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Abstract 

New multiferroic solid solutions of (1-x)BiFeO3-xBaHfO3 (BF-BaHf) with x = 0.05 - 0.95 has 

been prepared by conventional solid-state reaction in the form of ceramics. X-ray powder 

diffraction revealed that the perovskite structure of BF-BaHf transfers from rhombohedral 

to cubic symmetry with the increasing concentration of BaHf, resulting in the formation of 

solid solution. Compared with pure BF, the ferromagnetism in the BF-BaHf solid solution 

is substantially enhanced by the structural distortion due to A-and B-site co-substitutions, 

with remanent magnetization Mr = 0.0469 𝜇" 𝑓. 𝑢⁄   in x = 0.15. Meanwhile, ferroelectric 

domains were observed by transmission electron microscopy for x = 0.15. This confirms 

the beneficial role of BaHf substitution in enhancing magnetic properties while maintaining 

ferroelectric properties of the BF-based multiferroic materials.  

Another new multiferroic solid solution of pseudo-binary system (1-x)[0.8BiFeO3-

0.2BaHfO3]-xBaTiO3 [(1-x)(0.8BF-0.2BaHf)-xBaT] has been successfully synthesized by 

solid state reaction with x = 0.15 - 0.95. All the composition studies showed a gradual 

phase transition from rhombohedral to tetragonal phase as the BaT concentration 

increases. A morphotropic phase boundary is found in the composition range of 0.70 < x 

< 0.80.  Additionally, weak ferromagnetism at room temperature was observed in the 

composition range of 0.30 ≤ x ≤ 0.40. The dielectric loss tangent shows a significant 

decrease as the BaT component increases. Summarily, a phase diagram of the (1-

x)[0.8BiFeO3-0.2BaHfO3]-xBaTiO3 solid solution has been established. 

Single crystals of lead-free BaZr0.275Ti0.725O3 (BZT) have been grown successfully by a 

high temperature solution growth method after 32 trials. The optimal flux combination to 

grow the BZT single crystals is a mixture of BaCO3, BaCl2 and B2O3. The size of the as-

grown crystals varies from 0.5 to 1 nm. X-ray diffraction indicates a pure perovskite phase. 

Polarized light microscopy has shown that the crystals are of cubic symmetry at room 

temperature, suggesting that they are of relaxor behaviour, as initially expected. The BZT 

single crystal composition is determined by X-ray photoelectron spectroscopy to be 

consistent with the nominal composition. The atomic concentrations ratio of the elements 

Ti and Zr are 72.5 % and 27.5%, respectively. This work demonstrates that the BZT single 

crystal can be grown by high temperature solution growth method and this is the first 

successful growth. 
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Chapter 1.  
 
Introduction 

This thesis presents the study of novel lead-free perovskite materials with 

multiferroic properties in the interest of developing high performance lead-free materials 

and having a better understanding of the crystal structures along with electrical/magnetic 

properties in these materials. 

This chapter presents a general introduction, basic concepts and theoretical and 

experimental background that are essential to the thesis. The topics cover perovskite 

structure, piezoelectricity, ferroic-properties, multiferroics and high performance lead-free 

piezo-ferroelectric materials.  

1.1. Perovskite Structure 

Functional materials are widely used in modern technologies. The perovskite 

structure is the most studied crystal structure adopted by many functional materials. It is 

also the basic structure in the materials that we investigate in this work.  

As shown in Figure 1.1, the perovskite structure has the general formula of ABO3, 

where A and B are cations and O is an oxygen anion. A-site cations are the largest ones 

among three kinds of ions and coordinated with 12 neighbour atoms, which lie in the 

corners of the unit cell. Their valence is ranged from +1 to +3. B-site cations are the 

smallest and have a valence from +3 to +6. They lie in the center of the oxygen octahedron 

and are located at the face centers of the unit cell. 
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Figure 1.1 The perovskite unit cell, ABO3, drawn with (a) A cations occupy the 

corners of the unit cell, the B cation sits in the centre of the unit cell 
and O anions are at the centre of each side of unit cell. It demonstrates 
that A cation has 12-coordinations.  (b) The A cation occupies the 
centre of the unit cell, B cations are at the corners of the unit cell and 
O anions sit in the centre between two corners of the unit cell. It 
demonstrates that B cation has 6-coordinations.    

The perovskite structure is extremely versatile. It allows two or more ions to occupy 

crystallographically equivalent sites to form a complex perovskite structure (e.g. (A’A”)BO3, 

A(B’B”)O3, (A’A”)(B’B”)O3).  The combination of cations must satisfy that the total valences 

of all the A and B cations are +6 charges in order to balance the negative charges of 3 

oxygen ions. The tolerance factor t is used to describe the deviation from the ideal cubic 

perovskite structure and predict the stability of the perovskite structure:  

𝑡 = 34536
√8(3:536)

                                                (1.1) 

where 𝑟=, 𝑟",		 and 𝑟@  are the radii of the A, B, and O ions, respectively [1]. A stable 

perovskite structure accommodates a range of the tolerance factor, 0.88 < 𝑡	< 1.09 [2]. An 

ideal cubic perovskite has a tolerance factor of 1. The perovskite structure can distort away 

from cubic symmetry when the cations are too large or too small for crystallographic sites. 

For example, the structure can deviate from cubic, to tetragonal, or to 

rhombohedral/hexagonal, shown in Figure 1.2. The tolerance factor lies outside of the 

range, other coordination environments are preferred.  
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Figure 1.2 Cubic, tetragonal and hexagonal/rhombohedral symmetry of 

perovskite structure in relationship with lattice parameters and bond 
angles.  

With the versatility of perovskite structure, novel materials with interesting 

properties can be developed. It has two different sizes of cations sites and each site can 

be occupied by more than one cation to form a complex perovskite structure (e.g (A’A”)BO3 

or A( B’B”)O3).  This allows a wide range of cation combinations to maintain charge balance 

with the three O2-, providing an excellent frame of developing new materials with 

interesting properties. This also motivates us to study the relationship between crystal 

structure and physical properties.  

1.2.  Piezoelectricity  

Materials with piezoelectric properties can convert mechanical energy into electrical 

energy, and vice versa [3]. When electrical charge/polarization is generated upon the 

application of a mechanical stress to a piezoelectric material, it is called direct piezoelectric 

effect. It is described in Equation 1.2, where 𝐷B , 𝑑BDE , and 𝜎DE  are the resultant charge 

density, piezoelectric coefficient with the unit of pC/N and applied stress, respectively [4]. 

When an internal strain is induced in the material in response to the applied electric field, 

the material deformation will be detected, which can be described as the converse 

piezoelectric effect (Equation 1.3). 𝑆BD , 𝑑EBD  and 𝐸E  are the induced-strain, piezoelectric 

coefficient with the unit of pm/V and the applied electric field, respectively.  

 𝐷B = 𝑑BDE𝜎DE                                                         (1.2) 

𝑆BD = 𝑑EBD𝐸E                                                         (1.3) 
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Third order tensors 𝑑BDE  and 𝑑EBD  are both piezoelectric coefficients. They are 

thermodynamically equivalent. Equation 1.2 and 1.3 can be simplified as follows:  

𝐷B = 𝑑BI𝜎I                                                         (1.4) 

𝑆I = 𝑑BI𝐸B                                                         (1.5) 

Where 𝑖 = 1, 2, 3 and  𝑚 = 1, 2, 3 represent the linear components, and 𝑚 =4, 5, 

6 represent the shear components of the strain, as shown in Figure 1.3. These subscripts 

indicate directionality. The most studied piezoelectric coefficient d33 indicates the 

piezoelectric response in the vertical position, the same direction as the applied electric 

field or stress. Piezoelectricity has many applications, such as actuators and transducers, 

based on the interconversion between the electrical and mechanical energies, as defined 

in Equation 1.4 and 1.5. The ability of a piezoelectric material to convert mechanical 

energy to electrical energy and vice versa, is defined as follows:  

𝑘 = MNO3OPQROS	IQTUQPBTQV	OPO3NWQXXVBOS	OVOTR3BTQV	OPO3NW	
	𝑜𝑟	MNO3OPQROS	OVOTR3BTQV	OPO3NWQXXVBOS	IQTUQPBTQV	OPO3NW	

                       (1.6) 

 
Figure 1.3 The direction of i = 1, 2, 3; m = 4, 5, 6. 

 For a material to exhibit piezoelectricity, it must have a non-centrosymmetric point 

group [3]. 32 point groups have been identified according to the crystallographic rotations 

and symmetry. Among them, there are 21 non-centrosymmetric point groups, among 

which only 20 groups have piezoelectric properties. An asymmetric perovskite structure 

provides the necessary environment to generate different polarization. The polarization 

can be changed with applied stresses, and vice versa. This mechanism is described in 

Figure 1.4. 
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Figure 1.4 The change of magnitude of polarization in response to an external 

stress. a) P under no stress, b) increased P under an external tensile 
stress that elongates the material, and c) decreased P under the 
compressive stress that compresses the material. 

1.3. Ferroic Properties  

Ferroic order is a general term of ferroelectricity, ferroelasticity and ferromagnetism.  

A ferroic material is characteristic of having two or more orientation states in the absence 

of an electric field, a mechanical stress and a magnetic field. When an electric field, a 

mechanical stress or a magnetic field is applied, ferroic materials can switch between 

different states. In this section, we will discuss the following ferroic properties: 

ferroelectricity, ferroelasticity and ferromagnetism. These three ferroic properties are all 

characterized by hysteresis loops, but their physical natures are different.  

1.3.1. Ferroelectricity  

As previously mentioned, there are 20 non-centrosymmetric crystal classes with 

piezoelectric property and among them there are only 10 polar point groups with the 

ferroelectric property. Ferroelectric materials are a subgroup of piezoelectric materials and 

have been widely studied in the past few decades. Ferroelectric materials have a 

spontaneous polarization that can be switched between different polar states under the 

applied electric field [4]. These materials are useful for many devices, such as memory 

chip and smart card chips. Ferroelectricity can be characterized by a hysteresis loop with 

polarization P as a function of applied electric field E, as shown in Figure 1.5 [4].  
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Figure 1.5 A characteristic hysteresis loop in ferroelectric materials with 

polarization P as a function of applied electric field E. 

The polarizations in ferroelectric materials are randomly oriented, and the 

ferroelectric polarization initially has a linear response to the electric field. With the 

increase of the electric field, the dipoles in a ferroelectric will orient along the direction of 

the electric field and reach the saturation polarization Ps under a sufficiently high electric 

field. The regions with the same dipole orientations are called ferroelectric domains. 

Thereafter, when the electric field is removed, the ordered dipoles partially keep the 

ordering state by showing the remanent polarization (Pr) at E = 0. The polarization can 

also be reversed and reach the saturation (-Ps) in the opposite direction with the 

application of an opposite electric field. The electric field needed to switch the polarization 

to the opposite direction is called the coercive field (Ec). Once the reversed applied electric 

field is removed, the remanent polarization will also be in the opposite direction (-Pr). 

Followed by another reversed applied electric field, a hysteresis loop is produced with the 

complete cycle [5].  

There are three characteristic features for P-E hysteresis loops. Normal dielectric 

materials show the linear relationship between polarization and electric field, as shown in 

Figure 1.6 (a). The rectangular loop (Figure 1.6 (b)) is originated from the switchable 

polarization in normal ferroelectrics with perfect ferroelectricity and the ellipse shape of 

the hysteresis loop (Figure 1.6 (c)) is attributed to the leakage current of the materials. 
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The measured P-E loops in real ferroelectric materials demonstrate various shapes due 

to different combinations of above mentioned contributions [6]. 

 
Figure 1.6 Electric polarization (a) dielectric, (b) polarization switching and (c) 

leakage current contributions, respectively. 

Ferroelectric materials show ferroelectric properties only below a phase transition 

temperature, i. e. the Curie temperature TC. TC corresponds to the transition temperature 

from a polar ferroelectric state to a nonpolar paraelectric state [4]. The polarization arises 

from the off-center displacements of B site cation in the perovskite ABO3 structure and is 

developed from the competition between the short range repulsion between adjacent ions 

that favors the centrosymmetric structure and the B-O bonding that stabilizes the off-

center asymmetric state [7]. Above TC, the material is in the centrosymmetric and non-

polar paraelectric state. Below TC, the structure becomes distorted and breaks the 

symmetry of the paraelectric state, resulting in the ferroelectricity with more than one 

possible polarization state. Figure 1.7 (a)-(c)  shows the free energy (G) as a function of 

polarization and Figure 1.7 (d) shows the corresponding dielectric permittivity (dielectric 

constant, ε’ ) as a function of temperature in a typical ferroelectric material [8]. At T > TC, 

the free energy has a single minimum at P = 0, standing for a nonpolar, paraelectric state. 

At T = TC, the potential well nearly flattens with two minima and the material is highly 

polarizable causing high dielectric, thermal and optical properties around the phase 

transition. At T < TC, there are two minima representing two stable polarization states in 

the free energy curve, leading to a maximum at P = 0.  This low symmetry phase is called 

the ferroelectric phase. In the ferroelectric phase, the polarization state of the material can 

switch between two minima under the external electric field of opposite directions, as 

shown in Figure 1.8.  
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Figure 1.7 Free energy as a function of electric polarization (a) T < TC for 

ferroelectric phase (b) T = TC (c) T > TC for paraelectric phase (d) 
Dielectric permittivity as a function of temperature in ferroelectric 
materials. 

 
Figure 1.8 Variation of the Gibbs free energy of a ferroelectric material with the 

applied electric field. 
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1.3.2. Ferroelasticity  

Materials with ferroelastic property have two characteristics: two or more 

orientation states under stress-free condition and transition among different states with 

applied mechanical stress [9]. It can also be defined with the hysteresis loop of strain (S) 

as the function of stress (𝜎), similar to the P-E loop in Figure 1.5.  Ferroelasticity is 

structurally dependent upon temperature variation. For example, BaTiO3 transforms from 

the non-ferroelastic state with a high symmetry class (space group Pm3[m) to a ferroelastic 

state with reduced symmetry (space group P4mm) at TC = 120 ℃. Ferroelasticity as a 

function of temperature is often accompanied by additional cooperative phenomena, such 

as ferroelectric  or magnetic ordering [10].  

1.3.3.  Ferromagnetism  

In general, any inorganic solid compound that exhibits magnetic behaviour must 

have unpaired “d” or “f” electrons on the metal cations [11]. When spins are orientated at 

random, the material is paramagnetic, shown in Figure 1.9 (a).  When spins are aligned in 

one direction, the material is ferromagnetic, as shown in Figure 1.9 (b). When the adjacent 

spins are antiparallel to each other and the net magnetic moment is zero in the ordered 

state, the material is antiferromagnetic, as shown in Figure 1.9 (c). Lastly, when the 

adjacent spins are antiparallel to each other and the net magnetic moment is not zero in 

the ordered state, the material is ferrimagnetic, as shown in Figure 1.9 (d) [12]. 

