ferroelectric hysteresis loop with a remnant polarization of 0.30 

μC/cm2 as shown in Figure 4.6. These results demonstrate that the enhanced magnetic 

properties have been achieved by the co-substitution of Lu3+ for Bi3+ and Ti4+ for Fe3+ in 

the BLFT-x-y solid solution. 

Figure 4.10 shows the temperature dependence of the magnetization for the 

BLF-0.10 and BLFT-0.10-0.02 solid solutions. The BLF-0.10 sample exhibits a 

monotonic increase of magnetization with temperature decreasing from 300 K to 5 K, 

indicating the enhanced ordering of Fe spins along the magnetic field with the decrease 

of temperature. Also, the BLFT-0.10-0.02 sample exhibits a significant increase in 

magnetic moment compared with BLF-0.10. These results are consistent with the results 

of magnetic hysteresis loops of BLF-0.10 and BLFT-0.10-0.02 solid solutions at 300 K, 

as shown in Figure 4.9. 
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Figure 4.10 Temperature dependence of magnetization measured in field-
cooling (FC, 100 Oe) for (a) BLF-0.10, and (b) BLFT-0.10-0.02. 

 

Figure 4.11 shows the temperature dependence of the magnetization for the 

BLF-x (x = 0.05 - 0.30) solid solutions. The BLF-x (x = 0.05 - 0.15) samples exhibit a 

monotonic increase of magnetization with decreasing temperature from 300 K to 5 K. In 

this composition range, the magnetic behaviour is observed in the samples of the 

rhombohedral (R3c) compositions and MPB region. The enhanced magnetization in the 

(b) 

(a) 
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temperature range of 50 K to 300 K, results from the interactions between the spins of 

the A-site Lu3+ ion and the B-site Fe3+
 ion, which, to some extent, decouples the 

antiferromagnetic interactions between the Fe3+ ions. The magnetic anomalies at around 

70 K in the BLF-x (0.24 < x ≤ 0.30) compositions could arise from the spin reorientation 

of the Fe3+ moments and the structural distortion induced by Lu substitution, as observed 

in LuFeO3 and other orthoferrites with orthorhombic phase (Pbnm) [145]. Upon cooling, 

the Fe3+ uncompensated antiferromagnetic structure spin reoriented to another 

antiferromagnetic structure axis by Morin type transition [149]. This also explains the 

slight decrease in the magnetic moments at a lower temperature which was observed in 

the BLF-x (x = 0.20 - 0.30), as the concentration of LuFeO3 increases. The net 

magnetization shows a significant increase upon cooling to T  30 K due to the 

paramagnetic Lu3+ and Fe3+ ions that are aligned (oriented parallel) with the external 

magnetic field (100 Oe). The schematic spin configurations for the BLF-0.30 ceramics 

are shown in Figure 4.12, corresponding to specific temperature ranges. 
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Figure 4.11 Temperature dependence of magnetization measured in field-
cooling (FC, 100 Oe) for (a) BLF-0.05, (b) BLF-0.08, (c) BLF-0.12, (d) 
BLF-0.15, (e) BLF-0.24 and (f) BLF-0.30. 

MPB 

 (R3c + Pbnm) 

 R3c 

Pbnm Pbnm 

 R3c 

MPB 

 (R3c + Pbnm) 



 

101 

 

Figure 4.12 Temperature dependence of magnetization measured in field-
cooling (FC, 100 Oe) for BLF-0.30, with schematic spin structures 
corresponding to different temperature ranges.  

 

The measured spontaneous magnetization and calculated spontaneous 

polarization for different BLF-x compositions at 300 K are shown in Figure 4.13. It is 

clear that the coexistence of ferromagnetic and ferroelectric orders is present in these 

BLF-x solid solutions, making these materials room-temperature multiferroic. The values 

of spontaneous magnetization and polarization decrease with the increase of Lu content 

in the rhombohedral R3c structure range, which is probably due to the decreasing lattice 

parameter in the rhombohedral phase as shown in Figure 4.2. The spontaneous 

magnetization and polarization then increase as the concentration of Lu further 

increases and enters the MPB region of 0.10 ≤ x ≤ 0.15, in which both enhanced 

ferromagnetic and ferroelectric orderings are observed for the BLF-x solid solutions 
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Figure 4.13 The spontaneous magnetization and calculated spontaneous 
polarization of BLF-x solid solutions as a function of various Lu 
compositions at 300 K. 

 

4.5 Conclusions 

The solid solution of (1-x)BiFeO3-xLuFeO3 (BLF-x) and the Ti-modified BLFT-x-y 

solid solutions have been successfully synthesized. The temperature-composition phase 

diagram of the BFO-LFO solid solution system is constructed and the structural and 

multiferroic properties of these solid solutions are systematically studied. A phase 

transition from rhombohedral perovskite (R3c) to orthorhombic orthoferrite (Pbnm) was 

observed by XRD for the BLF-x ceramics with Lu concentration increasing to x = 0.10 - 

0.15. The Bi- and Ti-co-substituted BLFT-0.10-0.02 ceramics exhibit ferromagnetism at 
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room temperature with a large saturated magnetization Ms = 0.03 μB/f.u., and a decent 

ferroelectric hysteresis loop with a remnant polarization of 0.30 μC/cm2. The calculated 

spontaneous polarization is 4.90 μC/cm2 at room temperature. Thus, these results 

indicate that the substitution of Lu for Bi in BFO is a possible approach to improve the 

multiferroic properties of BFO-based solid solutions, and the simultaneous presence of 

the ferromagnetism and ferroelectricity in the Lu-substituted Bi1-xLuxFeO3 solid solution 

entitles it a new room-temperature multiferroic material, potential useful for 

magnetoelectric and spintronic device applications. 

In this chapter, the magnetization of BLF-x and the Ti-modified BLFT-x-y solid 

solutions were enhanced by Lu A-site substitution and B-site co-substitution. The 

magnetization enhancement for BLF-x is due to the structure distortion. The 

magnetization enhancement for B-site co-substitution is because that Ti4+ ion 

substitution can break the long range interaction of a spiral spin arrangement. In the next 

chapter, in order to investigate the effect of structure distortion and unpaired electrons 

on Bi-based solid solution, (1-x)BiFeO3-xYbFeO3 solid solutions were synthesized. Yb 

has a larger ionic radius with one unpaired electron than Lu. By comparative study of 

these solid solutions, the effect of unpaired electrons on magnetization can be 

systematically studied.  
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Chapter 5. 
 
Synthesis, Structure, and Characterization of the 
(1-x)BiFeO3-xYbFeO3 Solid Solution 

5.1 Abstract 

To systematically study the effects of rare earth substitution on the A-site of the 

BFO-base solid solutions, Yb-substituted solid solutions of (1-x)BiFeO3 -xYbFeO3 

(denoted BYF-x) have been synthesized and characterized. With a slightly larger ionic 

radius and 1 unpaired electron, Yb3+ (r = 0.985 Å) is chosen to be studied to compared 

with Lu3+ (0.977 Å, 0 number of unpaired electrons). As such, the effect of different 

number of unpaired electrons and ionic radius on the structure, ferroelectric, and 

ferromagnetic properties of the (1-x)BiFeO3-xYbFeO3 solid solution was studied.  

The phase diagram of the solid solutions has been constructed. The pure BiFeO3 

crystallizes in a rhombohedral R3c structure and the pure YbFeO3 crystallizes in an 

orthorhombic Pbnm structure [141]. In this work, the solid solutions of BYF-x were 

prepared by solid state reaction. The high temperature X-ray diffraction measurements 

showed that the substitution of Yb has induced noticeable lattice distortion in the 

ceramics. For the BYF-x (x < 0.11) solid solutions, the structure remains rhombohedral 

with R3c space group. With further increase of the concentration of Yb, a morphotropic 

phase boundary with coexisting rhombohedral R3c phase and orthorhombic Pbnm 

phase is found in the composition range of 0.11 ≤ x  0.15. The calculated spontaneous 

polarization for the BYF-0.11 ceramics is 7.7 μC/cm2 at room temperature, and the solid 

solution ceramics also exhibit a weak ferromagnetism at room temperature along with a 

saturated magnetization of Ms = 0.025 μB/f.u.. The Yb-substituted samples show good 

ferroelectric properties, which may be attributed to suppressed formation of oxygen 

vacancies by the Yb substitution for Bi. The disruption of the spin cycloidal structural 
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caused by the structural distortion can be an important factor for the improvement of 

magnetic properties.  

 

5.2 Introduction 

Despite the very interesting properties and promising applications of BiFeO3 

(BFO), there are some drawbacks for the pure BiFeO3, such as high electric conductivity, 

high electric coercive field and G-type antiferromagnetism, which have greatly limited the 

potential applications of bulk BFO [34]. Many researchers have tried to overcome these 

problems in BFO by improving the synthetic techniques such as rapid liquid phase 

sintering and leaching out the impurity phase with dilute nitric acid, but little improvement 

on multiferroic properties has been obtained  [101, 102]. Recently, the introduction of 

rare-earth ferrite into BFO is proven to be an effective method to improve the 

performance of bulk BFO [19, 23, 25, 34]. In this work, the formation of                         

(1-x)BiFeO3 -xYbFeO3 (denoted BYF-x) solid solution by the substitution of Yb3+ for Bi3+ 

on the perovskite A-site leads to significant improvement of the magnetic properties. It is 

found that the enhancement of the magnetization in the BYF-x solid solutions arises 

from the crystal structural distortion and an unpaired electron on the substituting Yb3+ 

ion. From our previous work [23] and the results presented in Chapter 3, it is shown that 

the BDF-x solid solution substantially increases the ferromagnetism due to structural 

distortion and unpaired electrons. In order to systematically understand the 

enhancement of ferromagnetism in BFO by structural distortion with one unpaired 

electron, the BYF-x solid solution has been studied. There are three types of magnetic 

interactions in the BYF-x solid solution (similar to the BLY-x system presented in 

Chapter 4), which are the Fe3+-O2--Fe3+ (Dzyaloshinskii–Moriya, denoted as DM 

interaction), the Yb3+-O2--Fe3+ interaction and the Yb3+-O2--Yb3+ interaction. The 

magnetization of BYF-x at a higher temperature range (50 K - 300 K) is dominated by 

the DM interaction and the Yb3+-O2--Fe3+ interaction. The spin reorientation between 

Yb3+-O2--Yb3+ is found at 8 K [146], which is characteristic of YbFeO3. This study 

provides a better understanding of the fundamentals of the structure-property relation in 

BFO. In this chapter, the effects of structure distortion and unpaired electrons on Bi-
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based solid solution were studied. Yb has larger ionic radii with one unpaired electron 

than Lu. By comparative study of these solid solutions, the effect of unpaired electrons 

on magnetization can be systematically studied.  

 

5.3 Experimental 

5.3.1 Synthesis 

The ceramic samples of the (1−x)BiFeO3 –xYbFeO3 (denoted as BYF-x) solid 

solution were prepared by using solid state reactions. The starting materials Bi2O3 

(99.975%), Fe2O3 (99%) and Yb2O3 (99.9%) were weighed accurately to four significant 

digits according to the stoichiometirc chemical formula: 

           
     

 
      

 

 
      

 

 
                                           (5.1) 

The reagents for each composition were mixed and ground by ball milling for 24 

h. Ball milling container was setup as 25.0 ml bottle with 15.0 ml of ethanol and 40 

zirconium oxide balls.  The mixed powders were pressed into pellets, packed down into 

platinum crucible and then calcined in furnace at 840 C for 4 h. After the calcinations, 

the sample discs were reground by ball milling for 18 h, then the sample powders were 

mixed with 0.15 ml of 5% polyvinyl alcohol (PVA) as binder. The powders were pressed 

into pellets again and then subsequently heated at 650 C for one hour to evaporate the 

binder. The calcination temperature and sintering temperature are increased up to      

850 C and 950 C, respectively with correspondence of increased concentration of Yb. 

Afterwards, the pellets were packed down into platinum crucible which was sealed inside 

a lager Al2O3 crucible, and then sintered at 900 C for 4 h. 

 

5.3.2 Structural Analysis 

 X-ray diffractions of as-sintered ceramics were performed on a Bruker D-8 

diffractometer using Cu K  radiation (40 mA, 40 kV, 0.01 steps and 2 = 15 - 80) to 

analyze the phase purity and to determine the crystal structure. BiFeO3 single crystals 
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were ground into a powder and XRD data were collected and used as a structural 

reference. The resulting patterns were analyzed using TOPAS-Academic Software by 

Rietveld refinements to determine the symmetry, lattice parameters, and atomic 

positions of the solid solutions. 