 
Figure 1.9 Schematic of spin configurations in different magnetic orderings: (a) 

paramagnetism, (b) ferromagnetism, (c) antiferromagnetism, and (d) 
ferrimagnetism, 
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When a material is placed under an applied magnetic field (H), the flux density (B) 

can either decrease or increase. Such interaction produces magnetization (M), which is a 

vector that describes the density of permanent or induced magnetic dipole moments in a 

magnetic material and is correlated with the flux density and applied magnetic field as 

follows: 

𝐵 = 𝜇^(𝐻 +𝑀)                                                     (1.7) 

For example, a diamagnetic material reduces the flux density and a paramagnetic 

material increases the flux density. Generally, the magnetization is discussed in terms of 

the magnetic susceptibility (𝜒), defined as follows:  

𝜒 = c
d

                                                                (1.8) 

The temperature dependent magnetic susceptibility defines the response of a 

magnetic material to an applied magnetic field at a certain temperature. For paramagnetic 

materials, the magnetic susceptibility is inversely proportional to temperature and follows 

Curie law as follows:  

𝜒 = e
f
                                                                (1.9) 

T is temperature in K, and C is the Curie constant, defined as follows:   

𝐶 =
h4ijklli:

k

mE:
	≈ 	 o

p
𝜇O8qq                                                (1.10) 

𝑁= is the Avogadro’s number, 𝑘"	is the Boltzmann constant, 𝜇" is the Bohr magneton, and 

𝜇Oqq is the spin-only effective magnetic moment:  

𝜇Oqq = 𝑔t𝑆(𝑆 + 1)                                                  (1.11) 

g is the gyromagnetic ratio (g-factor), which is 2, for a spin only system. S is the total spin 

quantum number. In addition, the contribution of orbital angular momentum can be ignored 

because it’s generally quenched by crystal field effects for the first row transition metals 

[13].  
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Figure 1.10 (a) Magnetic susceptibilities as a function of temperature for 

paramagnetic, ferromagnetic and antiferromagnetic materials. (b) 
Inverse susceptibilities as a function of temperature for 
paramagnetic, ferromagnetic and antiferromagnetic materials with 
the Weiss temperature (θ). 

As mentioned earlier in this section, the magnetic susceptibility of a paramagnetic 

material is inversely proportional to temperature, as shown in Figure 1.10 [2]. There are 

different temperature dependences due to the cooperative interaction between the 

individual electron spins. Within paramagnetic materials, some materials have 

spontaneous interactions between spins, giving rise to ferromagnetic or antiferromagnetic 

behaviour. Magnetic susceptibilities of both ferro- and antiferromagnetic materials can be 

described by Curie-Weiss law, a modified version of Curie law, defines as follows:  

𝜒 = e
fvw

                                                     (1.12) 

𝜃 is the Weiss temperature, which determines the type of magnetic ordering by inverse 

susceptibility as a function of temperature, as shown in Figure 1.10 (b).  

 For a ferromagnetic material, 𝜃 is positive and indicates that all the spins are 

aligned in a parallel manner, which develops a spontaneous magnetic moment in the 

absence of applied magnetic field, as shown in Figure 1.10 (a). This magnetic behaviour 

appears below a certain temperature, known as the Curie temperature (Tc), below which 

the quantum mechanical exchange energy causes electrons with parallel spins to have a 

lower energy than those with antiparallel spins [14, 15].  There is a sharp upturn observed 

in the susceptibility as a function of temperature caused by the spin alignments due to the 

applied magnetic field. Above Tc, the thermal energy (𝑘"𝑇) is larger than the energy 
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exchange, which causes the thermo-perturbation to the formation of the magnetic ordering 

state, leading to the randomly oriented spins in the absence of magnetic fields and the 

paramagnetic behaviour. Similar to the ferroelectric materials, ferromagnetic materials 

also have ferromagnetic domains, areas with spins aligned in the same direction [15]. 

Different domains may have different spin orientations, but the orientation can be switched 

parallelly with an applied magnetic field.  A magnetic hysteresis loop is observed in the 

magnetization as a function of applied magnetic field, as shown in Figure 1.11. Similar to 

the ferroelectric hysteresis loop, the spontaneous magnetization can be switched with the 

magnetic field in an opposite direction. The magnetization can be saturated (Ms) when a 

large magnetic field is applied and a remanent magnetization (Mr) can be observed with 

the removal of the magnetic field. Hc is the coercive magnetic field for obtaining a zero 

magnetization.  

 
Figure 1.11 The magnetic hysteresis loop showing the magnetization as a 

function of applied magnetic field. 

In antiferromagnetism, 𝜃  is negative when the spins are predominantly 

antiferromagnetically ordered and the system displays zero net magnetization in the 

ordered state. The antiferromagnetic ordering occurs below the transition temperature, 

Néel temperature (TN). Below TN, the susceptibility as a function of temperature shows a 

rapid decrease or a temperature independent feature, depending on whether the spin 

alignment is parallel or perpendicular to the easy axis. Above TN, the antiferromagnetic 

material exhibits the paramagnetic behaviour and its susceptibility is inversely proportional 

to temperature.  
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1.4. Multiferroics – BiFeO3  

Multiferroic materials simultaneously possess two or three of the ferroic properties: 

ferroelectricity, ferroelasticity and ferromagnetism. There are different coupling effects 

between these three ferroic properties, as shown in Figure 1.12 [16]. As mentioned in the 

previous section, P is the polarization which is controlled by the applied electric field (E) 

and is the order parameter of the normal ferroelectrics. Strain (𝜀) is manipulated by stress 

(𝜎) and magnetization (M) is switchable by an applied magnetic field (H). When the stress 

can produce electricity and vice versa; it is called piezoelectricity. In addition, the applied 

magnetic field (H) affects strain, which is called magnetoelasticity. Either the effect of 

magnetic field on polarization or the effect of electric field on the magnetization is called 

magnetoelectricity. It is common for a material to simultaneously have ferroelectric and 

ferroelastic or ferromagnetic/antiferromagnetic and magnetoelastic properties [17]. For 

example, the piezoelectric property in many ferroelectric materials can be used to convert 

sound wave energy into electrical signals in sonars or to convert electrical impulses into 

mechanical motion in actuators [18].   

 
Figure 1.12 The electric field E, magnetic field H, and stress 𝝈 control the electric 

polarization P, magnetization M, and strain 𝝐, respectively. In a ferroic 
material, P, M or 𝝐  are spontaneously formed to produce 
ferromagnetism, ferroelectricity, or ferroelectricity respectively. In a 
multiferroic, the coexistence of at least two ferroic forms of ordering 
leads to additional interactions. In a magnetoelectric multiferroic, a 
magnetic field may control P or an electric field may control M [16]. 

Trends toward device miniaturization have led to an extensive interest in 

multiferroics, especially in the combination of ferroelectric and ferromagnetic/ 

antiferromagnetic properties. Such combination may lead to magnetoelectric (ME) effect 
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[19], which is the electrical polarization induced by the magnetic field and vice versa [16]. 

The ME effect in a multiferroic material can be described in terms of Gibbs free energy 

function as follows [20–22]: 

𝐺 = 𝑃B𝐸B + 𝑀B𝐻B +
o
8
𝜀}𝜀BE𝐸B𝐸E +

o
8
𝜇}𝜇BE𝐻B𝐻E + 𝛼BE𝐸B𝐻E +

����
8
𝐸B𝐻D𝐻E +

����
8
𝐻B𝐸D𝐸E …  (1.11) 

Differentiating it with respect to 𝐸B leads to the polarization: 

𝑃B(𝐸, 𝐻) =
��
���

= 𝑃B� +
o
8
𝜀}𝜀BE𝐸E + 𝛼BE𝐻E +

����
8
𝐻D𝐻E +⋯                       (1.12) 

When there is no electric field applied, E=0, polarization can be expressed as follows:  

𝑃B(𝐸, 𝐻) = 𝑃B� + +𝛼BE𝐻E +
����
8
𝐻D𝐻E +⋯                                   (1.13) 

𝛼 is the linear magnetoelectric coefficient and describes both the variation of polarization 

with magnetic field and the variation of magnetization with electric field. 𝛽 is the quadratic 

magnetoelectric coefficient.  

 
Figure 1.13  Sketch of a possible MERAM structure. The binary information is 

stored by the magnetization direction of the bottom ferromagnetic 
layer (blue), read by the resistance of the magnetic trilayer, and 
written by applying a voltage across the multiferroic ferroelectric-
antiferromagnetic layer (FE-AFM; green).  [17].  
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 In our current technology, ferroelectric polarization and ferromagnetic 

magnetization are used to encode binary information in ferroelectric random access 

memories (FeRAMs) and magnetic random access memories (MRAMs), respectively [17]. 

The coexistence of ferroelectricity and ferromagnetism in a material can be applied in 

possible new streams of memory device development such as magnetoelectric random 

access memories (MERAMs). The basic concept is to write electrically and read 

magnetically, as shown in Figure 1.13. The binary information can be written by the 

polarization (black arrow) of the ferroelectric and antiferromagnetic layer (Fe-AFM, green) 

which can be switched by an applied electric field. The spin direction can be reversed 

(small white arrows) due to the magnetoelectric coupling effect. The binary information is 

stored in the lower ferromagnetic layer (blue) and read by measuring the resistance 

between the two blue ferromagnetic layers [17]. For example, BiFeO3 is a multiferroic 

material exhibiting magnetoelectric effect at room temperature and it is also one of the 

most promising candidates for developing MERAMs. It is expected to form a new type of 

memory device by a combination of ferroelectric and ferromagnetic properties [3, 23].  

1.4.1. Why Are There So Few Multiferroics?   

Despite the appealing advantages of multiferroics, there are very few single-phase 

multiferroic materials with ME effect at room temperature, as shown in Figure 1.14 [16]. 

Ferroelectricity and ferromagnetism are mutually exclusive by nature [15]. Ferroelectricity 

arises from the hybridization bonding between d-orbital of B-site cation and the p-orbital 

of O2- anion. Hybridization requires a close energy between these two states, therefore, 

ferroelectricity favors d0 electronic configuration in B-site cation. As mentioned in the 

previous section (section 1.3.3), partially filled d-orbital is required for exhibiting magnetic 

behaviour. However, having electrons in d-orbital of B site cation will increase the d orbital 

energy and the hybridization between d-orbital of B-site cation and p-orbital of O2- anion 

becomes difficult [24]. This is called d0-dn dilemma and the reason why ferroelectricity and 

ferromagnetism are mutually exclusive [19].  

Another limitation for the coexistence of ferroelectricity and ferromagnetism is the 

structural distortion due to the removal of the degeneracy of electronic ground state by the 

interaction between d-orbital and the ligand field, which is called Jahn-Teller distortion [15, 

25].  On the other hand, the polarization of the ferroelectricity arises from the off-center B 

site cation in the perovskite ABO3 structure and this off-centering phenomenon is due to 
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hybridization bonding between d-orbital of B-site cation and the p-orbital of O2- anion. 

Though the energy can be lowered either by the Jahn-Teller effect or the off-centre 

distortion, Jahn-Teller distortion will likely be the dominant distortion if Jahn-Teller effect 

is possibly formed. As a result of centrosymmetric structure, rather than ferroelectric state, 

can be formed.  

Even though ferroelectricity and ferromagnetism are mutually exclusive, there are 

still some well-known multiferroic materials such as BiFeO3. Bi3+ has 6s2 lone pair 

electrons, which enhances the hybridization between d-orbital of Bi3+ cation and the p-

orbital of O2- anion. This hybridization is favourable to an off-centre distortion and the 

ferroelectric ordering in BiFeO3.  

 
Figure 1.14 The relationships between ferromagnetic, ferroelectric, multiferroic 

and magnetoelectric effect. 

1.4.2. Bismuth Ferrite (BiFeO3) 

Multiferroic materials are characterized by the coexistence of two or more ferroic 

properties: ferroelectricity, ferroelasticity and ferromagnetism. The current multiferroic 

research focuses on the materials exhibiting magnetoelectric (ME) effect because of the 

potential applications in memory devices. As mentioned previously, ferroelectricity and 

ferromagnetism are mutually exclusive due to d0-dn dilemma and there are several 

methods to overcome this dilemma to achieve multiferroic properties in perovskite 

materials such as occupying A- and B-site in ABO3 structure with polar and magnetic 

active ions, respectively, or preparing a double perovskite structure containing one 

magnetic sublattice and one ferroelectric sublattice [19]. For example, in BiFeO3 (BF), 

ferroelectrically active cation Bi3+ occupies A-site and magnetic cation Fe3+ occupies B-
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site. BiFeO3 is the most widely studied multiferroic material due to its excellent coupling 

between the electrical and magnetic behaviours at room temperature. In this thesis, we 

focus on the chemical modification on BiFeO3 to search for the novel multiferroic materials.  

The crystal structure of BiFeO3 is characterized as a rhombohedral perovskite 

structure with the space group R3C at room temperature [26]. The rhombohedral 

perovskite structure of BiFeO3 has the lattice parameter, 𝑎3U = 3.965	 Å and a 

rhombohedral angle of 𝛼3U ≈ 89.3° with ferroelectric polarization along [111]pseudocubic [27].  

Rhombohedral can also be described as hexagonal with 𝛼UO� = 5.58		Å and 𝑐UO� =

13.09		Å with ferroelectric polarization along [001]hexagonal, as shown in Figure 1.15 [28]. As 

previously mentioned, the tolerance factor (t) can be used to determine the stability of the 

perovskite structure, shown in Equation 1.1, and t of BiFeO3 is 0.88. 

 
Figure 1.15 Schematic view of the R3c structure built up from two cubic 

perovskite unit cells. The cations (Bi3+/Fe3+) are displaced along the 
[111]	direction relative to the anions (O2-), and the oxygen octahedral 
rotate with alternating sense around the [111]	axis [28].  

1.4.3. Ferroelectricity of BiFeO3  

To discuss the mechanism of ferroelectric behaviour of BiFeO3, we must explain 

why the lead-based ceramics show excellent performances. Since the  Pb(Zr(1-x)Tix)O3 

(PZT) was discovered in 1950s, the lead-based ceramics have received a great deal of 

attention from the science community [29]. A breakthrough of high d33 in single crystals of 

(1-x)Pb(Mg1/2Nb2/3)O3 - xPbTiO3 (PMN-PT) and (1-x)Pb(Zn1/2Nb2/3)O3 - xPbTiO3 (PZN-PT) 
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was reported by Park and Shrout in late 1990s [30].  A key cation in these materials in 

common is Pb2+, which has the stereochemically active 6s2 lone pair electrons [31]. In 

general, the lone pair electrons distort the coordination environment around the metal ions, 

causing asymmetric bond length between Pb2+-O2- bonds. Under the asymmetric bond 

length environment, the s orbital will exhibit some p character due to the hybridization of 

6s and 6p orbitals [32, 33]. Therefore, the electron density is off-centered, which can only 

occur on the non-centrosymmetric sites. The 6s2 lone pair electrons enhanced the 

structural asymmetry, leading to the excellent physical properties in lead-based materials. 

Bismuth (III) has the same electronic configuration as lead (II); therefore, ferroelectricity 

can be induced by the structural distortion due to the lone pair electrons on Bi3+. The ionic 

radius of Bi3+ is 1.17 Å, which is favourable on the A- site of ABO3 perovskite structure. 

This type of ferroelectricity can also be called as A-site driven ferroelectricity [7, 19].  One 

of the few stable Bi-based perovskites is BiFeO3 (BF). BF ceramic has a large polarization 

of 𝑃3 ≈ 60	𝜇𝐶𝑐𝑚v8	 along [001] and 𝑃3 ≈ 100	𝜇𝐶𝑐𝑚v8  along the pseudocubic [111] 

direction [34]. Bi3+ and Fe3+ cations are displaced from their centrosymmetric position, 

which results in the spontaneous polarization [25].  At room temperature, the intrinsic GHz 

dielectric permittivity and Curie temperature of BiFeO3 are reported as 𝜀3 ≈ 30 and 𝑇T ≈

825	℃, respectively. BiFeO3 has been considered as a high temperature piezoelectric 

material because of its large polarization and high Curie temperature [34].  

1.4.4. Magnetic Behaviour of BiFeO3  

BiFeO3 (BF) has also shown an antiferromagnetic behaviour below 𝑇h ≈ 364℃. In 

BF solid solution, each Fe3+ spin is surrounded by six antiparallel spin on the nearest 

neighboring Fe3+ ions. A weak ferromagnetism will be produced if the magnetic spins are 

oriented perpendicular to the [111] directions. However, these spins are not perfectly anti-

parallel and a small canted moment of the antiferromagnetic sublattice results in a 

macroscopic magnetization due to the Dzyaloshinskii-Moriya (D-M) interactions [35]. 

Superimposed on this antiferromagnetic ordering is a spiral spin structure, which the 

antiferromagnetic axis rotates through the crystal with a period of approximately 62-64 nm 

in the direction of [110]hex in the perovskite structure, as shown in Figure 1.16 [35]. The 

sublattice propagation vector (black) in the [110]hex direction and the polarization factor 

(red) is in the [111] hex direction. The blue and green arrows represent the canted 

antiferromagnetic spin leading to a resultant magnetic moment (purple arrow). The spiral 
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spin configuration results in net magnetic moment to be zero. The spiral spin structure of 

BiFeO3 only results in weak ME coupling. Chemical modification can be the key to unravel 

this challenging puzzle.  

 
Figure 1.16 Illustration of the 62-64 nm antiferromagnetic spiral spin rotation. 

1.4.5. Limitation of BiFeO3  

There are considerable research interests in BiFeO3 (BF) because of the coupling 

effect between the electrical and magnetic behaviour at room temperature. As mentioned 

previously, the A-site cation (Bi3+) contributes to the ferroelectricity and the B-site cation 

(Fe2+) contributes to the magnetic properties in BF. Despite the interesting properties of 

BF materials, there are several obstacles that hinder them from practical applications. It 

is a big challenge to obtain well developed ferroelectric hysteresis loops in BF ceramics 

at room temperature, due to its low resistivity caused by the defects in them [36]. For 

instance, a large remanent polarization has been reported for BF in both single crystal and 

thin films. However, there is little evidence that shows BF ceramics have similar remanent 

polarizations. It is a challenge to synthesize pure BF because of the volatilization of Bi2O3 

derived from the formation of impurity Bi2Fe4O9 phase at high temperatures [37]. The 

volatile nature of Bi also leads to high leakage current in BF. The loss of Bi3+ cation is 

accompanied by the reduction of Fe3+ to Fe2+ and the formation of oxygen vacancies. 

Therefore, the BF shows a p-type semiconductor property and low electrical resistivity, 

leading to a hard measurement for dielectric and ferroelectric properties at room 

temperature. In addition, BF exhibits weak magnetoelectric (ME) coupling due to the 

existence of spiral spin leading to zero net magnetic moment [35]. One of the methods to 

solve these problems is forming solid solutions with other ABO3 perovskite materials, such 

as BF-BaTiO3 [38].  

Σ𝑀�� = 0 
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1.5. High Performance Lead-Free Piezo-/ Ferroelectric 
Materials  

Lead-based materials, such as Pb(Zr(1-x)Tix)O3 (PZT) and Pb(Mg1/3Nb2/3)O3-PbTiO3 

(PMN-PT) are commonly used in piezoelectric material applications. It is well known that 

lead is toxic for human health, especially by inhalation and ingestion. Lead is commonly 

used in many industries such as chemical and ceramic manufacture causing serious 

health concerns, so many countries have put forward legislations to forbid the use of 

hazardous substance containing lead, such as Restriction of Hazardous Substances 

(RoHS). There are many similar regulations established in many countries such as in 

Switzerland, Norway, United State, South Korea, Turkey and European Union [39]. These 

human health related reasons spur massive research activities into replacing lead 

containing ceramics with non-toxic alternatives such as (K,Na)NbO3–based system (KNN), 

Ba(Zr,Ti)O3-based system (BZT), (Ba,Ca)(Zr,Ti)O3–based system(BCZT) and bismuth-

based materials [40]. To be able to find the alternatives, we must understand why lead-

based materials show outstanding properties other than the stereochemically active 6s2 

lone pair electrons. For example, bismuth also has 6s2 lone pair electrons but Bi-based 

materials do not exhibit the same high performances as the lead counterpart materials. A 

detailed study on the microstructures of lead-free materials is needed to compare lead-

based materials with the lead-free materials. Single crystals are necessitated for the 

characterization of microstructure of materials. Therefore it is important to synthesize lead-

free single crystals to compare them with PZT with the composition near morphotropic 

phase boundary (MPB) [29]. The concept of MPB and single crystals will be introduced in 

the following section.  

1.5.1. Morphotropic Phase Boundary (MPB) 

While many combinations of cations can result in piezo-/ferroelectric properties, 

there is a particular interest in materials with a morphotropic phase boundary (MPB). MPB 

is the region observed an abrupt change in structure with respect to composition changes. 

As we know, a few lead-based piezoelectric materials, such as Pb (Zr(1-x)Tix)O3 (PZT) and 

Pb(Mg1/3Nb2/3)O3-PbTiO3 (PMN-PT), possess high performances and are widely used for 

many applications [41]. However, their performances are dependent on the compositions. 

PZT ceramics with the composition near MPB, at x ~ 0.48 PT, show the highest electrical 

properties, especially the piezoelectric properties [42]. In the MPB region, mixed phases 
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were detected. For example, MPB of PZT and PMN-PT have rhombohedral and tetragonal 

phases on each side of MPB which exhibit enhanced property [43–47]. The coexistence 

of these phases enables the continuous rotations of the polarizations under the electric 

fields, which is responsible for the promising piezoelectric properties in the materials with 

MPB.  

1.5.2. Single Crystal vs. Ceramics  

Single crystals are defined by their periodic atomic arrangements and their 

macroscopic and microscopic homogeneous structures. It only has one grain with the 

same crystalline alignment. Single crystals exhibit much higher piezoelectric properties, in 

comparison with the ceramic in the same composition [29]. In piezo-/ferroelectric 

materials, polarization is induced by an electric field. The different responses of single 

crystal and ceramics upon poling are illustrated in Figure 1.17. It is known that the 

polarization can be reoriented along the direction of applied electric field. For single 

crystal, the polarization directions are perfectly aligned along the direction of electric field, 

shown in Figure 1.17. For comparison, the polarizations of ceramics are not perfectly 

aligned with an applied electric field due to the grain boundaries of ceramics that limit the 

reorientation of polarization. In addition, ceramics usually have more defects as compared 

with the single crystals [48], which further prevent the dipoles from rotating toward the 

direction of the external electric field. Single crystals in the piezo-/ferroelectric materials 

have attracted lots of attention due to their enhanced piezoelectric properties and versatile 

applications.   

 
Figure 1.17 Illustration of the difference of single crystal and ceramics under 

applied electric field. 
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1.6. Objectives of this Research and Organization of the 
Thesis  

The objectives of this thesis work are mainly two-folds.  

1) The room temperature multiferroic material BiFeO3 (BF) has attracted a great 

deal of interest due to the unique properties of BF. There are drawbacks, which 

are discussed in Section 1.4.5. It is necessary to overcome these drawbacks 

by chemical modification of BiFeO3. Therefore, the objective of this work is to 

chemically modify BF with BaHfO3 and BaTiO3 to develop new and true room-

temperature multiferroic materials, which are potentially useful for 

magnetoelectric and spintronic device applications.  

2) There have been intensive investigations on searching for new lead-free 

piezo/ferroelectric materials that possess similar properties with Pb(Zr(1-x)Tix)O3 

(PZT), which is commonly used in commercial applications. To design and 

synthesize new lead-free materials, a better understanding of the fundamental 

structure-property relationship between lead-free materials and PZT is crucial. 

Single crystals of lead-free materials are essential to study anisotropic 

properties and domain structure that cannot be studied in ceramics. Single 

crystals have no grain boundary and allow for the exploitation of directionality 

that may offer improved properties such as improved piezoelectric response in 

comparison to their ceramic counterparts [49]. The objective of this work is 

therefore to grow single crystals of BaZr(1-x)TixO3 (BZT), which have not been 

grown so far. 

This thesis is composed of 6 chapters.  

Chapter 1 contains the necessary background in order to establish the 

fundamental understanding for addressing the work of this thesis.  

Chapter 2 will briefly introduce the principles and applications of various analytical 

and measurement techniques utilized in the study to characterize the newly synthesized 

materials in order to better understand the structure-property relationship. These include 

X-ray diffraction for structural analysis, Superconducting Quantum Interference Device 

(SQUID) for magnetic characterization, dielectric spectroscopy for electric properties 
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measurement, scanning electron microscopy (SEM) / transmission electron microscopy 

(TEM) for nanodomain characterization and polarized light microscopy for studying 

domain structures.  

A number of studies have been carried out on chemically modified BiFeO3. For 

example, the BiFeO3-BaTiO3 (BF-BaT) solid solution was well studied, showing an 

effectively stabilized perovskite structure [37, 38, 50–53]. The BF-BaT ceramics also 

exhibit a favorable piezoelectric property, d33 > 100 pC/N, and large polarization, Pr > 20 

µC/cm2. BF-based ceramics with co-substitutions of the alkaline earth ion at A-site and 

transition metal ion at B-site show intriguing multiferroic properties, suggesting at the 

beneficial role of co-substitutions. Therefore, the first project of this thesis (Chapter 3) is 

to synthesize and study the co-substitutions of Ba2+ and Hf4+ for Bi3+ and Fe3+ in BF, 

forming the solid solution of (1-x)BiFeO3-xBaHfO3 (BF-BaHf). Partial A-site substitution 

with alkaline earth metal in BF ceramics could induce a spontaneous magnetization due 

to the disruption of the antiparallel spin alignment leading to the deformation of cycloidal 

spin modulation [54]. Ba-substitution in BF ceramics could distort the bond angle of Fe3+-

O2--Fe3+, resulting in a net nonzero magnetization [36] and enhanced magnetoelectric 

coupling [55]. The larger radii of Ba2+ than Bi3+ could introduce more space for B-site ionic 

displacement, which enhances ferroelectricity in the perovskite structure. Furthermore, the 

existence of mixed valence state of Fe2+/Fe3+ ions and oxygen vacancies in BiFeO3 

ceramics may lead to high conductivity. Therefore, the introduction of higher valence Hf4+ 

ion on the B-site is expected to reduce the amounts of oxygen vacancies and Fe2+ ions. In 

addition, the charge imbalance on the B-site would enhance the octahedral distortion and 

further improve the dielectric performance [56, 57]. Detailed structure study is performed 

by X-ray diffraction, scanning electron microscopy and transmission electron microscopy. 

The BF-BaHf solid solution analyses are presented in Chapter 3, and the solid solution is 

found to be a promising room temperature multiferroic material.  

To further reduce the conductivity in the BF-BaHf solid solution, BaTiO3 (BaT) 

substitution is chosen to explore another possible room temperature multiferroic material. 

The new pseudo-binary system (1-x)(0.8BiFeO3-0.2BaHfO3)-xBaTiO3 [(1-x)(0.8BF-

0.2BaHf)-xBaT] is studied in Chapter 4 for the purpose of enhancing ferroelectricity in the 

BF-BaHf solid solution.  
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Most piezo-/ferroelectric materials used in technological and commercial 

applications are based on PZT; it is also the most studied lead-based materials. Scientists 

have been trying to study and compare PZT with BZT ceramics which has the similar 

composition except the A-site cation. So far, there has not been a detailed study to explore 

the intrinsic properties due to the lack of BZT single crystals. Single crystals are essential 

to the studies of crystallographic structure, domain structure and optical properties. Single 

crystals are also required to evaluate and understand the intrinsic structure-property 

relationship, which is not achievable with its ceramic counterparts. The growth of 

BaZr0.3Ti0.7O3 single crystals, near MPB, has become a challenging task for research 

development; therefore, the goal of this study is to synthesize novel BZT single crystals 

which have not been grown so far. Chapter 5 is concerned with growing BZT single 

crystals by a high-temperature solution growth method.  

Lastly, a brief conclusion of this thesis work, with suggestions for future work, is 

provided in Chapter 6.  

Note that all chapters of this thesis are written in the style of manuscripts for future 

publications and intended to be self-contained.   
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Chapter 2.  
 
Structure and Physical Characterization of Lead-Free 
Ferroelectric/ Multiferroic Material: Tools and 
Principles  

In the study of multifunctional materials, the characterization of structural and the 

physical properties are essential for understanding the function of the synthesized 

materials. In this chapter, basic principles of experimental techniques used in this research 

will be introduced such as X-ray diffraction (XRD), superconducting quantum interference 

device magnetometry (SQUID), dielectric spectroscopy, scanning electron microscopy 

(SEM), transmission electron microscopy (TEM), polarized light microscopy (PLM) and X-

ray photoelectron spectroscopy (XPS). 

2.1. Structural Characterization by X-ray Diffraction (XRD) 

X-ray diffraction (XRD) is a useful technique to characterize crystal symmetry, 

phase purity and provide physical characteristic information associated with 

crystallography. Each crystalline material has its own characteristic X-ray powder 

diffraction pattern which can be used as a “fingerprint” for its identification [58]. X-ray is a 

beam of electromagnetic radiation of short wavelength ~ 0.6 to 3.0 Å and produced by 

cathode ray tube accelerating towards a metal target, usually copper or chromium. As the 

monochromatic electron beam strikes the target, the incident electrons eject/excite the 

electrons from the inner K-shell. Upon the collision, the electron has sufficient energy to 

eject 1s (K-shell) electron; the vacancies are immediately filled up with 2p or 3p electrons. 

The electrons with higher energy from L-shell transition to the lower energy orbital (K-shell) 

and this transition releases X-ray radiation, as illustrated in Figure 2.1.  

In this thesis, the XRD measurement utilizes the copper source.  For Cu the 2𝑝 →

1𝑠 transition (L- to K- shell), produces a doublet, 𝐾�oand 𝐾�8 X-ray with the wavelength of 

1.54051 and 1.54433 Å, respectively, because the transition has a slightly different energy 

for the two possible spin states of the 2p electron to the vacant 1s orbital. The 3𝑝 → 1𝑠 

transition (M- to K- shell), produces 𝐾� with wavelength of 1.3922 Å. 𝐾� is usually more 

common and intense compared with 𝐾�, therefore, 𝐾� is filtered out using Nickel foil. The 
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average wavelength of doublet transition for 𝐾�oand 𝐾�8 X-ray in copper source, 𝐾� =

1.5418	Å, was commonly used for diffraction experiments in this thesis.  

 
Figure 2.1  Illustration of the generation of Cu Kα  X-rays. 1s electron is ionized; 

a 2p electron falls into the empty 1s level and the excessive energy is 
released as X-rays. 

In this work, two instruments are used and both utilize the copper source (𝐾� =

1.5418	Å). Rigaku Rapid Axis diffractometer with a triple axis and an image plate detector 

was used for a rapid scanning. Bruker D8 Advance diffractometer with a Goebel mirror for 

a parallel X-ray beam was also used for high resolution measurement, which provides a 

more detailed information regarding the crystallographic structure and grain size. The 

electron interaction with the crystal structure is described by Bragg’s law.   

2.1.1. General Concept of XRD – Bragg’s Law  

Bragg’s law describes the relationship between the spacing in the periodically 

arranged lattice, perovskite structure and the scattered beam, as illustrated in Figure 2.2 

and defined as follows [58]:  

2𝑑UEV𝑠𝑖𝑛𝜃 = 𝑛𝜆                                                     (2.1) 

𝑑UEV is the interplanar spacing between the crystal planes (ℎ𝑘𝑙). ℎ, 𝑘, and	𝑙 are the Miller 

indices, a notation system, to described lattice planes. 𝜃 is the Bragg angle between the 

diffracted ray and crystal planes. 𝑛 is an integer defined as the order of diffraction and 

commonly set to be 1 to study the lattice parameter in the perovskite structure. 𝜆 is the 
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wavelength of X-ray. In Figure 2.2, there are two beams scattered adjacent planes and 

the lower beam travels an extra distance, 𝐴𝐵[[[[ + 𝐵𝐶[[[[ = 2𝑑𝑠𝑖𝑛𝜃. This path difference must 

be 𝑛𝜆 to form the constructive interference of the diffracted rays, yielding the Bragg’s law 

in Equation 2.1. Every crystal or composition has its own unique set of d-spacing and the 

conversion of the diffraction peak with intensity as a function of angle allows the 

identification of crystal.  