 

5.3.3 Ferroelectric and Magnetic Measurements  

Ferroelectric hysteresis loops were displayed using a RT66A ferroelectric testing 

system (Radian Technology), connected to a Trek 609E-6 high voltage bipolar amplifier. 

Magnetic measurements were performed using a Quantum Design MPMS-XL SQUID 

magnetometer.  

 

5.4 Results and Discussion 

 

5.4.1 Structural Analysis 

The structure of the BYF-x (x = 0.05 - 0.20) solid solutions was analyzed by X-ray 

diffraction. Figure 5.1 shows the XRD patterns for BYF-x (x = 0.05 - 0.20) at room 

temperature. A noticeable change of lattice parameter is observed in the Yb-substituted 

samples. For x < 0.11, the solid solutions are of rhombohedral R3c symmetry. In the 

composition range of x = 0.12 - 0.15, a morphotropic phase boundary (MPB) was 

formed, with a mixture of the rhombohedral R3c phase and the orthorhombic Pbnm 

phase. The percentages of each phase were analyzed by the Rietveld refinements. 

When x  0.15, the solid solution is orthorhombic perovskite with Pbnm space group. In 

both the rhombohedral and orthorhombic phase regions, the perovskite peaks are 

shifted toward higher 2-theta angles with increasing Yb content, implying a shrinkage of 

the unit cell due to the fact that the ionic radius of the Yb3+ (0.985 Å) is smaller than that 

of Bi3+ (1.17 Å). Due to the kinetics of the BiFeO3 formation and the evaporation of Bi2O3, 

the Bi2Fe4O9 impurity phase was observed in the samples for x < 0.09. Oxygen 

vacancies will form due to the volatility of Bi3+ ions and the conversion of Fe3+ into Fe2+ 
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ions in pure BFO ceramics [142]. With the substitution of Yb for Bi in BFO, Bi2O3 

volatilization is reduced and the formations of oxygen vacancy and impurity phases are 

suppressed, leading to the disappearance of impurity phase with the further increase of 

Yb content to x  0.09. 

 

 

Figure 5.1 X-ray diffraction patterns of the BYF-x (x = 0.05 - 0.20) ceramics 

prepared at sintering temperatures (T = 900 C). Stars indicate the 
peaks of Bi2Fe4O9 impurity phase.  
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Figure 5.2 Variation of the lattice parameter of the BYF-x (x = 0.05 - 0.15) 
ceramics as a function of composition in the pure rhombohedral 
(R3c) phase with lattice parameter apc. 

 

The structure evolution of the BYF-x solid solution at various temperatures was 

studied by high temperature X-ray diffraction. Figure 5.3 shows the XRD pattern of    

BYF-0.11 measured at various temperatures. The structure of BYF-0.11 changes from a 

pure rhombohedral phase to a mixture phases of rhombohedral and orthorhombic 

phases as temperature increases. The phase percentage of the R3c and Pbnm phases 

are as shown in Figure 5.4, which indicates that the structure of BYF-0.11 changes from 

a pure rhombohedral phase to a mixture of rhombohedral and orthorhombic phases as 

temperature increases. The major structure change from the rhombohedral phase to 

orthorhombic phases is observed at around 700 
C. When x = 0.12, the pseudocubic 

lattice parameter, apc for the R3c rhombohedral structure slightly changes to the 

pseudocubic lattice parameters apc and cpc for the Pbnm orthorhombic phase appear, 
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indicating that the phase transition from the R3c rhombohedral phase to the Pbnm 

orthorhombic phase which is induced by the substitution of Yb for Bi, as shown in Figure 

5.5 
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Figure 5.3 X-ray diffraction patterns of the BYF-0.11 ceramics measured at 
various temperatures.  



 

111 

100 200 300 400 500 600 700

0

20

40

60

80

100

 R3c

 Pbnm
P

h
a

s
e

 P
e

rc
e

n
ta

g
e

 (
%

)

Temperature (
o
C)

 

Figure 5.4 Phase percentage of BYF-0.11 ceramics as a function of temperature.  
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Figure 5.5 (a) Rhombohedral (R3c) and orthorhombic (Pbnm) phase percentage 
as a function of composition for the BYF-x (x = 0.05 - 0.20) ceramics. 
(b) Variation of the lattice parameter of BYF-x (x = 0.05 - 0.20) 
ceramics as a function of composition in the pure rhombohedral 
(R3c) phase, and in the MPB (rhombohedral R3c phase + 
orthorhombic Pbnm phase). The cell parameters are described in a 
pseudocubic cell, apc for the R3c phase, and cpc for the Pbnm phase. 
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5.4.2 Ferroelectric Properties 

Figure 5.6 shows the ferroelectric hysteresis (P-E) loop of the BYF-0.11 samples 

displayed at room temperature. A partially saturated P-E loop with a small leakage 

feature is observed for the Yb-substituted BFO (x = 0.11) of rhombohedral (R3c) 

composition, with a remnant polarization of 4.0 μC/cm2. The calculated spontaneous 

polarizations of BYF-x (x = 0.05 - 0.15) at room temperature are shown in Figure 5.7.  

With the increase of the Yb concentration, the polarization is significantly enhanced as 

the composition enters the MPB region. The enhanced ferroelectric properties can be 

attributed to the stronger tendency of the coexistence of rhombohedral and orthorhombic 

phases. The BYF-0.11 ceramics has a calculated spontaneous polarization of 7.7 

μC/cm2 at room temperature, which is slightly higher than the experimental value 

extracted from the unsaturated P-E loop. 
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Figure 5.6 Polarization electric field (P-E) loop of the BYF-0.11 solid solution 

displayed at room temperature.  
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Figure 5.7 The calculated spontaneous polarization as a function of the 

composition for the BYF-x (x = 0.05 - 0.15) solid solutions. 

 

5.4.3 Temperature-Composition Phase Diagram for the BiFeO3-
YbFeO3 System 

Based on the results obtained above, a phase diagram is established for the 

BYF-x solid solution in terms of temperature and composition, based on the high-

temperature X-ray diffraction and Rietveld refinements, as shown in Figure 5.8. The Yb-

substituted BFO ceramics undergo a phase transition from the rhombohedral R3c to the 

MPB, and then to the orthorhombic Pbnm phase with the increasing YbFeO3 

concentration at room temperature. In the composition region of 0.11 ≤ x  0.15, an MPB 

is identified, in which the rhombohedral R3c and orthorhombic Pbnm phases in a 

comparable amount are resolved. In the composition region of 0.11 ≤ x  0.15, the 

structure undergoes a phase transition from the mixed phase of MPB to the pure 
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orthorhombic orthoferrite Pbnm phase with temperature increased at and above 700 C, 

this is different from the phase diagram of the (1-x)BiFeO3-xLuFeO3 solid solution 

system which exhibits an almost vertical MPB region within the same temperature range 

(Chapter 4). 

 

Figure 5.8 Partial phase diagram of the (1-x)BiFeO3-xYbFeO3 (BYF-x) solid 
solution system, indicating the pure rhombohedral phase, the MPB 
with a mixture of the rhombohedral and orthorhombic phases, and 
the pure orthorhombic phase. 
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5.4.4 Magnetic Characterization of the BYF-x Solid Solution 

The temperature dependence of the magnetization measured upon field-cooling 

under 100 Oe for the BYF-x (x = 0.05 - 0.30) samples is shown in Figure 5.9. The    

BYF-0.05 sample exhibits a monotonic increase of magnetization with decreasing 

temperature from 300 K to 5 K. Because the concentration of the magnetic Yb3+ ion in 

BYF-0.05 is too low to form a long range A-site magnetic ordering, the Yb3+ spin 

reorientation was not observed. 
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Figure 5.9 Temperature dependence of magnetization measured in field-
cooling (FC, 100Oe) for the BYF-x (x = 0.05 - 0.30) samples.  

 

Upon cooling, the canted antiferromagnetism of the Fe sublattices is antiparallel 

by coupled to the spin moment of the Yb sublattice. During cooling, the magnetic 

moment of the Yb sublattice start to order and it is anti-aligned to the Fe sublattices, and 



 

116 

this is the reason why at higher concentration of YbFeO3 (x = 0.20 - 0.30) slightly 

decreased magnetic moments was observed at a lower temperature range. The 

magnetic anomalies at around 8 K in BYF-x (x = 0.07 - 0.30) could arise from the spin 

reorientation of the Yb3+ moments, as observed in YbFeO3 and other orthoferrites with 

the orthorhombic phase (Pnma) [19]. The schematic spin structures for BYF-x are in the 

corresponding temperature ranges, are shown in Figure 5.10. The net magnetization 

starts to increase at 8 K because the paramagnetic Yb3+ aligned (oriented parallel) with 

the external magnetic field (100 Oe), corresponding to the onset of the (weak) 

ferromagnetic ordering.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.10 Temperature dependence of the magnetization measured in field-
cooling (FC) for BYF-x (x = 0.07 - 0.30), with the schematic spin 
structures shown for the different temperature ranges.  
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BFO is known to be antiferromagnetic with a G-type magnetic structure which 

exhibits a typical linear variation of the magnetization as a function of the magnetic field 

[144]. The magnetic hysteresis (M-H) curves of the BYF-x (0.05 ≤ x ≤ 0.30) solid 

solutions measured at 300 K and 5 K are shown in Figure 5.11 (a) and (b), respectively. 

With the decrease of temperature, a noticeable change occurred from a straight line to a 

ferromagnetic M-H hysteresis loops, indicating the presence of spontaneous 

magnetization that is induced by the Yb3+ substitution for Bi3+. Even at room temperature, 

a weak ferromagnetism was displayed in the compositions of x ≤ 0.15 by a slim 

magnetic hysteresis loop, with a residual magnetization of 0.025 μB/f.u for x = 0.15. At a 

lower temperature (5 K), all of the substituted samples exhibit ferromagnetic behaviour, 

and a large saturated magnetization of 0.05 μB/f.u. was observed in BLF-0.30 

composition. These results show that the introduction of Yb3+ on the perovskite A-site 

has enhanced the magnetic properties of BiFeO3 because of the effect of structural 

modifications and the one unpaired electron on Yb3+. Indeed, the weak ferromagnetism 

in BYF-0.15 at room temperature is believed to arise from a structural distortion 

introduced by the Yb3+ ion with a smaller ionic radius (0.985 Å) than that of Bi3+ (1.17Å), 

which disrupts the spiral spin modulation in BiFeO3. Their hysteresis loops exhibited 

ferromagnetic hysteretic behaviour with saturation, in which the Yb-doped samples have 

a larger saturation magnetization compared with the pure BFO ceramics. Therefore, the 

enhanced ferromagnetic property may be attributed to Yb substitution, which could 

disrupt the spin cycloid structure, and trigger a variation in the canting angles of the    

Fe-O-Fe bonds [147], giving rise to a net magnetization and the enhanced 

ferromagnetism.  
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Figure 5.11 (a) Magnetic M (H) hysteresis loops of the BYF-x (x = 0.05 - 0.30) 
ceramics measured at (a) 300 K, (b) 5 K.  
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The calculated spontaneous polarization and the measured spontaneous 

magnetization of BYF-x (x = 0.05 - 0.15) are shown in Figure 5.12. The electric and 

magnetic properties both show an increase in the MPB region. This phenomenon is due 

to the introduction of Yb3+ which leads to the formation of the morphotrophic phase 

boundary, where the rhombohedral and orthorhombic phases coexist, trigging structural 

distortion and enhancing the ferromagnetic interactions. These properties entitle the 

BYF-x solid solutions a multiferroic material. The results obtained in this part indicate 

that magnetic properties of the Yb-substituted samples are improved compared with the 

BFO ceramics. Therefore, the influence of the structural distortion upon the magnetic 

properties of the Yb-substituted samples seems to play an important role. The distortions 

of the lattice structure and the change of crystal field symmetry induced by                   

Yb-substitution at Bi-sites destroy the cycloidal spin magnetic ordering and release the 

(weak) ferromagnetism, resulting in the enhancement of the ferromagnetism in the    

BYF-x solid solutions [148]. 
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Figure 5.12 The spontaneous magnetization and calculated spontaneous 
polarization of (1-x)BiFeO3-xYbFeO3 (BYF-x) solid solutions as a 
function of Yb concentration at 300 K. 