 
Figure 2.2  Illustration of Bragg’s law with d spacing from a set of lattice plane. 

A unit cell is described by six lattice parameters: three for the lattice parameters of 

the unit cell (a,b,c), and three for angles between axes (𝛼, 𝛽, 𝛾), shown in Figure 2.3 (a). 

Some examples are shown in Figure 2.3 (b-g), which illustrates the lattice of primitive 

cubic, tetragonal, orthorhombic, rhombohedral, monoclinic, triclinic and 

hexagonal/rhombohedral and their relationship in length (a,b,c) and angles (𝛼, 𝛽, 𝛾) , 

respectively. Crystal structures are classified as seven groups: cubic, tetragonal, 

orthorhombic, hexagonal, rhombohedral, monoclinic, and triclinic. Each group can be 

described by six lattice parameters (a,b,c, 𝛼, 𝛽, 𝛾), as listed in Table 2.1.  

2.1.2. Analysis of X-ray Diffraction Patterns  

d-spacing of the crystal can be calculated and led to the determination of lattice 

parameters based on the XRD pattern [2, 11, 12]. The relationship between d-spacing 

(𝑑UEV) and the lattice parameter is expressed as follow:  

o
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Qk
+ Ek

¨k
+ Vk

Tk
                                                 (2.2) 
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ℎ, 𝑘	𝑎𝑛𝑑	𝑙  are the Miller indices describing the lattice planes, and d-spacing can be 

determined from Equation 2.1. 

 
Figure 2.3  Illustration of (a) relationship of six lattice parameters; (b-g) the lattice 

of seven crystal systems including (b)cubic, (c) tetragonal, (d) 
orthorhombic, (e) monoclinic, (f) triclinic, and (g)  hexagonal/ 
rhombohedral structures with corresponding lattice parameters 
relationship. 

 

Table 2.1 Relationship of lattice parameters for the seven crystal systems 
Symmetry Lattice Parameters Angles 

Cubic 𝑎 = 𝑏 = 𝑐 𝛼 = 𝛽 = 𝛾 = 90° 
Tetragonal 𝑎 = 𝑏 ≠ 𝑐 𝛼 = 𝛽 = 𝛾 = 90° 

Orthorhombic 𝑎 ≠ 𝑏 ≠ 𝑐 𝛼 = 𝛽 = 𝛾 = 90° 

Hexagonal 𝑎 = 𝑏 ≠ 𝑐 𝛼 = 𝛽 = 90°, 𝛾 = 120° 

Rhombohedral 𝑎 = 𝑏 = 𝑐 𝛼 = 𝛽 = 𝛾 ≠ 90° 

Monoclinic 𝑎 ≠ 𝑏 ≠ 𝑐 𝛼 = 𝛾 = 90°, 𝛽 ≠ 90° 

Triclinic 𝑎 ≠ 𝑏 ≠ 𝑐 𝛼 ≠ 𝛽 ≠ 𝛾 ≠ 90° 
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Perovskite structure has its own characteristic diffraction pattern and the structure 

symmetry can be revealed by analyzing the splitting of XRD pattern [58]. For example, for 

the cubic structure, no peak shows splitting feature because all the lattice parameters are 

equal (𝑎 = 𝑏 = 𝑐). When the crystal structure transits from cubic to tetragonal, there is a 

splitting at (200) peak, due to the difference of lattice parameters (𝑎 = 𝑏 = 𝑐	 → 𝑎 = 𝑏 ≠

𝑐). In terms of XRD pattern, the d-spacing is 200 = 020 ≠ 002. The reflection of (200) 

plane and (020) plane are observed in the same 2𝜃  angle because the lattice 

parameters 	𝑎  and 𝑏	are equal. This gives rise to a higher intensity, nearly double, 

compared with the intensity of (002) plane. The reflection of 002 plane splits from that of 

the (200) plane because the lattice parameter 𝑐 is larger, and d-spacing increases with 

decreasing 2𝜃 according to Bragg’s law (Equation 2.1) [58]. The splitting patterns of (111), 

(200), (220) plane are presented in Figure 2.4 for cubic, tetragonal, orthorhombic, 

rhombohedral and monoclinic crystalline phases. 

 
Figure 2.4  Characteristic X-ray splitting pattern for (111), (200) and (220) plane 

for cubic, tetragonal, orthorhombic, rhombohedral and monoclinic 
structures. 

In this thesis, TOPAS-Academic software is used to determine the detailed crystal 

structure and lattice parameters combined with the Rietveld refinement method. Rietveld 

refinement method is developed by H. Rietveld and used to calculate the theoretical 
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pattern, thus giving a model of the crystal structure such as space groups, lattice 

parameters, background subtraction and instrumental information [59].  

2.2. Superconducting Quantum Interference Device 
(SQUID) Magnetometer  

The term SQUID is an acronym for Superconducting Quantum Interference 

Device. It has been considered as a forefront of material science research in 

characterization for the magnetic properties of newly synthesized material. A SQUID 

magnetometer does not directly detect the magnetic field from the sample. It measures 

small variation of magnetic flux in samples using Josephson effect phenomena [60]. A 

sample is placed within a superconducting detection coil, which is a single piece 

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

gradiometer, illustrated in Figure 2.5 (a) [61].  

 
Figure 2.5  Illustration of a) a second derivative detection coil and sample 

movement of the SQUID magnetometer b) the SQUID response – 
voltage (V) in the function of scan (sample position, cm). 

The upper and bottom coils are both single-turn coils in a clockwise direction and 

the centre coil is a two-turn coil in an anti-clockwise direction. In this design, the detection 

coil is only sensitive to the current induced by the motion of the sample because the 

current induced by the small fluctuation of the magnetic field of the SQUID magnet is 

cancelled out. Over the entire coil region, superconducting magnet is in the centre of the 

detection coil giving rise to an uniform and constant magnetic field [62]. The detection coil 

is connected to the SQUID input coil forming a closed superconducting loop; therefore, 
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any change of the magnetic flux in the detection coil results in a change in the current of 

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

functioning as a linear current-to-voltage convertor, this variation in current can be 

detected and converted to voltage.  

During the measurements, the sample is measured by moving the sample through 

the detection coil, and each movement produces the variation of magnetic flux, which is 

called scan. The sample moves along the same axis as the applied magnetic field. The 

SQUID picks up the output voltage from the centre of the two-turn coil and it raises the 

SQUID response of the sample. The position of the sample is crucial to the accuracy of 

the measurement, so the sample position should be adjusted to the centre of the two-turn 

coil before measurement. The output voltage signal, V, as a function of the scan in cm is 

recorded and illustrated in Figure 2.5 (b) [61].  The measured data is fitted with the 

theoretical curve of an ideal dipole to extract the magnetic moments.  

In this thesis, Magnetic Property Measurement System (MPMS-XL) SQUID 

magnetometer from Quantum Design is used to measure the magnetic properties of the 

newly synthesized material.  MPMS-XL is an advanced magnetometry which has a high 

measurement sensitivity and capacity to measure in magnetic field up to 7 Tesla in the 

temperature range from 5 to 300 K and the magnetic moment range from 10-8 to 2 emu 

(electromagnetic unit). To avoid magnetic contamination, plastic tweezers and plastic 

straws are used for sample preparation and sample holder, respectively. 

2.3. Dielectric Spectroscopy  

Dielectric permittivity as a function of temperature and frequency is a useful 

characterization method for piezo-/ferroelectric material to determine phase transition, 

conductivity and possible relaxation.  Dielectric permittivity measures the polarizability of 

a material. There are several factors that contribute to the dielectric permittivity under an 

applied electric field: electronic contribution, ionic contribution, orientation contribution and 

mobile charge contribution. The polarization due to the electron contribution arises from 

field-induced distortion in the electron cloud around it [63]. Ionic contribution is associated 

with the motion of ions shifting their atomic position with the applied electric field. 

Orientation contribution occurs when the molecule has the ability to rotate and to align 
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with an applied electric field. Lastly, mobile charge carriers in the form of ion or electron 

can migrate under applied electric field [63, 64].  

In this work, the dielectric permittivity as a function of temperature/frequency was 

measured indirectly using a Novocontrol Alpha high-resolution broadband dielectric 

analyzer with a Novotherm heating system. The samples to be measured were pre-coated 

with gold or silver electrodes on both their surfaces. An AC voltage (V) with a specific 

frequency (𝜔) is applied by a single generator, which generates a current I with the same 

frequency in the sample, shown in Figure 2.6.  

 
Figure 2.6  A schematic diagram of the circuit for dielectric permittivity 

measurement. 

 

The applied voltage and frequency range from 1 V to 3 V and 3 𝜇𝐻𝑧 to 20 MHz, 

respectively [65]. Voltage (V) is applied across the sample and the current (I) through the 

sample is measured. The impedance (Z) can then be calculated as follows:  

𝑍 = 𝑅 + 𝑗𝑋 = 	 ±
²
                                                (2.3) 

Resistance (R) describes the leakage and X describes the ideal capacitance of the 

material. The relationship between R and X is expressed as follows:  

	

|𝑍| = √𝑅8 + 𝑋8                                              (2.4) 

𝜃 = arctan(·
¸
)                                                (2.5) 
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𝜃 is the same phase angle as the voltage and current. Then X is related to the capacitance 

(𝐶¹) of the material as follows:  

𝑋 = o
ºe»

                                                         (2.6) 

Lastly, the permittivity can be calculated by:  

𝐶� = 𝜀}𝜀∗
=
S
                                              (2.7) 

𝐶} = 𝜀}
=
S
                                              (2.8) 

𝜀∗ = 𝜀½ + 𝑖𝜀" = e¿
eÀ

                                              (2.9) 

𝜀} is the permittivity of free space (8.8542 x 10-12 F/m). 𝜀∗ is the permittivity of the material. 

𝐶} is the capacitance of the empty cell. A is the electrode’s area and d is the distance 

between electrodes. 𝜀½ and 𝜀"are the real and imaginary parts of permittivity, respectively.  

 While measuring the dielectric permittivity, dielectric loss (tan𝛿) is also reported 

to describe the dissipation of electromagnetic radiation of the material due to leakage 

current or relaxation. tan𝛿	is defined as the tangent angle between the real and imaginary 

permittivity, as expressed in Equation 2.10 and illustrated in Figure 2.7.  

𝑡𝑎𝑛𝛿 = 𝜀"/𝜀½                                            (2.10) 

 
Figure 2.7  Illustration of the dielectric loss angle (tan 𝜹) with respect to the real 

and imaginary part of permittivity.  
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2.4. Microscopic Characterization  

Microscope is an instrument for magnifying objects that are too small to be visible 

with the naked eye. The smallest distance between two points that humans can see 

unaided is around 0.1-0.2 mm; therefore, microscopy is a technique that will allow human 

eyes to see the distance between two points that is smaller than 0.1-0.2 mm [66].  There 

are many different types of microscope used to characterize and provide information for a 

newly synthesized material such as morphology, local structure or crystal symmetry. In 

this section, scanning electron microscopy (SEM), transmission electron microscopy 

(TEM) and polarized light microscopy (PLM) will be introduced with the discussion of basic 

concepts.  

2.4.1. Scanning Electron Microscopy (SEM)  

In this thesis, Scanning Electron Microscopy (SEM, FEI Strata Dual Beam 235) is 

used, which is a powerful and versatile instrument for material characterization to examine 

the microstructures, such as grain size, of the synthesized materials. SEM can 

characterize materials by investigating sample’s surface with 3D image. The image is 

produced by focusing the high-energy electron beam, with a focus size < 10 nm, to scan 

across the surface of solid sample. The electron beam is generated by heating a tungsten 

filament under vacuum,  then it is accelerated through a high voltage [67]. The image is 

derived from the electron-sample interactions. When the electron beam hits the sample 

surface, electrons are emitted from the sample surface forming secondary electrons, 

which are amplified and detected to generate images. In Figure 2.8. a) shows the main 

components of SEM, b) presents the generation of X-rays, and c) demonstrates the 

phenomena when an electron strikes the sample.  

The high energy electron beam interacts with the sample and the diffraction pattern 

provides valuable information about the sample beyond the surface image. For example, 

X-ray is generated when the electron beam strikes the sample. X-ray is released from the 

energy of electron dropping from higher orbital shell to lower orbital shell as shown in 

Figure 2.8 (b) [67]. The mechanism of X-ray production is introduced in section 2.1. X-ray 

can be utilized to measure the chemical compositions of the sample and it is detected by 

energy dispersive X-ray spectroscopy (EDS) using an EDAX X-ray analyzer in Scanning 

Electron Microscopy (SEM, FEI Strata Dual Beam 235).  
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Figure 2.8  Schematic of a) SEM; b) interaction of the electron beam with the 

sample to generate x-ray c) generation of the secondary electrons  

 

2.4.2. Transmission Electron Microscopy (TEM) 

Transmission electron microscope (TEM, FEI-Tecnai 20) with PW6595/15 sample 

holder is used in this thesis to study the local structure/domain of the sample. The 

interactions between accelerated incident electron and the sample provide the information 

on the sample’s local structure/domain. The main components are electron emission 

source, electromagnetic lenses and an electron detector. Similar to SEM, TEM uses an 

accelerated electron beam, produced from heated filament, to strike the sample. The 

difference is for TEM, the beams pass through the thin sample and part of the beams are 

diffracted. An objective lens is placed below the sample and the beam focused to project 

onto a screen to produce a 2D image for the study of the internal structure with a resolution 

to ~ 0.2 nanometer. The schematic of the TEM set-up is shown in Figure 2.9. The TEM 

measurement requires very thin,< 150	𝑛𝑚,		 samples, otherwise the electron cannot pass 

through it. The TEM sample preparation is quite complex and will be discussed in 

experimental section of Chapter 3.  Different from SEM, TEM can study the local domain 

of the sample because TEM (resolution ~0.2 nm) has much higher magnification than 

SEM (resolution ~ 3 nm). Also, when the electron beam strikes the sample, the X-ray 

diffraction can be obtained to study the local crystallographic structure.  
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Figure 2.9  Schematic of TEM with electron beam passing through the sample. 

 

2.4.3. Polarized Light Microscopy (PLM) 

Polarized light microscope (PLM) is used to study the anisotropic properties of 

single crystals. An Olympus BX60 polarized light microscope equipped with Linkam 

THMS600 heating/cooling stage was used in this thesis to observe the domain 

structure/phase transitions with variation of temperatures. Main components of PLM are 

polarizer and analyzer, which are perpendicular to each other. Polarizer is an optical filter, 

through which the light becomes linear polarized light [68]. Analyzer is another optical filter 

which is arranged at 90° to the polarizer. When the light passes through both polarizer 

and analyzer without any sample in between, no light will be transmitted through the 

analyzer resulting a dark image, which is called extinction, as illustrated in Figure 2.10 (a) 

[68].  
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Figure 2.10  Illustration of light passing through the polarizer and analyzer. a) No 

light is transmitted through the analyzer without any samples placed 
between the polarizer and analyzer.  b) A birefringent sample is placed 
between the crossed polarizers. The polarized light from the polarizer 
is converted by the anisotropic sample into two polarized light waves 
with perpendicular polarization direction. The transmitted light from 
the sample will pass through the analyzer to form two separated 
polarized light waves with retardation along the polarization direction 
of the analyzer. 

Anisotropic crystal has a direction dependent reflective index due to variable 

spacing between atoms in different crystallographic directions. When an anisotropic 

crystal is placed between polarizer and analyzer, the polarized light from the polarizer will 

pass through the sample, where the light will be refracted into two perpendicularly 

polarized components that are parallel to the crystallographic axes. The two transmitted 

wave components from the sample will pass through the analyzer to form two separated 

polarized light waves with optical retardation along the polarization direction of the 

analyzer, as illustrated in Figure 2.10 (b), and the image is formed. The optical retardation 

comes from the different propagation velocities of the two polarized light waves and it can 

be defined as follows [69]:  

𝑅 = 𝑡 × ∆𝑛                                                      (2.11) 

𝑡 is the thickness of the sample. ∆𝑛 is the birefringence of the material. which is the 

difference between the refractive indices of the extraordinary (ne) ray, that is polarized 

parallel to the optical axis, and the ordinary (no) ray, that is polarized perpendicular to the 

optical axis.  𝑛O and 𝑛^ are defined as follows,  
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∆𝑛 = 	𝑛O − 𝑛^                                                  (2.12) 

The retardation of light can be measured by using a calcite or magnesium tilting 

compensator. U-CBE tilting compensator (𝜆 = 546.1	𝑛𝑚) is used in this thesis.  

When the crystal is placed between the crossed polarizer and analyzer with its 

optical axis lying at an angle θ to the polarizer, light will decompose into two polarized rays 

with different velocity and different polarization direction. The ray with the polarization 

along the optical axis is called the extraordinary (e) ray, and the other ray with its 

polarization perpendicular to the optical axis is the ordinary (o) ray. After the light pass 

through the crystal, the two split rays will recombine, and interference will occur at the 

analyzer. In this situation, birefringent domain could be observed. When the crystal is 

placed between the crossed polarizer and analyzer with its optical axis parallel to one of 

the polarizers (θ=0°), extinction occurs with no light passing through since the vibration 

direction of the light has no partial component along the direction of analyzer.  

Perovskites with different crystal symmetries have different polarization directions, 

which are parallel to the optical axis of the crystal, as shown in Figure 2.11 [43, 70]. In this 

thesis, the angle between the [100]cubic direction and the polarizer, when the crystal platelet 

is at its extinction position, is defined as the extinction angle. Since the direction of the 

optical axis is determined by crystal symmetry, the extinction angles can provide 

information about crystal symmetry. For example, cubic is an isotropic symmetry, which 

shows extinction at all angles. Tetragonal symmetry has the polarization in the 

crystallographic [001]cubic direction; therefore, the extinction angle can be 0 °  or 90 ° 

observed under a (001) cubic crystal plate. For rhombohedral symmetry, the polarization is 

in [111]cubic direction; therefore, the extinction angle can be 45 ° . For orthorhombic 

symmetry, the polarization is in [110]cubic direction; therefore, the extinction angle can be 

0°/90° and 45°. 

Based on above-mentioned principle, the phase transition can be determined by 

the extinction angles as functions of temperature using a Linkam THMS600 

heating/cooling stage. For example, as temperature increases, the (1-x)Bi(Zn0.5Ti0,5)O3-

xPbTiO3 (BZT-PT) crystal symmetries will alter from non-centrosymmetric tetragonal to 

centrosymmetric cubic. The extinction angles will change from 0 ° /90 °  to all angle 

extinction [71]. 
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Figure 2.11  Schematics of a) the polarization of tetragonal (T), rhombohedral (R) 

and orthorhombic (O) phases with respect to the perovskite structure 
b) extinction position in the (001)cubic crystal plate for the tetragonal 
(T), rhombohedral (R) and orthorhombic (O) phases. 

Note. Reprinted from Jenny Yeuw Yeen Wong, Synthesis and Characterization of Lead-
Free Perovskite Solid Solution, Ph.D. Dissertation, Simon Fraser University, Canada 
(2015).  

2.5. X-ray Photoelectron Spectroscopy (XPS) 

X-ray photoelectron spectroscopy (XPS) is a quantitative technique to determine 

the surface elemental compositions of newly synthesized crystals. The equipment used in 

this work is Kratos Analytical Axis Ultra DLD system with a monochromatic aluminum 

source (Al 𝐾� = 1486.6 eV). In this method, X-rays, irradiated using the aluminum source, 

strike the sample, causing surface electrons to eject. The process, shown in figure 2.12, 

was carried out in high vacuum conditions. XPS detects the kinetic energy and the number 

of electrons escaping from the sample surface. With the above information, the electron 

binding energy can be determined as follows:  

𝐸¨BPSBPN = 	𝐸XU^R^P − (𝐸EBPORBT + ∅)                                           (2.13) 

𝐸¨BPSBPN is the binding energy of an electron. 𝐸XU^R^P is the energy of X-ray. 𝐸EBPORBT is the 

kinetic energy of an electron, and ∅ is the work function of the spectrometer. The binding 

energy is unique for different elements and chemical states.  
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Figure 2.12  Schematic of basic components of an XPS instrument. 
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Chapter 3.  
 
Synthesis and Characterization of Novel Lead-Free, 
Multiferroic Ceramics of the (1-x)BiFeO3 – xBaHfO3 
Solid Solution  

3.1. Abstract  

The coexistence of ferroelectric and magnetic properties in multiferroic materials 

offers possibilities for new device applications based on the cross-control of the magnetic 

moment by applied electric field or the polarization by applied magnetic field. BiFeO3 (BF) 

is one of the most studied single-phase multiferroics exhibiting both ferroelectric and 

antiferromagnetic properties above room temperature. To search for a new multiferroic 

material for possible applications in advanced technologies, the solid solution of (1-

x)BiFeO3-xBaHfO3  (BF-BaHf) has been prepared by solid state reaction in the form of 

ceramics with x = 0.05, 0.08, 0.12, 0,15, 0.20, 0.30, 0.40, 0.50, 0.60, 0.70, 0.80, 0.85, 

0.90 and 0.95. The effects of BaHf substitution for BF on the crystal structure and physical 

properties are examined. Detailed structural analysis of the X-ray diffraction patterns, by 

using TOPAS-Academic Software with Rietveld refinements, indicates that the (1-

x)BiFeO3–xBaHfO3 solid solution exhibits structural changes from the R3c rhombohedral 

phase to the Pm3[m cubic phase with increasing x. Interestingly, the ferromagnetism in the 

BF-BaHf solid solution is substantially enhanced compared with pure BF by the structural 

distortion due to A-and B-site co-substitutions. The solid solution exhibits 

ferrimagnetic/ferromagnetic behaviour in the composition range of 0.05 < x  ≤ 0.5. The 

Ba2+ and Hf4+ ions have no unpaired electrons, therefore, the enhancements of the 

magnetization of the BF-BaHf solid solution must arise purely from the crystal structural 

modification, which demonstrate an unconventional approach to enhance the magnetic 

properties. The highest remanent magnetization (Mr = 0.0469 𝜇" 𝑓. 𝑢⁄ ) is found in the 

composition of x = 0.15. Furthermore, TEM observation shows evidence of ferroelectric 

domains in the (1-x)BiFeO3–xBaHfO3 solid solution system (x = 0.15 ). This study provides 

a better understanding of the fundamentals of the structural modification of BiFeO3-based 

solid solution with the BaHfO3 substitution on A- and B- sites, resulting in enhancement in 

the multiferroic properties.   
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3.2. Introduction  

Ever since ferroelectricity was observed in perovskite BaTiO3 in the 1940s, the 

ferroelectric materials have attracted considerable interest in the past decades due to their 

promising physical properties useful for application in numerous technologies, such as 

electromechanical sensors on automobiles, ultrasound devices, capacitors, non-volatile 

memory devices and so on [3]. Ferroelectric materials with promising piezoelectric 

performances have the function of converting mechanical energy into electrical energy, 

and vice versa. Lead zirconium titanate (PbZr(1-x)TixO3, PZT) is the most widely used 

ferroelectric material due to its excellent piezo-/ferroelectric performance that makes it a 

viable material for high-performance electromechanical devices such as sensors, 

transducers and actuators. PZT has the stereochemically active 6s2 “lone-pair” electrons 

on Pb2+ with the electronic configuration of [Xe]4f45d106s26p0. This inherently induces large 

crystal distortion and asymmetry of the perovskite structure, leading to large polarization, 

and outstanding piezo-/ferroelectric properties [33]. It is acknowledged that lead is toxic 

for human health, especially by inhalation and ingestion. Health concerns have stimulated 

the development of new lead-free or lead-reduced ferroelectric materials [50]. 

One of the most widely studied lead-free ferroelectric materials for the past decade 

is BiFeO3 (BF) with perovskite structure because it shows a multiferroic phenomenon at 

room temperature. In the multiferroic materials with coexisting ferroelectric and 

ferromagnetic properties, the cross-control of polarization by magnetic and magnetization 

by electric fields can be accomplished [73]. Ferromagnetic materials undergo a phase 

transition from the paramagnetic phase with a random alignment of magnetic moments, 

to the ferromagnetic phase with the ordered arrangement of magnetic moments at a 

certain phase transition temperature (Tc) with the absence of magnetic field [15]. Similarly, 

ferroelectric materials also undergo a phase transition from the paraelectric phase with 

randomly arranged dipoles to the ferroelectric phase with ordered alignment of dipoles at 

the phase transition temperature (Tc) with the absence of electric field. The coupling 

between magnetic and ferroelectric properties often occurs [37] in the multiferroic 

materials. BF was first reported by Wang et al. in 2003 to have a large remanent 

polarization of 50-60 µC/cm2 in the form of thin films [34]. Other than a relatively large 

remanent polarization, BF has a high ferroelectric Curie temperature (Tc = 825	°C), which 

makes BF a promising candidate for high temperature ferro-/piezoelectric applications 
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[27]. Another advantage of BF is that it is non-toxic and Bi3+ also possesses the 

stereochemically active 6s2 “lone-pair” electrons, the same as Pb2+ [39], which contributes 

to the enhanced polarizability and ferroelectricity in BF-based solid solutions. BF is a G-

type antiferromagnetic with the phase transition temperature TN of 370	 °C. The Fe 

magnetic moments are coupled ferromagnetically within [111] planes and 

antiferromagnetically between adjacent planes. Each Fe3+ spin is surrounded by six 

antiparallel spins on the nearest neighbouring Fe3+ [27]. These spins are not perfectly anti-

parallel, therefore, a small canted moment of the antiferromagnetic behaviour due to 

Dzyaloshinskii-Moriya (D-M) interactions results in a spiral spin modulation with a distance 

of 62-64 nm along the [110] direction [35]. In addition, pure BF possesses a rhombohedral 

perovskite structure with the R3c space group and appropriate chemical modifications 

may possibly lead to the formation of morphotropic phase boundary (MPB). It is often 

observed that material with rhombohedral phase changes symmetries by varying the 

concentration of substitution. This encourages the chemical modification studies on BF.  

Despite the interesting properties of BF, several obstacles hinder its practical 

applications. Firstly, it is very difficult to obtain the pure perovskite phase for BF ceramics 

due to its low thermodynamic stability during the solid state reaction process. Secondly, 

there is substantial leakage current in BF, due to volatile nature of Bi3+ ions during the high 

temperature synthesis process, causing structural vacancies that promote electronic 

conduction. Formation of Bi3+ vacancies leads to the reduction of  Fe3+ to Fe2+ ion, resulting 

in cation and anion vacancies [74]. In addition, the evaporation of Bi3+ during the 

preparation process also promotes oxygen vacancies to maintain the charge balance. As 

a result, the low electrical resistivity affects the measurements of dielectric and 

ferroelectric properties [75].  

Thirdly, the cycloidal spin modulation cancels the magnetization arising from the 

spin canting via D-M interactions [54], resulting in the antiferromagnetic ordering at room 

temperature and inhibiting the magnetoelectric coupling. There have been various 

attempts to overcome these drawbacks and improve the physical properties, such as 

using rapid liquid phase sintering, leaching the impurity phase with dilute nitric acid and 

applying the immediate quenching after sintering [34]. However, it remains a challenge to 

obtain single-phase BF ceramics with promising properties. Consequently, chemical 

modifications on the BF-based solid solutions have become a great research interest to 

improve the performance of BiFeO3-based ceramics [76].  
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A number of researches have been carried out on chemically modified BiFeO3. For 

example, BiFeO3-BaTiO3 (BF-BaT) solid solution was well studied, showing an effectively 

stabilized perovskite structure [37, 38, 50–53]. The BF-BaT ceramics also exhibit a 

favorable piezoelectric property, d33 > 100 pC/N, and large polarization, Pr > 20 µC/cm2. 

BF-based ceramics with co-substitutions of alkaline earth ion at A-site and transition metal 

ion at B-site show interesting multiferroic properties, suggesting at the beneficial role of 

co-substitutions of Ba2+ and Hf4+ for Bi3+ and Fe3+ ions forming the solid solution of (1-

x)BiFeO3-xBaHfO3. Partial A-site substitution with alkaline earth metal in BF ceramics 

could induce a spontaneous magnetization due to the disruption of the antiparallel spin 

alignment leading to the deformation of cycloidal spin modulation [54]. Ba-substitution in 

BF ceramics could distort the bond angle of Fe-O-Fe, resulting in a net nonzero 

magnetization [36] and enhanced magnetoelectric coupling [55]. The larger radii of Ba2+ 

than Bi3+ introduce more space for B-site ionic displacement, which enhances 

ferroelectricity in the perovskite structure. Furthermore, the existence of mixed valence 

state of Fe2+/Fe3+ ions and oxygen vacancies in BiFeO3 ceramics may lead to high 

electrical conductivity. Therefore, the introduction of higher valence Hf4+ ion on B-site is 

expected to reduce the amounts of oxygen vacancies and Fe2+ ions. In addition, the charge 

imbalance on the B-site would enhance the octahedral distortion and further improve the 

dielectric performance [56, 57]. In this chapter, we have synthesized the solid solution of 

(1-x)BiFeO3-xBaHfO3   (with x = 0.05, 0.08, 0.12, 0,15, 0.20, 0.30, 0.40, 0.50, 0.60, 0.70, 

0.80, 085, 0.90 and 0.95) by using solid-state reaction method. The crystal structure, 

magnetic properties and dielectric properties of the BF-BaHf solid solution system with the 

pure phase were investigated systematically.  
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3.3. Experimental  

3.3.1. Synthesis  

Ceramics of the (1-x)BiFeO3-xBaHfO3 ((1-x)BF-xBaHf, x = 0.05, 0.08,  0.12, 0.15, 

0.20, 0.30, 0.40, 0.50, 0.60, 0.70, 0.80, 0.85, 0.90 and 0.95) solid solution were prepared 

from raw materials: barium carbonate (BaCO3, 99.0%, Aldrich), hafnium oxide (HfO2, 

99.0%, Aldrich), bismuth oxide (Bi2O3, 99.0%, Aldrich), and iron oxide (Fe2O3, 99.0%, BDH 

Chemical) by solid state reaction. The raw materials were weighed in stoichiometric 

amount according to the following chemical formula:  

(1 − 𝑥)[0.5	𝐵𝑖8𝑂m + 0.5	𝐹𝑒8𝑂m] + 𝑥[𝐵𝑎𝐶𝑂m + 𝐻𝑓𝑂8] 

→ [(1 − 𝑥	)𝐵𝑖𝐹𝑒𝑂m − 𝑥𝐵𝑎𝐻𝑓𝑂m] + 𝑥	𝐶𝑂8 

= (𝐵𝑖(ov�)𝐵𝑎�)(𝐹𝑒(ov�)𝐻𝑓�)𝑂m 	+ 𝑥	𝐶𝑂8                               (3.1) 

Each mixture of raw materials was mixed and hand ground with a mortar and pestle for 2 

hours in ethanol. The mixture was dried and pressed uniaxially into pellets of 10 mm in 

diameter. The pellets were calcined between 875 to 950 ℃ for 4 hours on a platinum plate 

by a Carbolite-RHF1500 furnace with an Eurotherm 3216 temperature controller to form 

the desired perovskite phase, as verified by X-ray diffraction (XRD). To compensate the 

evaporation of Bi2O3 at high temperatures, an excessive amount of the mixture was used 

to cover the top of the pellets and the platinum plate was sealed inside an aluminum oxide 

crucible during calcination. The calcined samples were pulverized into powders in the 

presence of alcohol with a rotary tumbler using zirconia balls for 24 hours. Then the dried 

powders were mixed with one drop of 8% polyvinyl alcohol (PVA) binder per gram of 

powder and pressed into pellets of 10 mm in diameter and 1.5 mm in thickness. The pellets 

were heated at 650 ℃ for 1 hour to eliminate the PVA. Lastly, the pellets were sintered in 

air at 900-1150 ℃ for 2 hours on a platinum plate, which was put inside a sealed aluminum 

oxide crucible to form ceramics of higher density. The schematics of the calcination and 

ceramic sintering steps are illustrated in Figure 3.1.   
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Figure 3.1  Schematics of the ceramic synthesizing steps using solid-state 

reaction method and sintering process. 