 

5.5 Conclusions 

The solid solution of (1-x)BiFeO3-xYbFeO3 (BYF-x) have been successfully 

synthesized in the perovskite structure in the form of ceramics using the solid state 

reaction method. The temperature-composition phase diagram of BLF-x is constructed 

and their structure and multiferroic properties are systematically studied. When x < 0.11, 

the structure remains a rhombohedral perovskite phase with R3c space group. With an 

increasing substitution amount of YbFeO3, an morphotropic phase boundary (MPB) 

region appears in the composition range of x = 0.11 - 0.15. With the further increase of 

the substitution amount of YbFeO3, the structural phase transition from rhombohedral 
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perovskite R3c phase to the orthorhombic orthoferrite Pbnm phase is observed at          

x  0.20. The polarization-electric field (P-E) hysteresis loop of ferroelectric properties 

was displayed in the BYF-0.11 ceramics, with the remnant polarization of 4 μC/cm2 at 

room temperature. The chemically modified BYF-x (x = 0.05 - 0.30) exhibit weak 

ferromagnetism at room temperature. The BYF-0.30 solid solution exhibit a large 

saturated magnetization (Ms = 0.5 μB/f.u.) at 5 K. The simultaneous ferroelectric and 

ferromagnetic properties make the BYF-x solid solution one of the few single-phase 

multiferroic materials that exhibit both magnetization and electric polarization at room 

temperature. The present results provide an alternative way to improve the 

ferromagnetic and ferroelectric properties for BFO-based solid solutions. This work 

confirms the beneficial role of the rare-earth substitution in enhancing the multiferroic 

properties of BFO, making it a more viable material for potential applications as 

magnetoelectric and spintronics devices.    

In this chapter, the spontaneous magnetization of (1-x)BiFeO3-xYbFeO3 solid 

solution was further improved compared with the (1-x)BiFeO3-xLuFeO3 solid solution. 

This is due to the unpaired electrons in the Yb3+ ions. In the next chapter, in order to 

further investigate the effect of unpaired electrons, the (1-x)BiFeO3-xErFeO3 solid 

solutions were synthesized. Er3+ has larger ionic radii and two more unpaired electrons 

than Yb. By comparative study of these solid solutions, the effect of unpaired electrons 

on magnetization can be systematically studied. 
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Chapter 6.  
 
Synthesis, Structure, and Characterization of the 
(1-x)BiFeO3-xErFeO3 Solid Solution: A Multiferroic 
System Exhibiting Magnetic Pole Inversion 

6.1 Abstract 

The (1-x)BiFeO3-xYbFeO3 multiferroic solid solution system in Chapter 5 shows 

enhanced ferromagnetic and ferroelectric properties. Therefore, the effects with different 

number of unpaired electrons and ionic radii are systematically studied in this chapter. 

Er3+ is chosen and studied in this chapter because it has a larger ionic radius (1.004 Å) 

and a larger number of unpaired electrons (3) than that of Yb3+ (0.985 Å, 0 numbers of 

unpaired electrons). An interesting magnetic phenomenon called “magnetic pole 

inversion” is observed in the (1-x)BiFeO3-xErFeO3 solid solution.  

The (1-x)BiFeO3-xErFeO3 (denoted as BErF-x) solid solutions have been 

synthesized by solid state reaction method and characterized by various techniques. 

The crystal structure and multiferroic properties of various compositions were 

systematically investigated. The high temperature phase diagram of the solid solutions 

has been established. Rietveld refinements showed that the sample crystallized in a 

rhombohedral R3c structure. With the increasing concentration of Er, the crystal 

structure transforms from the rhombohedral R3c phase to an orthorhombic Pbnm phase. 

The structure remains rhombohedral with R3c space group for x  0.12. With further 

increase of the Er concentration, an morphotropic phase boundary (MPB) region is 

found to exist in the composition range of 0.12 ≤ x  0.15.  A single phase orthorhombic 

Pbnm structure was observed for x  0.20.  It is found that the magnetic properties of 

BErF-x exhibit an unusual behaviour, i.e. the magnetic pole inversion. In most of the 
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ferromagnets, the magnetic moment directions can be changed by applying a sufficiently 

high magnetic field, but not by temperature, since temperature usually only affects the 

magnitude of a magnetic moment, rather than its magnetic directions. Upon cooling 

below the magnetic phase transition temperature, most magnets exhibit a monotonic 

increase in magnetization. In this BErF-x system, the magnetic pole is found to change 

sign (inversion) at low temperatures. In addition, the magnetic pole inversion behaviour 

can be tuned by changing the concentration of the magnetic ion Er3+ in the BErF-x        

(x = 0.12 - 0.20) solid solutions. This study provides a better understanding of the 

enhanced multiferroic properties in the BiFeO3-based multiferroic materials. 

 

6.2 Introduction 

In most of the ferromagnets, the magnetic moment directions can be significantly 

changed by applying sufficiently high external magnetic field rather than varying 

temperature. The temperature usually affects the magnitude of a magnetic moment, 

rather than its magnetic directions. Upon cooling below the magnetic phase transition 

temperature, most magnets exhibit a monotonic increase rather than the magnetic pole 

inversion. The terminology ‘‘magnetic pole inversion’’ (or magnetic reversal) is defined 

as a crossover of dc magnetization from a positive value to a negative value as a 

function of temperature in materials below their magnetic ordering temperature in my 

previous work [149]. The objective of this work is to design and prepare new magnetic 

materials that exhibit magnetic pole inversion with a change in temperature, and also to 

show that the temperature at which the magnetization changes its polarity (Tm) can be 

tuned by the change of composition. In this work, the (1-x)BiFeO3-xErFeO3 (denoted 

BErF-x) solid solution is found to be one of the promising multiferroics with an unusual 

magnetic pole inversion. The magnetic pole inversion behaviour can be tuned by 

changing the concentration of the magnetic ion Er3+ in the BErF-x (x = 0.12 - 0.20) solid 

solution, and can be observed in relatively high Er3+ concentrations. Because of these 

complex interactions phenomenon, magnetic pole inversion may occur, leading to the 

reduced net magnetic moment in the BErF-x solid solution with the decrease of 

temperature. Furthermore, the magnetic pole inversion temperature can also be tuned 

by changing the concentration of Er. The results of this work reveal the effects of the 
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substitution of Er on the structural symmetry and properties of the BiFeO3-based 

multiferroic solid solution. 

 

6.3 Experimental 

6.3.1 Synthesis 

The ceramic samples of the (1-x)BiFeO3-xErFeO3 (BErF-x) solid solution were 

prepared by using solid state reactions. The starting materials: Bi2O3 (99.975%), Fe2O3 

(99%) and Er2O3 (99.9%) were weighed accurately to four significant digits according to 

the chemical reaction:  

                         
     

 
      

 

 
      

 

 
                                         (6.1) 

Each composition was mixed and ground by ball milling for 24 h. Ball milling 

container was setup as 25.0 ml bottle with 15.0 ml of ethanol and 40 zirconium oxide 

balls.The mixed powders were pressed into pellets, packed into platinum crucible, and 

calcined at 840 C for 4 h. After the calcination, the sample discs were reground by ball 

milling for 24 h and then the powders were mixed with 0.15 ml 5% polyvinyl alcohol 

(PVA) binder. The powders were pressed into pellets again and then heated at 650 C 

for 1 h to evaporate the binder. After the elimination of the binder, the pellets were 

packed into platinum crucible which was sealed in a lager Al2O3 crucible, followed by 

sintering at 900 C for 2 h. The calcination temperature and sintering temperature are 

increased up to 850 C and 950 C, respectively with correspondence of increased 

concentration of Er. 

 

6.3.2 Structural Analysis and Magnetic Measurements 

 X-ray diffractions were performed on as-sintered ceramics on a Bruker D-8 

diffractometer using Cu K  radiation (40 mA, 40 kV, 0.01 steps and 2 = 15 - 80) to 

analyze the phase purity and to determine the crystal structure. BiFeO3 single crystals 
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were ground into a powder and XRD data were collected and used as a structural 

reference for BiFeO3. The resulting patterns were analyzed using TOPAS-Academic 

Software by Rietveld refinements to determine the symmetry, the lattice parameters, the 

average structure, and the atomic positions of the solid solutions. Magnetic 

measurements were performed as a function of temperature using a Quantum Design 

MPMS-XL SQUID magnetometer.  

 

6.4 Results and Discussion 

 

6.4.1 Structural Analysis 

Figure 6.1 shows the XRD patterns for BErF-x (x = 0.03 - 0.20) at room 

temperature. A noticeable lattice parameter change can be observed in the                  

Er-substituted samples. By increasing the Er concentration x from 0.03 to 0.20, the 

positions of all the peaks shift towards higher 2 values. This tendency is the result of 

the different ionic radii between Er3+ ions (1.004 Å) and that of the Bi3+ ion (1.17 Å). For   

x < 0.10, the solid solution is of rhombohedral perovskite R3c structure. As the 

concentration of Er increased, a morphotropic phase boundary (MPB) is found to exist in 

the composition range of 0.10 ≤ x  0.15. A mixture of two phases, the rhombohedral 

R3c and the orthorhombic Pbnm, is observed in the MPB region and the percentage of 

each phase was analyzed by the Rietveld refinements. With x  0.20, the solid solution 

is of pure orthorhombic perovskite with the Pbnm space group. Therefore, three different 

structural regions are observed: the single rhombohedral structure for BErO-x (x ≤ 0.10, 

the mixed rhombohedral and orthorhombic structures for BErO-x (x = 0.10 - 0.15), and 

the single orthorhombic structure for BErO-x (x  0.20). Due to the kinetics of the BiFeO3 

formation and the evaporation of Bi2O3, the Bi2Fe4O9 impurity phase was observed in 

trace amount in the samples for x < 0.1. Oxygen vacancies usually form due to the 

volatility of the Bi3+ ions and the reduction of Fe3+ into Fe2+ ions in pure BFO ceramics 

[142]. When Bi is substituted with Er in BFO, the Er-substitution reduces the Bi2O3 

volatilization and suppresses the impurity phases and the oxygen vacancy formation. 

Eventually, the impurity disappeared as the amount of Er-substitution is increased to      

x = 0.08. A in the previous studies of the Dy-, Lu-, and Yb-substitutied BiFeO3 solid 



 

126 

solutions, the subsitution of ErFeO3 for BiFeO3 up to the solubility limit is proven to be 

beneficial to the formation of pure and stable perovskite phase for the BFO-based solid 

solutions.  
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Figure 6.1 X-ray diffraction patterns of the BErF-x (x = 0.03 - 0.20) ceramics 

prepared at optimal sintering temperatures (T = 900 C). Stars 
indicate  the peaks of the impurity phase of Bi2Fe4O9.  

 

Figure 6.2 (a) shows the structure phase percentage for each composition of the 

BErF-x (x = 0.03 - 0.20) ceramics. The R3c phase fraction is gradually reduced while the 

amount of the orthorhombic phase is gradually increased with the increase of EuFeO3 

concentration from x = 0.03 to 0.15. At x = 0.15, the pseudocubic cell parameters, apc 

and cpc for Pbnm orthorhombic phase, start to appear, as shown in Figure 6.2 (b), 

indicating that the phase of the solid solution partially transforms from the rhombohedral 

phase to the orthorhombic phase. With increasing Er concentration, the lattice parameter 
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is reduced, which is caused by the smaller ionic radius of Er3+ than that of Bi3+. In order 

to remain in the perovskite structure, the BErF-x soild solution undergoes the 

transformation from the rhombohedral R3c to the orthorhombic Pbnm, through the 

bridging MPB with mixture of phases.  
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Figure 6.2 (a) Rhombohedral (R3c) and orthorhombic (Pbnm) phase 
percentages as a function of composition for the BErF-x (x = 0.03-
0.20) ceramics. (b) Compositional dependence of the unit cell 
parameters a of the BErF-x (x = 0.03-0.15) ceramics. The 
pseudocubic cell lattice parameters (apc = lattice parameters a, cpc = 
lattice parameters c) as a function of Er compositions. 
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The structure of the BErF-0.10 solid solution was studied by high-temperature X-

ray diffraction. The high temperature X-ray diffraction was used to study the phase 

transition temperatures (Tc) and to monitor the structural evolution of the BErF-x solid 

solution with temperature. Figure 6.3 shows the XRD patterns of BErF-0.10 at different 

temperatures (30 C - 700 C).  Ar room temperature, the solid solution is in the MPB 

region with the coexistence of the rhombohedral R3c and orthorhombic Pbnm phases. 

The percentages of the R3c and Pbnm are slightly changed with increasing temperature 

up to 500 C, as shown in Figure 6.4. A change in the phase percentages occurs at    

550 C with a crossover from the rhombohedral majority phase to the orthorhombic 

majority phase, abrupt indicating a transformation of phase components from  the 

mixture of phases of MPB to a pure orthorhombic phase with the increase of 

temperature.  
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 Figure 6.3 X-ray diffraction patterns of the BErF-0.10 ceramics at various 
temperature. 
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Figure 6.4 Phase percentage for the BErF-0.10 ceramics with the variation of 
temperature.  

 

6.4.2 Temperature-Composition Phase Diagram for the (1-x)BiFeO3-
xErFeO3 Solid Solution 

Based on the results obtained above, the high-temperature phase diagram of the 

BErF-x solid solution is established in terms of temperatures and composition, based on 

the X-ray diffraction and Rietveld refinement results, as shown in Figure 6.5. It depicts 

the effects of Er-substitution on the phase symmetry, phase components and phase 

transitions in the BErF-x system. The structure of BErF-x changes from the 

rhombohedral perovskite (R3c) to the orthorhombic orthoferrite (Pbnm) with the 

increasing amount of Er-substitution. The compositions of x ≤ 0.10 with a dominant R3c 

phase undergo a phase transition from the rhombohedral R3c to the orthorhombic Pbnm 

upon heating as a result of a curved MPB region. The morphotropic phase boundary 

(MPB) is found to exist in the composition range of 0.10 ≤ x  0.15 at room temperature. 
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With further increase of Er concentration, the phase components change from the MPB 

with a mixture of phases to the pure orthorhombic Pbnm phase. With the increase of 

temperature, the MPB region with mixed phases transforms to the pure Pbnm phase.  

Figure 6.5 Partial phase diagram of the (1-x)BiFeO3-xErFeO3 solid solution 
system, indicating the pure rhombohedral phase region, the MPB 
region with a mixture of the rhombohedral and orthorhombic phases, 
and the pure orthorhombic phase region.  

 

6.4.3 Magnetic Characterization of the BErF-x Solid Solution 

Figure 6.6 (a) presents the temperature dependence of magnetization for the 

BErF-x (x = 0.03 - 0.20) samples under the field-cooling (FC) process with an applied 

magnetic field of 100 Oe. Figure 6.6 (b) presents the enlarge section of the BErF-x        

(x = 0.05 - 0.12) samples under the field-cooling (FC, 100 Oe). In BFO, the Fe3+ 
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sublattice is in a canted G-type antiferromagnetic ordering below its Néel temperature 

(TN  640 K), resulting in anti-ferromagnetism [34]. Interestingly, the temperature 

dependences of the magnetization for BErF-x show a minimum value around 30 K, and 

moreover, the field-cooling magnetization of BErF-0.20 becomes negative, indicating a 

magnetic pole inversion phenomenon.  

To understand the magnetic minimum and the unusual magnetic pole inversion, 

it is necessary to discuss the magnetic interactions in BErF-x system.  BErF-x solid 

solution has three types of magnetic interaction, similar to Yb-substituted BFO solid 

solutions (Chapter 5), which are known as Fe3+-O2--Fe3+ (Dzyaloshinskii–Moriya, 

denoted as DM interaction), Er3+-O2--Fe3+ and Er3+-O2--Er3+. In the rare-earth 

orthoferrites, the Fe3+-O2--Fe3+ usually orders magnetically at Néel temperature TN = 620 

- 740 K with a slightly canted antiferromagnetic structure, yielding a very small residual 

ferromagnetic moment. The interaction between Er3+-O2--Er3+ was observed at very low 

temperatures 4.5 K. Therefore, the net magnetization of the BErF-x solid solution 

between 20 K and 300 K can be approximately estimated by using the paramagnetic 

sublattice of Er and the DM interaction from Fe3+ ions, shown as the following equation 

[104]:  

                                                                                       (6.2) 

where     is the magnetization of the canted antiferromagnetism of the Fe3+-O2--Fe3+ 

(the DM interaction),     is the Curie constant for Er3+ ions, T is the temperature in 

Kelvin,      is the internal magnetic fields (due to Fe sublattice ordering) of Er3+ 

sublattice, which is negatively coupled to the Fe sublattice, with the magnetization 

opposite to    , and      is the external magnetic fields. [Fe] and [Er] are the 

concentrations of the Fe3+ and Er3+ ions, respectively [104]. Upon cooling, the magnetic 

moment of the Er sublattice is increased and it is anti-aligned to the magnetic moment 

Fe sublattices with the DM interaction.  

Thus, the competitions between these interactions may give rise to interesting 

and complexed magnetic properties [150]. Fe3+-O-Fe3+ superexchange interaction is 

dominant in ErFeO3, with the bond angle around 144 [151]. Such Fe3+-O-Fe3+ 
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superexchange interactions are responsible for the antiferromagnetic ordering with a 

weak ferromagnetic spin component. As introduced in Chapter 6.2, this canted 

ferromagnetism is attributed to the antisymmetric Dzyaloshinskii-Moriya (DM) exchange 

interaction between neighboring spins induced by the spin-orbit interaction: 

                                             
        

                   ,                                                         (6.3) 

where   
     is the exchange interaction intensity, and   

     and        are the two nearest spins 

[150, 152]. It is worth mentioning that the Er-substituted samples exhibit interesting 

magnetic behaviour when the temperature is decreased from 300 K to 5 K. A sudden 

change of net magnetism from a positive value to a negative value was observed around 

30 K to 50 K, which is depended on the Er3+ concentration. This interesting phenomenon 

is defined as magnetic pole inversion. Upon cooling, the canted antiferromagnetism of 

the Fe3+ sublattices is negatively coupled to the moment of the Er3+ sublattice. During the 

cooling process, the magnetic moment of the Er3+ sublattice, which is anti-aligned to the 

Fe3+ sublattices, is increasing more quickly in its magnitude. With further decreasing 

temperature, the magnetic moment decreases sharply and approaches zero at 30 K to 

50 K. This is because when the magnetic moment of the Er3+ sublattice overweighs that 

of the DM interaction produced by the Fe3+-O2--Fe3+, the net magnetization becomes a 

negative value, which also means that the spin reorientation of the DM interaction 

provides extra degrees of freedom in changing the sign of the net magnetic moment 

[150].  

Moreover, the net magnetization of BErF-x (x = 0.03 - 0.10) solid solution 

significantly decreases in the temperature range of 30 K to 50 K and the net 

magnetization does not become negative. This is due to the concentration of Bi3+ in BFO 

which is a G-type antiferromagnetic and has the 6s2 lone-pair electrons forming a strong 

covalent bonding with the Fe3+ ion, which prevents any rotation of the moment on Fe3+. 

As a result, the samples with x  0.10 do not show any effect of spin reorientation and 

exhibit only a single change of magnetic pole at Tmin within the measured temperature 

range. Therefore the concentration of Bi3+ can also have an effect on the magnitude of 

magnetization and the temperature of magnetic minimum (denoted as Tmin) which is the 

minimal or most-negative magnetic values. Moreover, the spin reorientation of Fe3+ 
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becomes active, when the concentration of Er3+ is further increased. This is one of the 

reasons that the pole inversion occurs in the BErF-x (x = 0.12 - 0.20) ceramics. 
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Figure 6.6 (a) Temperature dependence of the magnetization measured in the 
field-cooling process (FC, 100 Oe) for BErF-x (x = 0.03 - 0.20), and (b) 
Temperature dependence of the magnetization measured in the 
zero-field-cooling process (FC,100 Oe) for BErF-x (x = 0.05 - 0.12).  

(a) 

(b) 
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Figure 6.7 (a) shows composition dependence of the minimum values of 

magnetization within the temperature range of 5 K - 300 K and the temperature (Tmin) 

corresponding to the minimum magnetization. It can be seen that with the increase in the 

ErFeO3 concentration, Tmin is continuously decreased until x = 0.12, while the minimum 

magnetization is decreased within the whole composition range studied because the 

spin moments of Er3+ is oriented in the antiparallel direction with the Fe3+ spins. When 

the net magnetization reaches zero, the magnetizations of the two different magnetic 

ions have antiparallel directions and the total moments of the Fe3+ and Er3+ sublattices 

are cancelled out at a point called the compensation point [150]. The net magnetization 

then starts to increase with the decrease of temperature below 30 K, which is because 

the paramagnetic Er3+ aligned (oriented parallel) with the external magnetic field          

(100 Oe) and the Fe3+ ions reoriented from a canted antiferromagnetic structure toward 

a pure antiferromagnetic structure by Morin type transition [149]. As the temperature 

decreases, the magnetization of Er3+ increases, and the magnetization of Fe3+ also 

increases and these two magnetic ions are antiparallelly aligned. The paramagnetic 

characteristics of the curve mainly originate from the larger magnetic moment of Er3+ 

(9.59 B/Er3+, 5.9 B/Fe3+), which is gradually enhanced with decreasing temperature 

[150]. The schematic spin structures for the BErF-0.20 in the corresponding temperature 

ranges are illustrated in Figure 6.7(b).  
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Figure 6.7 (a) Values of minimal magnetization at Tmin and the temperature of 
Tmin as a function of the concentration of Er for the BErF-0.20 solid 
solution, and (b) Schematic spin structures for the BErF-0.20 solid 
solution at various temperature ranges.  

(a) 

(b) 
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Figure 6.8 (a) and (b) shows the magnetic hysteresis (M-H) curves of the BErF-x 

(0.03 ≤ x ≤ 0.20) solid solutions measured at 300 K and 5 K, respectively. At room 

temperature, a weak ferromagnetism was displayed for some compositions (x = 0.05 -

0.20) as shown by a slim magnetic hysteresis loop with a saturated magnetization. At a 

lower temperature (5 K), all of the samples exhibited ferromagnetic behaviour and a 

large saturated magnetization of 0.8 μB/f.u. was displayed for the BErF-0.20 

composition. The chemical modification for introducing Er3+ into BiFeO3 is shown to 

enhance the magnetic properties. Indeed, the weak ferromagnetism is found in       

BErF-0.15 at room temperature, which is believed to arise from a structural distortion 

introduced by the Er3+ ion with a smaller ionic radius (1.004 Å) than that of Bi3+ (1.17 Å), 

which disrupts the spiral spin modulation in BiFeO3, giving rise to a net non-zero 

magnetization, and thereby the (weak) ferromagnetism at room temperature.  
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Figure 6.8 Magnetic hysteresis loops of the BErF-x (x = 0.03 - 0.20) ceramic 
measured at (a) 300 K and (b) 5 K.  
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The measured spontaneous magnetization and the calculated spontaneous 

polarization of the BErF-x (x = 0.03 - 0.20) solid solutions at 300 K are shown in Figure 

6.9.  It can be seen that ferromagnetism and ferroelectricity coexist in these solid 

solutions. The best candidate for multiferroics applications among all the compositions is 

BErF-0.15, which is within the MPB composition range and exhibits both a decent 

magnetization and an electric polarization at room temperature. These results support 

that the Er-substitution is able to improve the magnetic properties of BiFeO3 and 

therefore its multiferroic properties. The room temperature ferromagnetism is increased 

with the increasing concentration of ErFeO3.This phenomenon is due to the substitution 

of Er3+ for Bi3+, which induces structural distortion and unpaired electrons into the 

BiFeO3-base solid solutions. The structural distortion can have an effect on the          

Fe3+-O-Fe3+ angles and disrupted the long range spiral spin interactions, which can 

enhance the ferromagnetism properties.  