3.3.2. Characterization  

Part of the sintered ceramics was pulverized into powder for structural analysis. 

The crystal phase and crystal structure were determined by X-ray diffraction with Cu Ka 

radiation (Bruker D8 Advance Diffractometer, 40 mA, 40 kV, 0.01o steps, 2q = 20-80o ). 

The lattice parameters were refined by TOPAS-Academic Software based on the Rietveld 

refinements to refine the lattice parameters. The pulverized sample was also used to 

determine the magnetic properties by Magnetic Property Measurement System (MPMS-

XL) SQUID magnetometer from Quantum Design.  The magnetic properties as a function 

of temperature were measured from 5 to 300 K and the magnetic hysteresis loops were 

displayed at 5 and 300 K.  

The sintered ceramics were polished to have flat, parallel surfaces with various 

silicon carbide sandpapers (down to 3 𝜇𝑚) and the thickness of the sample was reduced 
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to approximately 0.7 mm. The polished pellets are painted with a thin layer of silver paste 

on the circular surfaces as electrodes to characterize the dielectric properties. The 

dielectric properties of the BF-BaHf ceramics were measured as a function of temperature 

at various frequencies by using Novocontrol Alpha high resolution broadband dielectric 

spectrometer.  

Scanning electron microscopy (SEM, FEI Strata Dual Beam 235) was used to 

determine the microstructure and grain size of the sintered ceramics. Then the sintered 

ceramics were processed for TEM studies. A transmission electron microscope (TEM, 

FEI-Tecnai 20) and a PW6595/15 sample holder were utilized. It was challenging to 

prepare a good sample from a hard and brittle polycrystalline ceramic for high resolution 

microscopy measurements [77]. The sintered ceramics were cut by Minitom (Struers) to 

the thickness of ~ 400 µm, then polished to ~ 150 µm with various silicon carbide 

sandpaper (down to 3 µm ). An ultrasonic disk cutter (Model 330 by E.A. Fischione 

Instrument Inc.) was utilized to cut the sample into a small circular disc of 3 mm in diameter 

with a diamond blade. After the discs were obtained, dimpling was performed using a 

dimpler (Model 150 Specimen Prep System by E.A. Fischione Instrument Inc.) with 1	µm 

particle coarse suspension. Both sides of the disc were dimpled and the thickness of the 

disc after dimpling was below 30 µm. Then the disc sample was treated with ion milling 

(Model 1010, Low Angle Ion Milling & Polishing System by E.A. Fischione Instrument Inc.) 

for ~ 12 hours to reduce the thickness to ~ 50 nm.	 This sample preparation process is 

demonstrated in Figure 3.2.  

 
Figure 3.2  Schematic of TEM sample preparations. 
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3.4. Results and Discussion 

3.4.1. Structural Analysis  

The room temperature X-ray diffraction patterns of the (1-x)BF-xBaHf (x = 0.05, 

0.08, 0.12, 0.15, 0.20, 0.30, 0.40, 0.50, 0.60, 0.70, 0.80, 085, 0.90 and 0.95) solid solution 

are shown in Figure 3.3 (a). All the XRD patterns show the pure perovskite structure, 

indicating the formation of BF-BaHf solid solution with the incorporation of Ba2+ and Hf4+ 

into BF. Nevertheless, some visible shoulders near 2𝜃 = 30 degree in the XRD patterns 

for low BaHf content of x = 0.05, 0.08, 0.12, 0.15 and 0.20 suggest that there is a trace 

amount of an impurity phase, which is confirmed to be Bi2Fe4O9. Two of the obstacles to 

synthesize the pure phase BF ceramics are the low thermal stability of the perovskite 

BiFeO3 and the volatile nature of Bi2O3. The equilibrium reaction of the BiFeO3 with 

Bi2Fe4O9 	and Bi25FeO39 is shown as follows [34]: 

o8
ÑÒ
Bi8FeÑOÒ +

o
ÑÒ
	Bi8ØFeOmÒ ⟷ BiFeOm.	                                  (3.1) 

Both the Bi2Fe4O9 and Bi25FeO39 phase are more thermodynamically stable than BF in the 

temperature range between 447 and 767 ℃ , so that the equilibrium reaction 

spontaneously shifts to the left toward the Bi2Fe4O9 and Bi25FeO39 phases. The Bi2Fe4O9 

phase can also be formed at higher temperature (~ 880 ℃). When the temperature 

increases, Bi2O3 starts to evaporate, which promotes Fe-rich phase, as follows:  

8BiFeOm ⟶ 2	Bi8FeÑOÒ + 4BiO(g) + O8.                                (3.2) 

In addition, the volatility of Bi3+ ions can lead to the formation of oxygen vacancies, 

accompanied by the conversion of Fe3+ into Fe2+ ions as charge balance in pure BF 

ceramics. With the substitution of BaHf into BF, the Bi2O3 volatilization is reduced due to 

the higher thermal stability of BF-BaHf solid solution. Correspondingly, the formation of 

oxygen vacancies and impurity phase is suppressed and the undesired Bi2Fe4O9 phase is 

decreased with the increasing amount of BaHf.   
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Figure 3.3 (a) X-ray diffraction patterns of the (1-x)BF-xBaHf (x = 0.05, 0.08, 0.12, 

0.15, 0.20, 0.30, 0.40, 0.50, 0.60, 0.70, 0.80, 0.85, 0.90 and 0.95) 
ceramics. Stars indicates the peaks of an impurity phase(Bi2Fe4O9). 
(b) The enlargement of the (110) peak.   
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According to the splitting of the (111) and (220) reflections, the (1-x)BF-xBaHf 

ceramics in the composition range of 0.05 ≤ x ≤ 0.20 exhibit a rhombohedral structure. 

The presence of the rhombohedral symmetry suggests a potential ferroelectricity for this 

composition range. It is known that the 6s2 lone pair orbital of Bi3+ stereochemically 

activates a hybridization of the Bi 6s and O 2p atomic orbitals with 6s2 electrons filling one 

of the resulting orbitals in Bi. The hybridization causes the lone pair to lose its spherical 

symmetry, which results in an asymmetry of the metal coordination and distorted crystal 

structures, leading to the enhancement of polarization and ferroelectricity [78]. The larger 

radius of Ba2+, in comparing with Bi3+, may enhance the distortion of the perovskite 

structure by enlarging the unit cell and promote the improvement of ferroelectricity with a 

greater B-site displacement [55]. This phenomenon can be confirmed with transmission 

electron microscopy measurement and will be discussed later in this Chapter. 

By further inspection of the XRD patterns, it can be seen that the diffraction peaks 

shift to lower 2𝜃 angles with increasing BaHf concentration, indicating an increase in the 

lattice parameters with the increasing BaHf content. One of the possible reasons is that 

the ionic radius of Ba2+ (1.42 Å) is larger than Bi3+ (1.17 Å). For x between 0.20 and 0.50, 

the XRD patterns reveal the coexistence of rhombohedral and cubic phases. It has been 

reported that pure BaHfO3  has a low intensity of (100) peak [79]. From x = 0.20 to 0.50, 

the (100) peak intensity decreases as x increases, indicating that the BaHfO3 cubic phase 

becomes more dominant. Also, the (110) peak shifts to the left as x increases, which 

indicates that Ba2+ is successfully incorporated into the solid solution, as shown in Figure 

3.3 (b). According to Bragg’s law, the diffraction peak moves to left with larger lattice 

parameters. Therefore, the structural transformation from the rhombohedral R3c phase to 

the cubic Pm3[m phase can be attributed to the size effect induced by the BaHf substitution 

[80]. The morphotropic phase boundary is found in the composition range of 0.20 < x ≤

0.50		with mixed structures, which bridges the rhombohedral phase of low-BaHf content 

with the cubic phase of high-BaHf content at room temperature.  For the higher BaHf 

concentration in the composition range of  0.60	 ≤ x ≤ 0.95, the XRD patterns show the 

characteristic feature of cubic symmetry with no splitting in any peaks. Also, the intensities 

of the (100) and (111) peaks are very weak, which is consistent with the reported XRD 

pattern of pure BaHfO3 [79].  

To determine the lattice parameters, the Rietveld refinements were performed on 

the XRD data to determine the lattice parameters. Figure 3.4 shows the calculated lattice 
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parameters of the (1-x)BF-xBaHf ceramics as a function of BaHf mole fraction. In the 

rhombohedral region, the lattice parameters are around 𝑎 = 3.98	Å and the structure 

shows the R3c symmetry. In the cubic region, the structure shows the Pm3[𝑚	symmetry 

with the lattice parameter of 𝑎 =	4.01 Å. As reported [81], pure BaHf  has larger lattice 

paramter (𝑎 =	4.171 Å) than that in pure BF (𝑎 =	3.965 Å). Therefore, with the increase of 

BaHf content, the lattice parameters increase, as expected due to the size effect.  

For the compositions with the rhombohedral phase, the Rietveld refinements deal 

with the structure in the hexagonal unit cell framework. To clearly demonstrate the 

rhombohedral distortion of the perovskite structure, the lattice parameters of the 

perovskite-type unit cell can be calculated. The relationship between the hexagonal axis 

and  the rhombohedral axis/angle are described as follows [38]: 
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o
mM3𝑎d

8 + (TÝ
8
)8,                                                  (3.1) 
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8
＝
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8
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where 𝑎d and 𝑐d are the lattice parameters in the hexagonal unit cell, and 𝑎3 and 𝛼 are 

the lattice parameter and rhombohedral angle in the perovskite-type unit cell, respectively. 

The value of 𝛼 increases with the addition of BaHf, indicating that the structure gradually 

deviates from the rhombohedral phase and transforms toward the cubic structure with a 

90° angle as the percentage of BaHf increases.  
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Figure 3.4  Lattice parameters and the rhombohedral angle of the (1-x)BF-xBaHf 

solid solution as a function of mole fraction of BaHf (x), showing a 
structural transformation from R3c to Pm𝟑�m phase with increasing 
BaHf concentration and the presence of a morphotropic phase 
boundary (MPB).  

3.4.2. Micro-structural Analysis  

Scanning electron microscopy (SEM, FEI Strata Dual Beam 235) is utilized to 

study the surface morphologies and microstructure of the BF-BaHf solid solution ceramics 

at room temperature. Figure 3.5 shows the SEM images of the (1-x)BF-xBaHf ceramics ( 

x = 0.15, 0.20, 0.90 and 0.95). the surface morphologies of the BF-BaHf ceramics with 

compositions of x = 0.15 and 0.20 show pseudo-cubic grains with a grain size of ~ 1.0	𝜇𝑚 

and some visible pores. For the ceramic with x = 0.90 and 0.95, the grains appear in 

spherical and the average grain size is ~ 0.5 𝜇𝑚. As the content of BaHf increases, the 

grains become smaller, the ceramic becomes denser and fewer pores are observed. 

These microstructure evidences suggest that the structural defects that are possibly 

inherently present in BF, have been reduced in the BF-BaHf solid solution by increasing 

the BaHf amount. Therefore, the BaHf substitution is shown to be beneficial for improving 

the microstructure and density of the BF-based multiferroic ceramics.  
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Figure 3.5  The scanning electron microscopic images of the as-sintered surface 

of the (1-x)BF-xBaHf ceramics with x=0.15, 0.20, 0.90 and 0.95.  

Figure 3.6 shows the transmission electron microscopic (TEM) images of the 

ceramic with x = 0.15 at room temperature, which reveals the existence of ferroelectric 

domains in the BF-BaHf solid solution. Two areas are selected to study ferroelectric 

domains in the sample. The bright field TEM image and the selected area electron 

diffraction (SAED) of area 1 are shown in Figure 3.6 (a) and (b), respectively. Small 

ferroelectric domains are observed in the bright field image as marked by arrows. The 

SAED pattern displays a sharp and strong [100] index zone axis. The bright field TEM 

image and SAED of area 2 are shown in Figure 3.6 (c) and (d), respectively. In this area, 

large ferroelectric domains were observed and marked by arrows. The bright field image 

clearly shows various ferroelectric domain patterns in different depths. Therefore, the 

SAED pattern shows a complex reflection pattern with the main [210] index zone axis. The 

selected area 1 and 2 are located at the thinner edge around the centre hollow, as shown 

in Figure 3.6 (e).  



54 

 
Figure 3.6  The domain morphology and crystal structure of (1-x)BF-xBaHf (x = 

0.15) revealed by TEM at room temperature. a) the bright field TEM 
image of area 1, b) select area electron diffraction pattern (SAED) of 
area 1, c) the bright field TEM image of area 2, d) select area electron 
diffraction pattern (SAED) of area 2, e) illustration the selected area 1 
and 2 on the sample near the centre hollow.  
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3.4.3. Magnetic Characterization of the (1-x)BiFeO3 – xBaHfO3 Solid 
Solution 

Pure BF is ordered ferromagnetically within the (111) planes and 

antiferromagnetically between the adjacent planes. Each Fe3+ spin is surrounded by six 

antiparallel spins on the nearest neighbouring Fe3+ ions [27]. These spins are not perfectly 

anti-parallel. Therefore, a small canted moment of the antiferromagnetic ordering due to 

the Dzyaloshinskii-Moriya (D-M) interactions results in a spiral spin modulation with a 

distance of 62-64 nm along the [110] direction [35] (see Figure 1.16). It suppresses the 

macroscopic ferromagnetic order and inhibits the desired magnetoelectric coupling [82]. 

The magnetic properties of the BF system can be improved by various approaches. For 

example, the cycloidal spin arrangement is weak and can be suppressed by the structural 

distortion induced through lattice mismatching strain between the BF thin film and its 

substrate [83]. As a result, the magnetization from the D-M interaction will not be totally 

cancelled and the magnetoelectric effect can be detected. Similarly, the cycloidal spiral 

spin arrangement may also be suppressed by chemical modifications due to the 

accompanying structural distortions during the formation of the solid solutions by the 

substitution of A-site and/or B-site cations in the perovskite structure, leading to the 

presence of ferromagnetic orderings. In the present work, ceramics of the BF-BaHf solid 

solution system were prepared and the magnetic properties of the system are 

characterized in detail by SQUID magnetometer.  