  

 

 

 

 

 

 

 

 

 

 

Figure 6.9 The measured spontaneous magnetization and the calculated 
spontaneous polarization of the BErF-x (x = 0.03 - 0.20) solid 
solutions as a function of Er concentration at 300 K. 
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6.5 Conclusions 

The multiferroic solid solutions of (1-x)BiFeO3-xErFeO3 (BErF-x) have been 

successfully synthesized using a solid state reaction method. The high temperature 

phase diagram of BErF-x is established and the structure and multiferroic properties are 

systematically studied. For x < 0.10, the structure at room temperature remains 

rhombohedral perovskite with R3c space group. With the increase of the ErFeO3 

concentration, a morphotropic phase boundary is found to exist in the composition range 

of BErF-x (x = 0.10 - 0.15). With the further increase the ErFeO3 concentration, the 

structure undergoes a phase transition to a single phase orthorhombic orthoferrite Pbnm 

for BErF-x (x  0.20). Moreover, interesting magnetization reversal behaviour is 

discovered by the introduction of Er3+ ions into BiFeO3 to form the BErF-x solid solutions. 

For a specific composition, the magnetic pole direction can be tuned by the variation of 

temperature. For BErF-0.12, the temperature dependent magnetic pole inversion occurs 

at 30 K, which is due to the negative coupling between the magnetization of the Er3+ 

sublattice and the canted antiferromagnetism of the Fe3+ sublattice, and the different 

temperature dependences of these two magnetic sublattices. The concentration of Er3+ 

also has an effect on the magnitude of minimal magnetization and its temperature Tmin. 

Furthermore, the spin reorientation of Fe3+ becomes more active as the concentration of 

Er3+ is further increased.  

These results show that the partial substitution of Er3+ for Bi3+ in BFO can also 

enhance the magnetic properties, making the Bi1-xErxFeO3 solid solutions an interesting 

class of multiferroic materials. The best properties are found in BErF-0.15 which exhibits 

the coexistence of good magnetic and ferroelectric properties at room temperature, 

potentially useful for magnetoelectric and spintronic devices applications. In addition to 

the multiferroic properties, the chemically modified BErF-x solid solutions show the 

concentration and temperature-induced magnetic pole inversion a new phenomenon that 

will incite more fundamental theoretical and that may point to new application. 

Furthermore, with increasing the number of unpaired electrons, a trend for enhancing 

spontaneous magnetization can be observed. In order to further study the effect of 

unpaired electrons on magnetization, Eu3+ was chosen and the (1-x)BiFeO3-xEuFeO3 

solid solution was studied in the next chapter. Eu3+ has six unpaired electrons, one more 
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unpaired electrons than Dy3+ and it has the largest ionic radius compared with Dy3+, Lu3+, 

Yb3+, and Er3+.  
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Chapter 7. 
 
Synthesis, Structure, and Characterization of the 
(1-x)BiFeO3-xEuFeO3 Solid Solution 

7.1 Abstract 

The single-phase multiferroic bismuth ferrite BiFeO3 has attracted considerable 

interest in the past decades because of the coexistence of the ferroelectricity and anti-

ferromagnetism, which has an exceptional potential for technological applications. The 

rare-earth substituted BiFeO3-based solid solutions can offer complex electric and 

magnetic interactions which are still poorly understand. According to the results in the 

previous chapters, the ferromagnetism of BiFeO3 can be improved by rare-earth 

substitutions on the A-site. In Chapter 3, the (1-x)BiFeO3-xDyFeO3 solid solution studied 

in Chapter 3 is a promising room temperature multiferroic material, however, in order to 

find a better room temperature multiferroic material, Eu3+ is chosen and the (1-x)BiFeO3-

xEuFeO3 solid solution is studied in this chapter. Eu3+ has 6 unpaired electrons, one 

more than Dy3+ (5 unpaired electrons) and it has the largest ionic radius (1.066 Å) 

compared with Dy3+ (1.027 Å), Lu3+ (0.977 Å), Yb3+ (0.985 Å), and Er3+
 (1.004 Å).  

In this work, the single-phase multiferroic (1-x)BiFeO3 -xEuFeO3 (denoted as 

BEuF-x) solid solution was synthesized to study the effects of Eu substitution for Bi on 

the crystal structure and ferromagnetic behaviour. The X-ray diffraction patterns of 

BEuF-x were analyzed by the Rietveld refinements. A structural transformation from the 

rhombohedral R3c phase to the orthorhombic Pbnm phase occurred with increasing Eu 

concentration. The high-temperature phase diagram of the solid solutions has been 

established. The pure BiFeO3 crystallizes in the rhombohedral R3c structure and the 

pure EuFeO3 crystallizes in the orthorhombic Pbnm structure [153].  For the BEuF-x      

(0 ≤ x ≤ 0.12) solid solutions, the structure remains a rhombohedral perovskite with the 
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R3c space group. With the further increase of the EuFeO3 content, a morphotropic 

phase boundary (MPB) is found to exist in the composition range of x = 0.12 - 0.15. A 

single-phase orthorhombic Pbnm structure was found for compositions x  0.20 at room 

temperature. 

 

7.2 Introduction 

Multiferroic materials possess simultaneous ferroelectric, ferromagnetic, and 

ferroelastic orderings, and exhibit promising applications in memories, spintronics, and 

magnetoelectric sensor devices [19, 20, 23, 24, 89]. Among these known multiferroics, 

BiFeO3 (BFO) has attracted extensive attention due to the coexistence of ferroelectric 

and magnetic orderings above the room temperature. It is a G-type antiferromagnet 

below the Néel temperature (TN  640K) with a spiral spin arrangement (the canted anti-

parallel spins are not exactly at 180 to each other) with an incommensurate wavelength 

period of 62 nm through the lattice [154]. It is also a ferroelectric material below the 

Curie temperature (Tc  1103 K) [61]. As mentioned in Chapter 1 (sec.1.6.4), it is in 

general quite rare for a material to possess a large magnetization and a large 

polarization since ferroelectricity and ferromagnetism are mutually exclusive. Therefore, 

it is challenging to develop multiferroic materials with both large magnetization and 

electrical polarization. High leakage current, weak magnetoelectric coupling, and low 

remnant polarizations are some of the drawbacks of BFO that prevent it from being used 

in applications. [34, 73, 92, 97].  One of the approaches to improve the properties of 

BFO is by the substitution of rare-earth elements for the A-site (Bi-site) of the perovskite 

unit cell. As reported in Chapters 3 - 7, an enhanced ferromagnetic behaviour has been 

observed in the A-site substituted BREF-x solid solutions RE = Dy, Lu, Tb, and Er. The 

canted antiferromagnetic spins by the modification of the antiparallel sublattice 

magnetization of Fe3+ due to the RE3+ substitution are responsible for the weak 

ferromagnetism on the A sites of the perovskite unit cell [59, 95].  

In order to explore alternative way to enhance the magnetic properties of BiFeO3, 

in this work, Eu3+ is introduced into the BiFeO3 system to form the solid solution of       
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Bi1-xEuxFeO3 (BEuF-x) to improve the magnetic properties by introducing structural 

distortion and unpaired electrons. The partial substitution of Eu3+ for Bi3+ results in two 

effects. First, the ionic radius (1.066 Å) of the Eu3+ ion is smaller than that of Bi3+ (1.17 Å), 

which leads to the decreasing lattice volume. The shrinkage of the lattice parameters 

can disrupt the cycloidal spin structure of the antiferromagnetic interactions in BiFeO3, 

creating ferromagnetism. Second, the incorporation of magnetic Eu3+ ions will introduce 

additional magnetic moments related to the Eu spins. In previous chapters, the magnetic 

properties of BiFeO3-based system were improved by introducing of rare earth elements, 

RE = Dy3+, Yb3+, Er3+ and Lu3+, on the perovskite A-site. In comparison, Eu3+ (1.066 Å) 

has a larger ionic radius than the Dy3+ (1.027 Å), Er3+ (1.004 Å), Yb3+ (0.985 Å) and Lu3+ 

(0.977 Å) ions. In order to achieve the same magnitude of structural distortion, the 

concentration of Eu3+ has to be higher. The BEuF-x (x = 0.05 - 0.20) samples exhibit an 

interesting magnetization behaviour when the temperature is decreased from 300 K to    

5 K.  As the concentration of EuFeO3 increases, the magnetization maximum decreases 

from above 300 K to 290 K for the samples in the composition range of   x = 0.03 - 0.12. 

When the concentration of Eu3+ is further increased to x = 0.15 - 0.20, the solid solutions 

exhibit ferromagnetic behaviour. Indeed, the structural distortion induced by the 

substitution of Eu3+ ions for Bi3+ on the A-site can has a significant impact on the 

ferromagnetism of BiFeO3. This study provides a better understanding of the 

fundamental magnetic properties of the rare-earth substituted BiFeO3-based 

multiferroics solid solution systems. 

 

7.3 Experimental 

7.3.1 Synthesis 

Ceramics of (1-x)BiFeO3-xEuFeO3 (BEuF-x) solid solutions were prepared by 

using solid state reaction method. High purity powers of Bi2O3 (99.975%), Fe2O3 (99%) 

and Eu2O3 (99.9%) were used as starting materials. After weighting accurately to four 

significant digit according to the chemical reaction:  
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                                           (7.1) 

Each composition was mixed and ground by ball milling for 24 h. Ball milling 

container was setup as 25.0 ml bottle with 15.0 ml of ethanol and 40 zirconium oxide 

balls.  The mixed powders were pressed into pellets, packed into platinum crucible, and 

calcined at 840 C for 4 h. After the calcination, the sample discs were reground by ball 

milling for 24 h and then the powders were mixed with five drops of 5% polyvinyl alcohol 

(PVA) as binder. The powders were pressed into pellets again and then heated at       

650 C for 1 h to evaporate the binder.  After the elimination of the binder, the pellets 

were packed into platinum crucible which was sealed in a lager Al2O3 crucible then 

sintered at 900◦C for 1 h. The calcination temperature and sintering temperature are 

increased up to 870 C and 950 C, respectively with correspondence of increased 

concentration of Eu. 

 

7.3.2 Structural Analysis and Magnetic Measurements 

Crystallographic structure and phase purity analysis of as-sintered ceramics was 

performed by X-ray diffractions using a Bruker D-8 diffractometer with Ni-filtered Cu K  

radiation (40 mA, 40 kV, 0.01 steps and 2 = 15 - 80). BiFeO3 single crystals were 

ground into a powder and XRD data were collected and used as a structural reference 

for BiFeO3. Simulation of crystal structure based on the measured XRD data was 

performed using Rietveld crystal structure refinement software (TOPAS-Academic) in 

order to determine the symmetry, lattice parameters, the average structure, and atomic 

positions of the solid solution. Magnetic properties of the samples were performed as a 

function of temperature using a Quantum Design MPMS-XL SQUID magnetometer.   
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7.4 Results and Discussion 

7.4.1 Structural Analysis and Phase Transformation 

Figure 7.1 shows the XRD patterns for (1-x)BiFeO3-xEuFeO3 (x = 0.03 – 0.20) 

solid solutions at room temperature. The XRD patterns for the samples reveal the 

characteristic well-crystallized pattern of BiFeO3-based perovskite phase along with 

some impurity peaks due to the formation of Bi2Fe4O9 for x < 0.08. However, the impurity 

phase vanished with the increase of the EuFeO3 amount, which indicated that the 

EuFeO3 can suppress the formation of the impure Bi2Fe4O9 phase [155], favouring the 

formation of pure perovskite phase. The diffraction peaks in the BEuF-x solid solutions of 

x ≤ 0.12 can be identified as the rhombohedral perovskite R3c structure. As the 

concentration of Eu increased, a morphotropic phase boundary (MPB) is found to exist 

in the range of 0.12 ≤ x  0.15. A mixture of two phases: the rhombohedral R3c and the 

orthorhombic Pbnm, is observed in the MPB region and the percentage of each phase 

was analyzed by the Rietveld refinements. For x > 0.15, the solid solution is of 

orthorhombic perovskite with the Pbnm space group. The BEuF-x solid solutions exhibit 

a wider rhombohedral perovskite phase range than the other rare-earth (RE = Dy, Er, Yb 

and Lu)-substituted systems discussed in the previous chapters. This is because the 

Eu3+ ionic radius is the largest one compared with the Dy3+ ,Er3+ ,Yb3+ and Lu3+ ions. In 

order to achieve the same magnitude of structural distortion, the concentration of Eu3+ 

has to be higher. Indeed, the composition that displays pure rhombohedral perovskite 

phase in other BREF-x systems are around x = 0.10 or less. 

In the rhombohedral phase region, the perovskite peaks shift to higher 2 angles 

with the increase of the EuFeO3 amount, indicating the decrease of the lattice 

parameters with the increase of the x values. The resultant shrinkage of the unit cell 

caused by the formation of the solid solution is due to the smaller ionic radius of the Eu3+ 

ion compared with that of Bi3+ ion. The structural transformation from the rhombohedral 

phase R3c phase to the orthorhombic Pbnm phase induced by the Eu-substitution can 

be attributed to the size effect. It is known that the 6s2 lone-pair orbital of Bi3+ 

stereochemically activates a hybridization of the Bi 6p and O 2p states, and causes the 

off-centering displacement of Bi3+ toward O2- to induce ferroelectricity [36]. The R3c 
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structure of BFO can be regarded as being evolved from the ideal cubic perovskite 

structure. The Eu3+ ion possesses a smaller radius (1.066 Å) compared with the Bi3+ ion 

(1.17 Å). With the substitution of the smaller Eu3+ for the Bi3+ ions, the tolerance factor (t) 

decreases as shown in Equation 1.1. As the tolerance factor is smaller, the Fe-O bonds 

are under compression and the Bi3+-O and Eu3+-O bonds are under tension. The relative 

rotation angle of the two oxygen octahedra around the polarization [111] axis in the R3c 

unit cell increased with the substituted amount of Eu3+ for Bi3+ in BFO. With further 

increasing of Eu concentration, the induced distortions make the rhombohedral phase 

less stable, leading to the more stable the orthorhombic phase with decreased lattice 

parameters and reduced overall volume of the unit cell, as shown in Figure 7.2. 
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Figure 7.1 X-ray diffraction patterns of the BEuF-x (x = 0.03 - 0.20) ceramics 

prepared at optimal sintering temperatures (T = 900 C). Stars 
indicate the peaks of the impurity phase Bi2Fe4O9.  
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Figure 7.2 Lattice parameter, a, and unit cell volume of the BEuF-x (x = 0.03 - 
0.15) ceramics as a function of the concentration of Eu.  

 

Figure 7.3 (a) shows the phase percentage for various compositions of the 

BEuF-x (x = 0.03 - 0.20) ceramics. The structure gradually changed from the 

rhombohedral perovskite R3c to a mixture of rhombohedral and orthorhombic perovskite 

(MPB) for x = 0.12 - 0.15, followed by a structural transformation into a pure 

orthorhombic perovskite Pbnm with increasing amount of EuFeO3 at x  0.15. These 

results are consistent with the decreasing trend of the lattice parameter of apc for the R3c 

phase as a function of Eu concentration, as shown in Figure 7.3 (b). When x = 0.15, the 

pseudocubic lattice parameter, apc for R3c displays an abrupt drop, which triggers the 

solid solution to undergo a phase transition from the rhombohedral phase to the 

orthorhombic phase.  
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Figure 7.3 (a) Phase percentage of the BEuF-x (x = 0.03 - 0.20) ceramics with 
various concentrations of Eu. (b) The composition dependence of 
the unit cell parameters a and c of the BEuF-x (x = 0.03 - 0.15) 
ceramics. The pseudocubic cell: apc = lattice parameters a, cpc = 
lattice parameters c) as a function of the Eu concentrations. 
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We take the BEuF-0.10 solid solution as an example to study the phase 

transition temperature (Tc) and the structure of the BEuF-x solid solutions by high-

temperature X-ray diffraction, as shown in Figure 7.4. At room temperature, the pure 

rhombohedral structure was observed. Upon heating at 400 oC, the BEuF-0.10 solid 

solution transforms into the MPB region with of a mixture phases. The percentages of 

rhombohedral and the orthorhombic phases are changed with increasing temperature. 

The majority phase changes from the rhombohedral phase to the orthorhombic phase at 

450 oC. Then the system transforms into a pure orthorhombic phase at 550 oC. In 

addition, this phase transformation can be described by the changes of phase 

percentages as a function of  temperatures as shown in Figure 7.5.  
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Figure 7.4 X-ray diffraction patterns of the BEuF-0.10 ceramics at various 
temperatures. 
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Figure 7.5 Phase percentages of the rhombohedral (R3c) and orthorhombic 
(Pbnm) phase  of the BEuF-0.10 ceramics as a function of 
temperature.  

 

7.4.2 Temperature-Composition Phase Diagram for the BiFeO3-

EuFeO3 System 

Based on the above structural analysis, the temperature-composition phase 

diagram of (1-x)BiFeO3-xEuFeO3 solid solution is established using X-ray diffraction data 

and Rietveld refinements, as shown in Figure 7.6. For x < 0.12, the structure remains in 

the rhombohedral perovskite phase with R3c space group. The structure of BEuF-x 

changes from the rhombohedral R3c to the orthorhombic Pbnm as the Eu concentration 

increases. An MPB region is found to exist in the composition range of x = 0.12 - 0.15, 

where a mixture of the rhombohedral R3c and the orthorhombic Pbnm phases is 

observed. The pure orthorhombic Pbnm phase appears for x  0.20. As the temperature 

increases, the BEuF-x solid solution undergoes a phase transition from the 

rhombohedral R3c, to MPB, then to the pure orthorhombic Pbnm phase. 
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Figure 7.6 Partial temperature-composition phase diagram of the (1-x)BiFeO3-
xDyFeO3 (BEuF-x) solid solution system, demonstrating the pure 
rhombohedral phase region, the MPB region with a mixture of the 
rhombohedral and orthorhombic phases, and the pure orthorhombic 
phase, as the concentration of EuFeO3 is increased. 

 

7.4.3 Magnetic Characterization of BEuF-x Solid Solution 

The temperature dependences of the magnetization measured in field-cooling 

(FC, 100Oe) process for the BEuF-x (x = 0.03 - 0.20) samples were shown in Figure 7.7 

and 7.8. The BEuF-x (x = 0.05 - 0.20) samples exhibit an interesting magnetization 

behaviour when the temperature is decreased from 300 K to 5 K. As the concentration of 

EuFeO3 increases, the magnetization maximum decreases from above 300 K to 290 K 

for the samples in the composition of x = 0.03 - 0.12. The magnetization maximum of 

BEuF-0.08 and BEuF-0.12 samples was observed at 300 K and 290 K, respectively. 

This indicates that the introduction of Eu3+ on the perovskite A-site has modified the 

magnetic properties of BiFeO3. This arises from a structural distortion introduced by the 
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Eu3+ ion with a smaller ionic radius (1.066 Å) than that (1.17 Å) of the Bi3+ ions, which 

has affects the spiral spin of the DM interaction produced by the Fe3+-O2--Fe3+. The net 

magnetization for BEuF-0.08 and BEuF-0.12 at room temperature is increased from 

0.056 to 0.200 emu.mol-1.Oe-1. Upon cooling, the canted antiferromagnetism of the Fe 

sublattices exhibits the spin reorientation of DM interaction at 70 K, as shown in Figure 

7.8. When the concentration of Eu3+ is further increased, the solid solution enters the 

MPB region and ferromagnetism is demonstrated within the composition range of x = 

0.15 - 0.20. With the increase of the magnetic Eu3+ concentration, the introduced 

structural distortion disrupts the spiral spin modulation in BiFeO3. Therefore, it is 

observed that the BEuF-0.15 and BEuF-0.20 samples exhibit a monotonic increase of 

magnetization with decreasing temperature from 300 K to 5 K. Moreover, the magnetic 

properties of BiFeO3 can also be affected by the unpaired electrons in Eu3+ ions. In the 

case of BEuF-0.15 and BEuF-0.20, as shown in Figure 7.8, the net magnetization also 

increases by introducing more unpaired electrons into the solid solution system.  
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Figure 7.7 Temperature dependences of the magnetization measured in field-
cooling (FC, 100 Oe) process for BEuF-x (x = 0.03 - 0.20).  
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Figure 7.8 Enlarged temperature dependences of the magnetization measured 
in field-cooling (FC 100 Oe) for (a) BEuF-0.08, (b) BLF-0.12, (c) BLF-
0.15, and (d) BLF-0.20. 

 

The magnetic hysteresis (M-H) loops of the BEuF-x (0.03 ≤ x ≤ 0.20) solid 

solutions at 300 K and 5 K are shown in Figure 7.9. Weak ferromagnetism is 

demonstrated for the solid solution systems of BEuF-x (x = 0.03, 0.08, and 0.10) by a 

slim magnetic hysteresis loop with a saturated magnetization of 0.015 μB/f.u,            

0.025 μB/f.u, and 0.035 μB/f.u, respectively, at room temperature (300 K). It has been 

reported that the weak ferromagnetism in BFO is related to the rhombohedrally distorted 

perovskite R3c structure, in which both ferroelectric atomic displacements and weak 

ferromagnetism are allowed [62]. With increasing concentration of Eu3+, the introduction 

of structural distortion into the BEuF-x solid solutions disrupts the spiral spin modulation 

in BiFeO3. As a result, for x = 0.12 - 0.20, the magnetic hysteresis loops exhibit 
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ferromagnetic behaviour with a non-zero saturated magnetization and the BEuF-0.12 

exhibits the highest saturated magnetization of 0.045 μB/f.u at 300 K. Furthermore, at a 

very low temperature of 5 K, the BEuF-0.15 sample exhibits a saturated ferromagnetic 

hysteretic behaviour and a saturated magnetization of 0.05 μB/f.u., which is consistent 

with the temperature dependence of magnetization of the BEuF-0.15 solid solution, as 

shown in Figure 7.8. These results indicate that the change in the crystal structure 

caused by the Eu substitution for Bi results in the modification on the anisotropic 

superexchange interaction [156] and the suppression of the spiral spin modulation [157] 

in BFO, leading to the (weak) ferromagnetism in BEuF-x. When the concentration of 

Eu3+ is further increased, the solid solution enters the MPB region and ferromagnetism is 

demonstrated within the composition range of x = 0.12 - 0.20. With the increase of 

magnetic Eu3+ concentration, the introduced structural distortion destroys the spiral spin 

modulation in BiFeO3. Indeed, the ferromagnetism in BEuF-0.12 and BEuF-0.15 at room 

temperature is further enhanced and it also exhibited ferroelectric properties. Therefore, 

the above results demonstrate that the ferromagnetic properties were improved in the 

Eu-substituted BFO solid solutions. 
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Figure 7.9    Magnetic hysteresis loops of the BEuF-x (x = 0.03 - 0.20) 
ceramics measured at (a) 300K and (b) 5 K.  
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The spontaneous magnetization and the calculated spontaneous polarization 

(example calculation see sec. 3.4.1) of BEuF-x (x = 0.03 - 0.20) solid solutions at 300 K 

are shown in Figure 7.10. It can be seen that the coexisted ferromagnetism and 

ferroelectricity in the solid solutions with x = 0.03 - 0.15. The room temperature 

ferromagnetic moment is increased with the increasing EuFeO3 concentration. This 

phenomenon is due to the introduction of Eu3+ which induces structural distortion and 

unpaired electrons into the BiFeO3-based solid solutions. The BEuF-0.15 the solid 

solution is the turning point for the weak ferromagnetic to change into a ferromagnetic 

state. As a result, the best candidate for multiferroics applications in this system is 

BEuF-0.15, which exhibits both decent magnetization and electric polarization at room 

temperature. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.10 The measured spontaneous magnetization and calculated 
spontaneous polarization of BEuF-x (x = 0.03 - 0.20) solid solutions 
as a function of Eu concentration at 300 K.  
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7.5 Conclusions 

The room temperature multiferroic BEuF-x solid solutions were successfully 

synthesized by the solid state reaction method. A morphotropic phase boundary (MPB) 

was found to exist in the composition range of x = 0.12 – 0.15. For x  0.20, the solid 

solution transforms to the single-phase orthorhombic Pbnm structure. Furthermore, the 

interesting magnetization behaviour is discovered by the substitution of Eu3+ ion for the 

Bi3+ ion in multiferroic BiFeO3. The concentration of Eu3+ and the resultant ionic size 

effect can affect the ferromagnetic behaviour. For x = 0.08, the solid solution exhibit 

weak ferromagnetism with a magnetization maximum at 300 K. When the concentration 

of the Eu3+ ion is increased, the enhanced structural distortion in the BEuF-x solid 

solutions disrupts the spiral spin modulation in BiFeO3. Consequently, the ferromagnetic 

behaviour was observed in the BEuF-0.15 sample at room temperature. The BEuF-x 

solid solutions have a wider rhombohedral perovskite phase range than the other rare-

earth (RE = Dy, Er, Yb and Lu)-substituted systems (reported in chapters 3 - 7) because 

Eu3+ has the largest ionic radius compared to the Dy3+, Er3+, Yb3+ and Lu3+ ions. This 

size effect explains the particular magnetic behaviour of the BEuF-x solid solutions with 

various amounts of Eu substituted, as shown in Figure 7.8. The weak ferromagnetic 

behaviour was observed with small amounts of Eu (x ≤ 0.12), whereas the 

ferromagnetism was induced in samples with larger amounts of Eu (x = 0.15 and 0.20). 