The magnetization as a function of magnetic field (M-H) hysteresis loops for the 

(1-x)BF-xBaHf ceramics measured at 5 K and room temperature are shown in Figure 3.7 

(a) and (b), respectively. At the composition of x = 0.05, the (1-x)BF-xBaHf solid solution 

system exhibits a linear M-H curve, with magnetic moment (M) increasing monotonically 

with the applied magnetic field (H), indicating that the solid solution is either paramagnetic 

or antiferromagnetic. Since the antiferromagnetic BF is a major constituent in this 

composition, the magnetic behaviour for x = 0.05 is expected to be antiferromagnetic. The 

antiferromagnetic property comes from the D-M interaction among Fe3+- O2--Fe3+ which is 

superimposed by the spiral spin structure, similar to the case of pure BF ceramics.  

A noticeable change from the straight line to hysteresis loops is found in the M-H 

curves with the increase of BaHf concentration. In fact, the (1-x)BF-xBaHf ceramics with 

x = 0.08, 0.12, 0.15 and 0.20, exhibit symmetric magnetic hysteresis loops, indicating a 
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ferro-/ferri-magnetic order. The low-temperature ferri-/ferromagnetism M-H hysteresis 

loops are displayed in Figure 3.7 (a), and the room-temperature M-H curves are shown in 

Figure 3.7 (b). The largest remanent magnetization of 0.0469 𝜇" 𝑓. 𝑢⁄  was displayed in x 

= 0.15 at room temperature. These results demonstrate that the introduction of BaHf into 

BF has improved the magnetic properties of BF due to the spiral spin structure disruption. 

As a result, the chemical modification of BF ceramics with BaHf substitution has turned 

the G-type antiferromagnetic behaviour in BF into ferri-/ferromagnetic ordering with a non-

zero net magnetic moment at room temperature.  

To exhibit ferri-/ferro-magnetic ordering in the compositions of x = 0.08, 0.12, 0.15 

and 0.20, the spiral arrangement in BF must be disrupted. It is unlikely to destroy the entire 

spiral arrangement in pure BF with a small substitution of BaHf. A more likely scenario is 

that the spiral modulation with a wavelength of 62-64 nm in BiFeO3 lattice is disrupted, 

resulting in a net non-zero magnetization, as shown in Figure 3.7 (c). Partial A site 

substitution with alkali earth metal in BiFeO3 ceramic could also lead to a spontaneous 

magnetization due to the disruption of the antiparallel spin orientations [54]. These coupled 

substitutions are believed to distort the long-range interaction of a spiral modulation within 

BF lattice. Therefore, Ba2+ replacing Bi3+ triggers the variation in the canting bond angle 

of Fe-O-Fe, resulting in a net magnetization [36]. By introducing Hf4+  on B-site, a new type 

of magnetic interaction, Fe3+- O2-- Hf4+- O2--Fe3+ is created. The overall spins are in anti-

parallel fashion with different vectors, resulting in ferri-/ferro-magnetism.  

In Figure 3.7 (c), the schematic shows the spin orientation from antiferromagnetic 

to ferrimagnetic with a small substitution of BaHf. At low Hf4+ concentration, the effect on 

the long-range antiferromagnetic order is very small. Therefore, BF-BaHf with x = 0.05 

retains mainly the antiferromagnetic order. At x = 0.08, 0.12, 0.15 and 0.20, the spiral 

arrangement is disrupted by A-site and B-site substitutions. The overall magnetization is 

no longer zero because of the disrupted spiral spin structure, resulting in an uneven spin 

balance. The composition with x = 0.15 exhibits the highest remanent magnetization, 

indicating the optimum modification of the spin structure with the most effective 

ferrimagnetic effect. With further increase of the BaHf concentration, the remanent 

magnetization decreases, presumably due to the dilution effect as neither Ba2+ nor Hf4+ 

are magnetic ions.  
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The magnetic hysteresis (M-H) curves of the (1-x)BF-xBaHf with x = 0.30 to 0.60 

measured at 5 𝐾 and 300 𝐾 are shown in Figure 3.8. It can be seen that, with the increase 

of BaHf content, the magnetic Fe3+ ion concentration is further diluted with non-magnetic 

Hf4+ ion, consequently the ferrimagnetic behaviour is weakened. This measured result is 

consistent with our expectation which magnetic behaviour decreases beyond a certain 

concentration of the non-magnetic BaHf, leading to weak ferromagnetism. The statistical 

distribution of Fe3+ and Hf4+ ions on the octahedral B-site will also lead to weaker 

magnetization as the distance between Fe3+ spins increased as follows: Fe3+- O2-- Hf4+- 

O2--Fe3+.  

The magnetic moment (M) vs. applied magnetic field (H) exhibits almost a linear 

correlation for x = 0.60 at 5 K and room temperature, as shown in Figure 3.8 (a) and (b). 

At x = 0.60, the BaHf is the main component in this composition according to the XRD 

pattern in the Figure 3.3. As the concentration of non-magnetic BaHf is too large to allow 

any ferri-, ferro- or antiferro-magnetic interactions to take place among the Fe3+ ions, the 

material becomes paramagnetic. At the same time, the crystal structure becomes more 

symmetrical, transforming from MPB to cubic symmetry, while the magnetic ordering of 

the composition (x ≥ 0.60) becomes paramagnetic. This supports the above statement 

that the diluted Fe concentration results in weaker magnetic interaction, which eventually 

leads to zero net magnetization in the paramagnetic state.  

Therefore, as the concentration of BaHf increases, the magnetic properties of the 

(1-x)BF-xBaHf solid solution exhibit an interesting spectrum varying from 

antiferromagnetic to ferri-/ferro-magnetic, to the weak ferromagnetic and then to 

paramagnetic state. More interestingly, it exhibits ferrimagnetic behaviour at room 

temperature. 
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Figure 3.7 The measured magnetization versus applied magnetic field at  (a) 5 K 

and (b) 300 K for the (1-x)BF-xBaHf (x = 0.05, 0.08, 0.12, 0.15 and 0.20) 
solid solution system. (c) Illustration of the possible magnetic spin 
orientations scenarios with (I) antiferromagnetic spiral spin 
arrangement in pure BF, and (II) ferrimagnetic spin arrangements as 
a result of spiral disruption arising from the BaHf substitution.  
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Figure 3.8 Measurements at  (a) 5 K and (b) 300 K  of the magnetization versus 

applied magnetic field hysteresis loops for the (1-x)BF-xBaHf (x = 
0.30, 0.40, 0.50 and 0.60) samples.  

In Figure 3.9 (a), the variation of saturation magnetization (Ms) measured at 300 K 

and 5 K versus the mole fraction of BaHf is displayed. It can be seen that the Ms increases 

sharply and reaches a maximum value with the concentration of BaHf increasing from x = 

0 to 0.15.  With further increase in BaHf concentration (x > 0.15), the Ms value decreases. 

The magnetic behaviour of BF-BaHf solid solution can be divided into three different parts 

separated by the dotted blue lines. In part I (BF-rich side), BF is the main component, 

therefore, the magnetic behaviour is expected to be similar with pure BF, mainly of 

antiferromagnetic property. In part II, the Ms increases with increasing x in the composition 
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range of 0.05 < x ≤ 0.15, which corresponds to the enhancement of magnetization by the 

BaHf substitution. By the substitution of BaHf for BF, the magnetic properties of BF are 

improved due to the spiral spin structure disruption to some extent to reach the most 

unevenly balanced state with the highest magnetization at x = 0.15. In part III, the Ms 

decreases with increasing x in the range of x ≥ 0.20 of the (1-x)BF-xBaHf solid solution. 

This phenomenon is due to the dilute ion of Fe3+ concentration which weakens the 

magnetic interaction as the non-magnetic BaHf concentration increases.   

Figure 3.9 (b) shows the variation of the remanent magnetization (Mr) versus the 

mole fraction of BaHf, which exhibits similar trend as Ms. In BF-rich side (x ≤ 0.08, part I), 

it exhibits antiferromagnetic behaviour of the pure BF type. In the composition range of 

(0.08 < x ≤ 0.15), part II, the Mr increases as the BaHf concentration increases. Lastly, in 

part III, for x ≥ 0.20, the Mr decreases with increasing BaHf concentration.  

 Note that, the measured values of Mr at room temperature are higher than 5K for 

the composition range of 0.15 ≤ x ≤ 0.30), which appears to be unusual as one would 

expect that the values of remanent magnetization increases with a ferromagnetic body is 

cooled in non-magnetic space owing to the increase of the spontaneous magnetization 

[84]. However, similar anomalous phenomenon that the magnitude of a remanent 

magnetization decreases upon cooling from room temperature was reported in some iron 

oxide such as 𝛼Fe2O3 [84] and explained by taking into account of the sharp decreases of 

the bulk coercivity caused by decreasing crystal anisotropy energy at low temperatures. 

A sharp decrease of the magnetic coercive field is also observed in the BF-BaHf solid 

solution, shown in Table 3.1, which could account for the observed lower remanent 

magnetization at lower temperature. The actual mechanism underlying such a 

phenomenon in the BF-BaHf solid solution requires further study. 
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Figure 3.9  (a) Saturation magnetization as a function of mole fraction (x) of BaHf 

in the (1-x)BF-xBaHf solid solution system measured at 5 K and 300 
K. Three magnetic states are marked: (I) antiferromagnetic state, (II) 
ferri-/ferromagnetic state enhanced due to spiral spin structure 
disruption and (III) weakening ferri-/ferromagnetic state due to the 
dilution of Fe3+ concentration. b) Remanent magnetization as a 
function of mole fraction (x) of BaHf measured at 5 K and 300 K, 
showing the similar three magnetic states.  
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Table 3.1  Magnetic coercive field (Hc) of the (1-x)BF-xBaHf with x = 0.12, 0.15, 
and 0.20 measured at 5 K and 300 K 

 

Figure 3.10 shows the temperature dependence of the magnetization (M) 

measured under low-field cooling (5 Oe) for the BF-BaHf solid solution with x = 0.08, 0.12, 

0.15 and 0.20. The BF-BaHf samples exhibit a monotonic increase of magnetization with 

temperature decreasing from 300 𝐾 to 5 𝐾, indicating an increase of magnetic interaction 

upon cooling. As x increases from 0.08 to 0.20, the magnetization is increased across the 

whole temperature range. As x further increases, the magnetization decreases for x = 0.20. 

These results are consistent with the results of magnetic hysteresis loops. It is interesting 

to note that the M vs. temperature dependence transforms from a quasi-linear curve for x 

≤ 0.12 to a clearly non-linear curve for x ≥ 0.15, which confirms the variation of the 

magnetic state from mainly antiferromagnetic to ferro-/ferrimagnetic, as the BaHf content 

increases, consistent with the previous analysis.  
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Figure 3.10 Temperature dependence of magnetization measured upon low-field-

cooling (5 Oe) for the BF-BaHf solid solutions with (a) x = 0.08, (b) x = 
0.12, (c) x = 0.15 and (d) x = 0.20. 

3.4.4. Dielectric Characterization  

Figure 3.11 shows the temperature dependence of the dielectric permittivity (ε’) for 

the (1-x)BF-xBaHf (x=0.12, 0.20, 0.40, 0.50, 0.90 and 0.95) samples measured upon 

heating at various frequencies. An anomaly of the dielectric constant appears at Tc  ≈ 600 

℃ for x = 0.12, which indicates the ferroelectric to paraelectric phase transition. The 

transition temperature decreases from 600 ℃ to 480 ℃ with the concentration of BaHf 

increasing from x = 0.12 to 0.20. For x = 0.40 and 0.50, no ferro-/paraelectric phase 

transition was observed, suggesting that the solid solutions of these compositions exhibit 

a non-polar cubic symmetry in the measurement temperature range. Only a broad peak 

appears around 650 ℃ with extremely large permittivity values with a high loss (>100), 

which is believed to arise from the relaxation of the charge carriers in the samples. This 

means that the samples with high BaHf concentration (x ≥  0.40) become highly 
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conductive, which is a drawback of this solid solution system. This issue will be addressed 

in Chapter 4 by chemical modification BF-BaHf solid solution with BaTiO3. Finally, the 

compositions of x = 0.90 and 0.95 show typical relaxation behaviour with the dielectric 

permittivity anomalies/peaks highly dependent on frequency.  

   
Figure 3.11  Temperature dependence of the dielectric permittivity (𝛆′) for the BF-

BaHf solid solution with (a) x = 0.12, (b) x = 0.20, (c) x = 0.40, (d) x = 
0.50, (e) x = 0.90 and (f) x = 0.95 measured at various frequencies.  

Tc Tc 
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3.5. Conclusions  

In this work, a novel complex perovskite solid solution of  the (1-x)BiFeO3-x BaHfO3  

(x = 0.05, 0.08, 0.12, 0,15, 0.20, 0.30, 0.40, 0.50, 0.60, 0.70, 0.80, 085, 0.90 and 0.95) 

has been successfully synthesized in the form of ceramics by a solid state reaction 

method, despite a number of challenges such as the volatile nature of Bi2O3, the thermal 

instability favoring the formation of impurity phases and oxygen vacancies. With the 

increase of the BaHf concentration, a transition from perovskite R3c rhombohedral phase 

to the Pm3[m cubic phase was observed by X-ray structural analysis with morphotropic 

phase boundary (MPB) at x = 0.30 to 0.50, where the rhombohedral and cubic phase 

coexist. Interestingly, the BF-BaHf solid solution exhibits antiferromagnetic, 

ferrimagnetic/ferromagnetic and paramagnetic behaviours with the increasing the amount 

of BaHf substitution. Through this work, we have revealed that a ferromagnetic state can 

be established by a small amount of BaHf substitution, providing an effective crystal 

chemical way to improve the ferromagnetic properties of the BF-based solid solutions. The 

structural, ferroelectric and magnetic phase diagram of the (1-x)BF-xBaHf solid solution is 

illustrated in Figure 3.12 which delimits the ferroelectric-rhombohedral phase, MPB and 

the paraelectric-cubic phase, as well as the anti-/ferro-/para-magnetic phases at room 

temperature. This work demonstrates the beneficial role of the BaHf substitution in 

enhancing magnetic properties of the BF multiferroic material, making BF-based materials 

viable candidate for potential applications such as in magnetoelectric/spintronic devices.  
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Figure 3.12 Structural and property phase diagram of the (1-x)BF-xBaHf solid 

solution temperature and concentration of BaHf (x), which delimits 
the ferroelectric (FE)-rhombohedral phase, paraelectric (PE)-cubic 
phase and morphotropic phase boundary (MPB), which coexisting 
R3c and Pm 𝟑�m phases. In addition, the antiferromagnetic (AF), 
ferromagnetic and paramagnetic phases at room temperature are 
displayed as a function of the concentration of BaHf (x). (Red star is 
the Tc of pure BiFeO3 from Reference [75].) 
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Chapter 4.  
 
Synthesis and Characterization of Novel Lead-Free 
Ternary Solid Solution of (1-x)(0.8BiFeO3 – 
0.2BaHfO3)- xBaTiO3   

4.1. Abstract  

The (1-x)BiFeO3-xBaHfO3  multiferroic solid solution system described in Chapter 

3 shows enhanced ferromagnetism. Therefore, the effects with different A- and B-site 

substitutions are studied in this chapter to improve the dielectric properties of BF-based 

ceramic. A new pseudo-binary system (1-x)(0.8BiFeO3-0.2BaHfO3)-xBaTiO3  [(1-x)(0.8BF-

0.2BaHf)-xBaT] has been successfully synthesized with compositions x = 0.15, 0.20, 0.30, 

0.40, 0.50, 0.60, 0.70, 0.80, 0.85, 0.90 and 0.95 by solid state reaction. The crystal 

structure and multiferroic properties of various compositions were systematically 

investigated. All the compositions studied show a gradual phase transition from 

rhombohedral to tetragonal phase as the BaTiO3 (BaT) component increases. A 

morphotropic phase boundary is found in the composition range of 0.70 < x < 0.80. Also, 

weak ferromagnetism at room temperature is exhibited in the composition range of 0.30 

≤ x ≤ 0.40. The dielectric loss tangent shows a significant decrease with the increasing 

BaT substitution, indicating that the introduction of BaT into BF-BaHf improves the 

dielectric properties of BF-BaHf solid solution. Lastly, a phase diagram of the (1-x)(0.8BF-

0.2BaHf)-xBaT solid solution has been established as a result of this work. 