The best multiferroic candidate in this BEuF-x solid solution system is BEuF-0.15, as it 

exhibits both decent magnetization and electric polarization at room temperature. This 

work provides an additional example of the rare-earth-substitution that leads to the 

formation of BiFeO3-based solid solutions, and it demonstrates that the Eu-substitution 

for Bi is effective in enhancing the multiferroic properties of the BFO, making the         

Bi1-xEuxFeO3 solid solutions interesting multiferroic materials for potential applications.  
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Chapter 8.  
 
General Overview, Comparative Analysis and 
Further Studies 

8.1 General Conclusions 

Multiferroics, showing the coexistence of magnetic, ferroelectric and ferroelastic 

properties within a single phase, have attracted much attention due to their potential 

applications in data-storage systems, multiple-state memories, spintronics, sensors, etc 

[73]. Among the most studied multiferroic materials, the perovskite bismuth ferrite 

BiFeO3 (BFO) is one of the few single-phase multiferroics exhibiting both ferroelectricity 

and antiferromagnetism above room temperature with high ferroelectric Curie 

temperature, (Tc = 830 °C) and a moderate Néel temperature (TN = 370 °C). The 

coexistence of electric and magnetic order parameters in multiferroics offers new 

possibilities for device functionalities based on the cross-control of magnetization and/or 

polarization by the electric field and/or magnetic field (magnetoelectric coupling) [73, 89]. 

BFO has a rhombohedral perovskite structure with the space group R3c. However, it is 

difficult to display large polarization in BFO due to its high leakage arising from the 

secondary phases and charge defects (such as oxygen vacancies). Besides, a spiral 

spin modulation with an incommensurate wavelength period of  62 nm, which is 

superimposed on the G-type antiferromagnetic ordering, leads to a cancellation effect on 

the macroscopic magnetization [84]. Therefore, to overcome these drawbaks, chemical 

modifications by partial substitution of Bi-site (A-site) by rare-earth (RE) elements (RE = 

Dy3+, La3+, Er3+, Gd3+, etc), or alkaline earth elements (Ca2+, Ba2+, Sr2+, etc) were 

performed and proven to be an effective method to improve the performance of bulk 

BFO. Also, B-site co-substitution of Fe3+ by Ti4+, Nb5+, and Mn4+ was carried out [94-

97,101,102,104]. Despite the large amount of researches on BFO in recent years, little 

attention has been focused on the structure and properties of the rare-earth modified 
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BiFeO3, which is the main motivation of this work. In this work, the effects of A-site 

substitution by Dy3+, Lu3+, Yb3+, Er3+ and Eu3+, substitutions of A-site with Dy3+ and B-site 

with Ti3+, and the co-substitution of A-site with Lu3+, B-site with Ti3+, on the crystal 

structure, ferroelectric and magnetic properties of the BFO-based solid solutions in a 

wide range of compositions have been systematically investigated.   

The first part of this work was focused on the development and characterization of 

a new series of multiferroic materials (1−x)BiFeO3 -xDyFeO3 (denoted as BDF-x) and   

(1-x)BiFe(1-y)Ti(y)O(3+y/2)-xDyFeO3 (denoted as BDFT-x-y). The solid solution of BDF-x with 

a stable perovskite phase was synthesized by the solid state reaction method. The 

defects presented in the lattice of BDF-x ceramics are responsible for the electronic 

conduction and ionic conduction. These defects could arise from the volatilization of 

Bi2O3 during the material preparation process, resulting in oxygen vacancies and 

bismuth vacancies. In addition Fe2+ would occupy the octahedral site in the perovskite 

and the electric conductivity arises mainly from the electrons hopping from Fe2+ to Fe3+. 

To resolve these issues, B-site aliovalent substitution by Ti4+ was performed to improve 

the dielectric and ferroelectric properties. The concentration of oxygen vacancies was 

reduced by substitution of Ti4+ for Fe3+ on the B site because Ti4+ has higher ionic charge 

compared to Fe3+ and it is about the same size as Fe3+. A large remnant polarization of 

23 μC/cm2 was displayed of at room temperature in the BDFT-x-y ceramics, which is 

higher than the polarization of the pure BiFeO3 ceramics (8.9 μC/cm2) [99].  

In this first part, the structure of the BDF-x solid solution was analyzed by 

temperature-variable X-ray diffraction and refined by the Rietveld refinements. For          

x below 8%, the solid solution is of a pure rhombohedral perovskite R3c phase. When 

the Dy concentration is increased, a morphotropic phase boundary (MPB) is found to 

exist in the composition range of x = 0.08 - 0.12, in which a mixture of rhombohedral R3c 

phase and orthorhombic Pbnm phase is observed. The solid solution is of pure 

orthorhombic perovskite (Pbnm) space group with x > 0.12. Upon heating, BDF-x 

undergoes a structural evolution from the rhombohedral perovskite R3c, to the MPB, and 

then to the orthorhombic orthoferrite Pbnm. The magnetic properties of the BDF-x 

system are characterized in detail by SQUID magnetomery. The weak ferromagnetism is 

found in BDF-x system at room temperature, which is believed to arise from the 
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structural distortion introduced by the Dy3+ ion with a smaller ionic radius than that of Bi3+ 

ion, which disrupts the spiral spin modulation in BiFeO3, giving rise to non-zero net 

magnetization and thereby the ferromagnetism. The ferromagnetism with a large 

saturated magnetization of Ms = 0.5 μB/f.u. and the ferroelectricity with a remnant 

polarization of 23 μC/cm2 are displayed in the BDFT-0.10-0.02 ceramics at room 

temperature. These properties entitle the BDFT-x-y solid solution one of the few 

multiferroic materials that exhibit both decent magnetization and electric polarization. 

In the second part of this work, the ceramics of the (1−x)BiFeO3 -xLuFeO3 

(denoted as BLF-x) solid solutions, and the ceramics of  (1-x)BiFe(1-y)Ti(y)O(3+y/2)-xLuFeO3 

(denoted as BLFT-x-y) solid solutions have been successfully synthesized with a stable 

perovskite structure by the solid state reaction method. The structure of the BLF-x solid 

solution was also studied by temperature-variable X-ray diffraction and the structure of 

each composition was refined by the Rietveld refinements. According to the established 

temperature-composition phase diagram, the structure of the BLF-x solid solution is of 

pure rhombohedral perovskite R3c phase for x ≤ 0.08, and it was found to change from 

the rhombohedral perovskite R3c to the orthorhombic orthoferrite Pbnm with the 

increase of the Lu concentration, with a mixture of the rhombohedral R3c phase and the 

orthorhombic Pbnm phase in the MPB region (x = 0.10 - 0.15).  A single pure 

orthorhombic Pbnm phase was identified for x  0.20.  

The magnetic properties of the BLF-x system were characterized in detail by 

SQUID magnetometry. Three types of magnetic interactions: Fe3+-O2--Fe3+ 

Dzyaloshinskii–Moriya interaction (denoted as DM interaction), Lu3+-O2--Fe3+ interaction 

and Lu3+-O2--Lu3+ interaction are believed to be responsible for the magnetic properties of 

the BLF-x solid solutions. The magnetization of BLF-x at a higher temperature range   

(30 K – 300 K) is dominated the by DM interaction and the Lu3+-O2--Fe3+ interaction. 

BLFT-x-y ceramic samples were also prepared by solid state reactions to improve the 

ferroelectricity and ferromagnetism of the BiFeO3-based solid solution. By introducing 

Ti4+ on the B-site, the electric conductivity was reduced and new types of magnetic 

interactions, Lu3+-O2--Ti4+ and Fe3+-O2--Ti4+-O2--Fe3+, were introduced. As a result, the 

long-range interaction of a spiral spin arrangement in the lattice was disrupted. The    

BLF-x (x = 0.05 - 0.15) samples exhibit a monotonic increase of magnetization with 
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decreasing temperature from 300 K to 5 K in the rhombohedral R3c phase and the MPB 

region of these solid solutions. The magnetization anomalies at around 70 K for BLF-x 

(0.24 < x ≤ 0.30) could arise from the spin reorientation of the Fe3+ moments and the 

Lu3+ moments, as observed in LuFeO3 and other orthoferrites with orthorhombic phase 

(Pbnm). For BLF-x with a relatively high Lu3+ concentration, a slight decrease in 

magnetic moments upon cooling was observed, which is due to the negative coupling 

between the canted antiferromagnetism of the Fe sublattices and the spin moment of the 

Lu-sublattice. The ferromagnetism has been improved by the disruption of the spiral spin 

modulation in BiFeO3. At room temperature, weak ferromagnetism was displayed in 

BLF-0.10 by a slim magnetic hysteresis loop with a saturated magnetization of        

0.018 μB/f.u, and in the BLFT-0.10-0.02 ceramics with a saturated magnetization of 

0.035 μB/f.u. 

In order to systematically study the effects of rare-earth A-site substitutions on 

the BiFeO3-based solid solutions, the (1-x)BiFeO3 -xYbFeO3 (denoted BYF-x) solid 

solution has been successfully synthesized by solid state reaction. The structure of the 

BYF-x solid solutions was studied by temperature-variable X-ray diffraction and refined 

by the Rietveld refinements. For the BYF-x (x < 0.11) solid solutions, the structure 

exhibits a rhombohedral perovskite with R3c space group. With the further increase of 

the YbFeO3 content, an MPB was found to exist in the composition range of                    

x = 0.11 - 0.15. The orthorhombic orthoferrite (Pbnm) phase is found at x  0.20. The 

chemically modified BYF-x is found to exhibit weak ferromagnetism at room temperature 

with a large saturated magnetization (Ms = 0.5 μB/f.u.) at 5 K, as well as a ferroelectric 

hysteresis loop with a remnant polarization of 4 μC/cm2 at room temperature. 

A systematic study has been carried out of the structure and ferromagnetic 

properties of Er-substitutied BFO ceramics, in order to understand the origin of the 

enhanced magnetic properties in rare earth element-substituted BiFeO3-based solid 

solutions. Ceramics of the (1-x)BiFeO3-xErFeO3 (denoted BErF-x) solid solutions have 

been synthesized and characterized. For x ≤ 0.12, the structure of BErF-x is of 

rhombohedral perovskite with R3c space group. With the increase of the ErFeO3 content, 

an MPB is found to exist in the composition range of x = 0.12 - 0.15, which is followed by 

a single phase orthorhombic Pbnm structure at x = 0.20. As for the magnetic properties, 
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BErF-x is found to exhibit an unusual behaviour of magnetic pole inversion. In most of 

the ferromagnets, the magnetic moment directions can be changed by applying 

sufficiently high external magnetic field rather than decreasing temperature. 

Temperature usually affects the magnitude of the magnetic moment, rather than its 

magnetization directions. In this BErF-x system, however, the magnetic pole inversion 

has been observed with the variation of temperature, which is a rare and interesting 

phenomenon. This magnetic pole inversion behaviour can be tuned by changing the 

concentration of the magnetic ion Er3+ in the BErF-x (x = 0.12 - 0.20) solid solutions. 

Therefore, this study provides an alternative way to improve the multiferroic properties of 

BiFeO3-based ceramics and points out the new phenomenon of magnetic pole inversion 

in BFO-based multiferroics. 

Furthermore, the (1-x)BiFeO3 -xEuFeO3 (denoted BEuF-x) solid solutions have 

been successfully synthesized and studied. The structure remains in the rhombohedral 

perovskite with R3c space group for x ≤ 0.12. With increase of EuFeO3 content, an MPB 

region is found to exist in the composition range of x = 0.12 - 0.15, followed by a single 

phase orthorhombic Pbnm structure at x = 0.20. It is found that that the BEuF-x solid 

solutions have a wider rhombohedral perovskite range than the other rare earth (RE = 

Dy, Er, Yb, and Lu)-substituted systems studied in this work. Eu3+ has the largest ionic 

radius (1.066 Å) compared to the Dy3+ (1.027 Å), Er3+ (1.004 Å), Yb3
+ (0.985 Å) and Lu3+ 

(0.977 Å) ions. In order to achieve the same magnitude of the structural distortion, a 

higher concentration of Eu3+ is required. As a result, the partial substitution of Eu3+ for 

Bi3+ results in two effects. First, the smaller ionic radius of the Eu3+ ions can decrease 

the unit cell lattice parameter and increase the magnetic moment of the Eu3+ sublattice. 

Second, the shrinkage of the cell volume can disrupt the cycloidal spin structure, which 

is the characteristic of the antiferromagnetic spin configuration in BiFeO3. With the 

increase of Eu3+ content from x = 0.03 to 0.12, the BEuF-x solid solutions exhibit a 

decreased antiferromagnetic phase transition temperature compared with pure BFO, 

which indicates a decreased stability of antiferromagnetism. As the concentration of the 

Eu3+ ion is further increased, more structural distortion is induced into the BEuF-x solid 

solutions, which disrupts the antiferromagnetic characteristics of spiral spin modulation 

in BiFeO3, resulting in the ferromagnetic behaviour in the BEuF-0.15 solid solution. 
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8.2 Comparison of the Structural Features and the 
Multiferroic Properties of the (1-x)BiFeO3-xREFeO3    
(RE = Dy, Lu, Yb, Er, Eu) Solid Solutions 

The chemically modified BFO with the A-site substitution of RE3+ (RE = Dy, Lu, 

Yb, Er, Eu) for Bi3+ is found to display improved electrical and magnetic properties 

compared with the pure BiFeO3 ceramics. These chemical modifications have two effects. 

First, the smaller ionic radius of the RE3+ ions can induce the structure distortion and 

increase the magnetic moment. Second, the shrinkage of the lattice parameters can 

disrupt the characteristic cycloidal spin structure in the antiferromagnetic BiFeO3. In this 

work, BiFeO3 is substituted with different rare-earth metal ions: Dy3+, Lu3+, Yb3+, Eu3+, 

and Er3+, which have different ionic radii and numbers of unpaired electrons. The ionic 

radii for Dy3+, Lu3+, Yb3+, Er3+, and Eu3+ ions are 1.027 Å, 0.977 Å, 0.985 Å, 1.004 Å and 

1.066 Å, respectively and the numbers of unpaired electrons for  Eu3+, Dy3+, Er3+, Yb3+, 

and Lu3+ are 6, 5, 3, 1 and 0, respectively. From the results presented in chapters 3 - 7, it 

is possible to compare structural characteristics and multiferroic properties of the various 

RE-substituted BFO-solid solution system in order to gain a better understanding of the 

effects of chemical substitutions on the structure and properties.  

The composition-temperature phase diagrams of the BREF-x solid solution studies 

constructed based on X-ray diffraction and Rietveld refinements are assemble in Fig. 8.1 

(the 3D Figure). For the BREF-x solid solutions, in general, the rhombohedral perovskite 

with R3c space group appears in the composition range of x ≤ 0.10. The structure of 

BREF-x changes from the rhombohedral perovskite (R3c) to the orthorhombic 

orthoferrite (Pbnm) with increasing amount of REFeO3. An MPB is found to exists in the 

composition range at x = 0.10 - 0.15, where a mixture of the rhombohedral R3c phase 

and the orthorhombic Pbnm phase is observed. A single pure-phase orthorhombic Pbnm 

phase is found in BREF-x at x  0.15. Figure 8.2 presents the combined phase diagrams 

of the BREF-x (RE = Dy, Lu, Yb, Er and Eu) solid solutions, which indicates the MPB 

region for the different RE elements. As the ionic radius and the number of unpaired 

electrons decreased, the curved MPB region gradually changed to vertical MPB region 

in the temperature range of 30 C to 700 C.  
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Figure 8.1 The composition-temperature phase diagrams of the BREF-x (RE = 
Dy, Lu, Yb, Er, and Eu) Solid Solutions based on X-ray diffraction 
and Rietveld refinements. 

 

Figure 8.2 Combined phase diagrams of the BREF-x (RE = Dy, Lu, Yb, Er, and 
Eu) Solid Solutions showing the different MPB regions at room 
temperature.  

 

Figure 8.3 shows the magnetic hysteresis (M-H) curves of the BREF-0.10 (RE = 

Dy, Lu, Yb, Er, Eu) solid solutions at 300 K. The spontaneous magnetization and the 

calculated spontaneous polarization of the BREF-0.10 solid solutions at 300 K are 

shown in Figure 8.4. The ferromagnetism of BREF-0.10 samples for various 

compositions was displayed by a slim magnetic hysteresis loop with a saturated 

magnetization and BErF-0.10 ceramics has the highest saturated magnetization 0.08 

μB/f.u at room temperature (300 K). The highest spontaneous magnetization is observed 

in BDF-0.10 with the value of 0.0115 μB/f.u (see Fig. 8.4). For the BEuF-x ceramics, Eu3+ 
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has the most unpaired electrons, which BEuF-0.10 samples exhibit antiferromagnetic 

behaviour with Néel Temperature at 290 K. The reason for the BEuF-x ceramics to 

exhibit antiferromagnetic behaviour is due to the ionic radii of Eu3+ ion. Eu3+ has the 

largest ionic radius (1.066 Å) compared to that of Dy3+ (1.027 Å), Er3+ (1.004 Å), Yb3+ 

(0.985 Å) and Lu3+ (0.977 Å) ions. In order to achieve the same magnitude of structural 

distortion, the concentration of Eu3+ has to be higher. This indicates that in order to 

transform the magnetic properties of BiFeO3 from G-type antiferromagnetic to 

ferromagnetic, both structural distortion and unpaired electrons are needed. Furthermore 

as shown in Figure 8.4 (a), by comparing the ferroelectric and ferromagnetic properties 

of all the BREF-x solutions, BDF-0.10 is revealed to have the best properties at room 

temperature, with the spontaneous magnetization of 0.0115 μB/f.u and a spontaneous 

polarization of 23 μC/cm2. Figure 8.4 (b) shows the comparison of the best calculated 

spontaneous polarization and measured spontaneous magnetization properties for each 

BREF-x solid solutions, i.e., BEuF-0.12, BDF-0.12, BErF-0.15, BYF-0.15, and BLF-0.15, 

and as a result, BDF-0.12 solid solution system has the best multiferroic properties than 

other solid solution systems. In experimental data, BDF-10 solid solution system has 

higher spontaneous polarization of 23 μC/cm2 than BDF-12 solid solution system (17.5 

μC/cm2). Thus, as one of the few and new multiferroic materials, the BDF-0.10 solid 

solution, which exhibits both decent magnetization and electric polarization, can be a 

good candidate for novel applications.  The results of this work show that the substitution 

of rare-earth metal ion (Dy, Lu, Yb, Er, and Eu) can affect the structural symmetry and 

the phase component of the BiFeO3-based multiferroic solid solutions, and thereby 

enhance their multiferroic properties.  
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Figure 8.3 Comparison of the magnetic hysteresis loops of the BREF-0.10    

(RE = Dy, Lu, Yb, Er, and Eu) ceramics measured at  300 K. 
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Figure 8.4 (a) Comparison of the calculated spontaneous polarization and 
measured spontaneous magnetization for the BREF-0.10               
(RE = Dy, Lu, Yb, Er, and Eu) ceramics at  300 K. (b) Comparison of 
the best calculated spontaneous polarization and measured 
spontaneous magnetization properties for each BREF-x solid 
solutions (BEuF-0.12, BDF-0.12, BErF-0.15, BYF-0.15, and BLF-0.15).   

(a) 

(b) 
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8.3 On-going Work: Synchrotron Spectroscopic Studies 

X-ray Absorption Spectroscopy (XAS) technique has been widely used to 

determine the local geometric and/or electronic structure of materials [121]. The Fe K-

edge synchrotron X-ray absorption near edge structure (XANES) and extended X-ray 

absorption fine structure (EXAFS) are obtained in transmission mode at the 01C1 beam 

line of the National Synchrotron Radiation Research Center (NSRRC) in Taiwan (in 

collaboration with Dr. Chi-Shun Tu) [149,158]. Also, the soft X-ray absorption spectra 

(XAS) of the Fe L2,3-edges and oxygen K-edge were studied in total electron yield via 

current mode at the 20A1 beam line of the NSRRC. The Fe L2,3-edge XAS spectra of 

BDF-0.10 BLF-0.08 and BLF-0.10 are shown in Figure 8.5, in which the Fe L2,3-edge 

XAS spectra correspond to the transition from the Fe 2p core level to the unoccupied Fe 

3d states. The splitting of the L2,3 absorptions can be identified as the t2g and eg orbital 

bands that are separated by the ligand-field (LF) splitting. The Fe L2,3 bands are similar 

to the L2,3-edge band structures of α-Fe2O3 [149]. This result suggests the dominant 

oxidation states of the Fe ion are Fe3+ in all three solid solutions. 

 

Figure 8.5 The Fe L2,3-edge XAS spectra of the BDF-0.10, BLF-0.08, and BLF-

0.10 solid solutions. 
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Figure 8.6 shows the O L-edge XAS spectra of the BDF-0.10, BLF-0.08, and 

BLF-0.10 samples. The pre-edge peaks occurring at ∼ 529 eV are correlated to the 

dipole transition from O 1s to O 2p up-spin states hybridized with the unoccupied Fe3+ 3d 

up-spin states. This implies that the Fe3+ 3d5 orbitals are in the high-spin polarization 

electron configuration. The A and B peaks can be identified as the t2g and eg orbital 

bands separated by the ligand-field (LF) splitting and the LF splitting between the t2g and 

eg bands are ~1.6 eV for the samples. The broad C band in the region of 535–545 eV 

can be attributed to the mixture of the Bi 6p, Dy/Lu 6s, Fe 4s/4p, and O 2p 

configurations. In addition, the broader C band indicates the higher disordered 

configuration of electronic states. The broadness of XAS lines has been considered as 

an intrinsic property of oxygen vacancies. The conductivity is higher for the Lu Doped 

sample. The results of the XANES and XAS spectroscopy provide some insights into the 

local structure and electronic configuration of the BREF-x solid solutions. They are being 

analyzed in more detail to provide a better understanding of the origins of the structural 

changes and the mechanism of the enhanced magnetic and electric properties in the 

BFO-based solid solutions.  

 

Figure 8.6 The O L-edge XAS spectra of the BDF-0.10, BLF-0.08 and BLF-0.10 

solid solutions. 
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8.4 Future Directions 

The BREF-x solid solutions have helped address the drawbacks of BFO which 

are G-type antiferromagnetism, weak magnetism coupling, and large leakage current 

density. Although BREF-x solid solutions form a promising class of multiferroic materials, 

further optimization and improvement of the properties of BFO are needed. The 

magnetoelectric effect in (1-x)BiFeO3-xREFeO3 remains to be investigated. This can be 

realized by combing a SQUID magnetometer with an electrometer (e.g., Keithley 6517) 

which can measure the charge accumulated on the electrodes of the sample due to the 

change of polarization induced by a magnetic field, or using a SQUID magnetometer to 

detect the magnetization induced on the sample by the application of an electric field. 

The extension of the binary BREF-x solid solutions into ternary systems is a possible 

approach to be adopted in the future work. In addition, the growth of the BREF-x single 

crystals is another area that is worth investigating for a comprehensive understanding of 

fundamentals and origins of the ferroelectric and ferromagnetic properties. Moreover, 

magnetic neutron diffraction can be used to solve the magnetic structure, and to 

illustrate the superexchange coupling and the magnetic structures. 

 

8.5 Concluding Comments 

In this thesis, a series of BiFeO3-based perovskite solid solutions have been 

synthesized via the chemically modification using various rare earth elements: Eu, Dy, 

Er, Yb, and Lu. Their crystal structures are analyzed, their phase diagrams are 

constructed, and their properties are systematically characterized. This work constitutes 

an important step forward in providing a comprehensive understanding of the crystal 

chemistry and physics of bismuth ferrite-based in ferroelectric and ferromagnetic 

perovskite systems. The knowledge gained in this thesis is crucial for developing new 

multiferroic materials with muti-functionality, which is very promising for new 

technological applications as multi-state memory spintronics devices and 

magnetoelectric sensors and actuators.  
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