4.2. Introduction 

In Chapter 3, it was demonstrated that BiFeO3 (BF) forms a stable solid solution 

with BaHfO3 (BaHf), which has the perovskite structure. The addition of BaHf was shown 

to alter the magnetic behaviour from antiferromagnetic to ferrimagnetic/ferromagnetic on 

BF-rich side of the BF-BaHf solid solution by disrupting the long-range antiferromagnetic 

spiral spin modulation in pure BF. A number of researches were carried out on chemical 

modification of BiFeO3. For example, the BiFeO3-BaTiO3 (BF-BaT) solid solution shows 

an effectively stabilized perovskite structure [37, 38, 50–53]. In BF-based ceramics, if A-

site is substituted with an alkaline earth ion and B-site is substituted with transition metal 
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ion, this would show interesting multiferroic properties which inspires the study of BF-

BaHf. 

In this Chapter, a novel pseudo-binary system of (1-x)(0.8BiFeO3-0.2BaHfO3)-

xBaTiO3 are studied to explore another possible series of multiferroic materials. We have 

synthesized the solid solution of (1-x)(0.8BiFeO3-0.2BaHfO3)-xBaTiO3 [(1-x)(0.8BF-

0.2BaHf)-xBaT], x = 0.15, 0.20, 0.30, 0.40, 0.50, 0.60, 0.70, 0.80, 0.85, 0.90 and 0.95) by 

using solid-state reaction method. The crystal structure, magnetic properties, and 

dielectric properties of the (1-x)(0.8BF-0.2BaHf)-xBaT solid solution system were 

investigated systematically.  

 
Figure 4.1 Illustration of BaTiO3-BiFeO3-BaHfO3 ternary phase diagram.  

Previously (Chapter 3) studied binary system of the (1-x)BF-xBaHf 
(blue line) and proposed a new pseudo-binary system of the (1-
x)(0.8BF-0.2BaHf)-xBaT (red line).  

4.3. Experimental  

4.3.1. Solid State Synthesis  

The pseudo-binary (1-x)[0.8BiFeO3-0.2BaHfO3]-xBaTiO3 ((1-x)(0.8BF-0.2BaHf)-

xBaT, with x = 0.15, 0.20, 0.30, 0.40, 0.50, 0.60, 0.70, 0.80, 0.85, 0.90 and 0.95) solid 

solution ceramics were synthesized by a solid state reaction and sintering process.  The 

starting compounds, barium carbonate (BaCO3, 99.0%, Aldrich), hafnium oxide (HfO2, 



69 

99.0%, Aldrich), titanium oxide (TiO2, 99.5%, Alfa Aesar), bismuth oxide (Bi2O3, 99.0%, 

Aldrich), and iron oxide (Fe2O3, 99.0%, BDH Chemical), were weighed in stoichiometric 

amount according to the following chemical formula:  

(1 − 𝑥){(0.8)[0.5	𝐵𝑖8𝑂m + 0.5	𝐹𝑒8𝑂m] + 0.2[𝐵𝑎𝑂 + 𝐻𝑓𝑂8]} + 	𝑥[𝐵𝑎𝐶𝑂m + 𝑇𝑖𝑂8] 

→ (1 − 𝑥)(0.8𝐵𝑖𝐹𝑒𝑂m − 0.2𝐵𝑎𝐻𝑓𝑂m) − 𝑥𝐵𝑎𝑇𝑖𝑂m + 𝑥𝐶𝑂8 

→ (𝐵𝑖(}.pv}.p�)𝐵𝑎(}.85}.p�))(𝐹𝑒(}.pv}.p�)𝐻𝑓}.8v}.8�𝑇𝑖�)𝑂m + 𝑥𝐶𝑂8           (4.1) 

Each mixture of raw materials was mixed together and hand ground with a mortar for 2 

hours in ethanol. The mixtures were pressed uniaxially into a pellet and calcined between 

875 to 1050 ℃ for 4 hours on a platinum plate by a Carbolite -RHF1500 furnace with an 

Eurotherm 3216 temperature controller to form the desired perovskite phase, as verified 

by X-ray diffraction (XRD). To compensate the evaporation of Bi2O3 at high temperatures, 

an excessive amount of the mixture was used to cover on the top of the pellets and the 

platinum plate was sealed inside an aluminum oxide crucible during calcination. The 

structure was verified by X-ray diffraction (XRD). Once the pellets formed the desired 

perovskite structure, the calcined samples were pulverized into powders in the presence 

of alcohol with a rotary tumbler using zirconia balls for 24 hours.  Then the dry powders 

were mixed with one drop of 8% polyvinyl alcohol (PVA) binder per gram of powder and 

pressed into 10 mm diameter and 1.5 mm pellets in thickness. The pellets were heated at 

650 ℃ for 1 hour to eliminate the PVA. Lastly, the pellets were sintered in air at 900-1200 

℃ for 2 hours on a platinum plate, which put inside a sealed aluminum oxide crucible to 

form ceramics of higher density.  

4.3.2. Structural Analysis  

The sintered ceramics were pulverized into powder to determine phase purity and 

crystal structure by X-ray diffraction (XRD) with Cu Ka radiation (Bruker D8 Advance 

Diffractometer, 40 mA, 40 kV, 0.01o steps, 2q = 20-80o ). The XRD resulting patterns were 

analyzed by TOPAS-Academic Software with the Rietveld refinements to determine the 

symmetry and refine the lattice parameters.  
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4.3.3. Dielectric Measurements and Magnetic Measurements  

The sintered ceramic was polished to a flat, parallel surface with various silicon 

carbide sandpapers (down to 3 𝜇𝑚) and the thickness was approximately 0.7 mm. The 

polished sample was painted with a thin layer of silver paste on the circular surfaces as 

electrodes to characterize the dielectric properties. The dielectric properties of the (1-

x)[0.8BiFeO3-0.2BaHfO3]-xBaTiO3 ceramics were measured as a function of temperature 

at various frequencies by using Novocontrol Alpha high resolution broadband dielectric 

spectrometer.  

The pulverized sintered ceramics were used to determine the magnetic properties 

by Magnetic Property Measurement System (MPMS-XL) SQUID magnetometer from 

Quantum Design. The magnetization was measured as a function of temperature from 5 

to 300 𝐾 and the magnetic hysteresis loops were displayed at 5 and 300 𝐾.  

4.4. Results and Discussion  

4.4.1. Structural Analysis 

The room temperature X-ray diffraction patterns of the (1-x)(0.8BiFeO3-

0.2BaHfO3)-xBaTiO3 pseudo-binary ceramics ((1-x)(0.8BF-0.2BaHf)-xBaT, with x = 0.15, 

0.20, 0.30, 0.40, 0.50, 0.60, 0.70, 0.80, 0.85, 0.90 and 0.95) are shown in Figure 4.2. The 

XRD patterns show that perovskite phases were obtained for all the compositions studied, 

indicating the formation of the solid solution. For the compositions of x = 0.15, 0.20, 0.30 

and 0.40, a trace amount of an impurity phase, Bi2Fe4O9, seemed to exist as indicated by 

the peak at ~ 30°, probably due to the low stability of the perovskite BiFeO3 and the volatile 

nature of Bi2O3. A more detailed discussion on the formation of Bi2Fe4O9 is given in Section 

3.4.1. 

According to the splitting of the (111) and (220) reflections, the (1-x)(0.8BF-

0.2BaHf)-xBaT solid solution with the compositions of 0.15 ≤ x ≤ 0.70 most likely exhibit 

a rhombohedral symmetry. There is an apparent transition from rhombohedral phase to a 

tetragonal phase as the concentration of BaT increases from x = 0.15 to 0.95, based on 

the gradual broadening of (200) and (220) peaks, which is characteristic of tetragonal 
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symmetry. The XRD patterns of all compositions confirm the incorporation of Ba2+ and Ti4+ 

into BF-BaHf, and the formation of the solid solution.  

 By further inspection of the XRD patterns, it can be seen that the diffraction peaks 

shift to higher 2𝜃  angles with increasing BaT, indicating a decrease in the lattice 

parameters as the BaT content was increasing. There is a competitive effect between the 

substitution of Ba2+ on A-site and that of Ti4+ on B-site because Ba2+ has a larger ionic 

radius than the Bi3+ ion, while Ti4+ has a smaller ionic radius than the Fe3+/Hf4+ ions.  

However, the mole ratio of Ti4+replacing Fe3+/Hf4+ on B site is higher than the mole ratio of 

Ba2+ replacing Bi3+ on the A site of the (1-x)(0.8BF-0.2BaHf)-xBaT perovskite solid 

solution. Therefore, the Ti4+ replacement possesses a stronger effect, resulting in smaller 

lattice parameters as the BaT content increases, as shown in Figure 4.3.   

The Rietveld refinements were performed on the XRD data to determine the lattice 

parameters and space groups. Figure 4.3 (a) shows the calculated lattice parameters of 

the (1-x)(0.8BF-0.2BaHf)-xBaT ceramics as a function of BaT content. In the 

rhombohedral region, the lattice parameters 𝑎	is about 4.01 Å, the angle 𝛼 = 90.09°, and 

the structure shows the R3c symmetry. In the tetragonal region, the structure shows the 

P4mm symmetry with the lattice parameters of 𝑎 ≈ 3.95	  Å and 𝑐 ≈ 4.01	  Å. The 

tetragonality, defined as the ratio 𝑐 𝑎⁄ , of (1-x)(0.8BF-0.2BaHf)-xBaT is shown in Figure 

4.3 (b). The tetragonality is increased from x = 0.80 to 0.95, approaching the literature 

value of pure BaTiO3 (1.012) [85, 86]. The increasing trend of tetragonality is consistent 

with the fact that the BaT becomes a more dominant component with increasing 

concentration of BaT.  
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Figure 4.2 X-ray diffraction patterns of the (1-x)(0.8BiFeO3-0.2BaHfO3)-xBaTiO3  

(x =  0.15, 0.20, 0.30, 0.40, 0.50, 0.60, 0.70, 0.80, 0.85, 0.90 and 0.95) 
ceramics. Stars indicate the peaks of an impurity phase (Bi2Fe4O9). 
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Figure 4.3  (a) Lattice parameters and (b) Tetragonality (𝒄 𝒂⁄ ) as a function of 

compositions of the (1-x)(0.8BiFeO3-0.2BaHfO3)-xBaTiO3 pseudo-
binary ceramics (x = 0.15, 0.20, 0.30, 0.40, 0.50, 0.60, 0.70, 0.80, 0.85, 
0.90 and 0.95). (Red star is the tetragonality of pure BaTiO3 from 
Reference [85].)  
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4.4.2. Magnetic Properties 

In the present work, the magnetic properties of (1-x)[0.8BiFeO3-0.2BaHfO3]-

xBaTiO3 [(1-x)(0.8BF-0.2BaHf)-xBaT] systems are characterized in detail by SQUID 

magnetometer. The magnetic hysteresis (M-H) curves of the (1-x)(0.8BF-0.2BaHf)-xBaT 

pseudo-binary ceramics with x = 0.15, 0.20, 0.30, 0.40, 0.50, 0.60, 0.70 and 0.80 are 

shown in Figure 4.4.  

The measured magnetization versus magnetic field (M-H) hysteresis loops of the 

(1-x)(0.8BF-0.2BaHf)-xBaT ceramics at room temperature indicate a transformation from 

paramagnetic to weak ferromagnetic properties with the increase of BaT content. At the 

compositions of x = 0.15 and 0.20, the (1-x)(0.8BF-0.2BaHf)-xBaT ceramics exhibit a 

linear and non-hysteretic M-H curve, with magnetic moment (M) increasing linearly as a 

function of the applied magnetic field (H), as shown in Figure 4.4 (a) and (b). This indicates 

that the solid solution is paramagnetic. A noticeable change from the linear curves to 

hysteresis loops is found in the M-H curves with BaT concentration of x = 0.30 and 0.40 

at both room temperature and 5 K, with a weak remanent magnetization. The introduction 

of BaT on perovskite A- and B- sites have modified the magnetic properties of BF-BaHf. 

This arises from a structural distortion introducing by BaT, which puckers the octahedral 

in the unit cell and induces weak ferromagnetism [37]. Therefore, a weak remanent 

magnetization is observed in x = 0.30 and 0.40 at 5 K and room temperature. When the 

concentration of BaT is further increased to x = 0.50, the solid solution exhibits linear M-

H relationship at room temperature and a slight opening of M-H curve at 5 K.  Since the 

concentration of Fe3+ is fairly reduced, it is expected that the weak ferromagnetic ordering 

disappears with increasing BaT concentration. For x > 0.50, the magnetization (M) 

increases linearly with the applied magnetic field (H), which indicates a paramagnetic 

behaviour. Figure 4.5 illustrates the variation of remanent magnetization (Mr) versus mole 

fraction of BaT for the (1-x)(0.8BF-0.2BaHf)-xBaT solid solution. It can be seen that the 

remanent magnetization in the ferrimagnetic 0.8BF-0.2BaHf is dramatically reduced to 

nearly zero with the substitution of BaT, resulting in a paramagnetic state. By introducing 

Ti4+ on the B-site, a new type of longer-range magnetic interaction, Fe3+-O2--Hf4+-O2--Ti4+-

O2--Fe3+, is created. The distance between adjacent Fe ions is further increased with 

increasing BaT content, leading to diminishing of magnetization on the BaT-rich end of the 

(1-x)(0.8BF-0.2BaHf)-xBaT solid solution. This result shows that the substitution of BaT is 
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detrimental to the ferro-/ferrimagnetic order in BF-BaHf solid solution, but it will improve 

its dielectric properties as shown in Section 4.4.3.  

 
Figure 4.4 The magnetization versus applied magnetic field (M-H) measured at 

(a) 300 K for x = 0.15, 0.20, 0.30 and 0.40, (b) 5 K for x = 0.15, 0.20, 0.30, 
0.40 and 0.50, (c) 300 K for x = 0.50, 0.70 and  0.80, and (d) 5 K for x = 
0.70 and 0.80, of the (1-x)(0.8BiFeO3-0.2BaHfO3)-xBaTiO3 pseudo-
binary solid solution system. 
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Figure 4.5 Remanent magnetization as a function of the mole fraction (x) of BaT 

in the (1-x)(0.8BiFeO3-0.2BaHfO3)-xBaTiO3 pseudo-binary solid 
solution system measured at 5 K and 300 K. 

4.4.3. Dielectric Characterization 

Figure 4.6 shows the temperature dependence of the dielectric constant (𝜀½) and 

loss tangent (tan 𝛿) for the (1-x)(0.8BF-0.2BaHf)-xBaT (x = 0.15, 0.20, 0.80 and 0.90) 

ceramics measured upon heating at various frequencies. A maximum value of the 

dielectric constant appeared around 200 ℃ to 122 ℃ for x = 0.15 and 0.20, suggesting the 

transition from ferro- to paraelectric phase. The dielectric peaks are broad and frequency 

dependent, indicating some degree of relaxor behavior. One of the essential structural 

characteristics of relaxor is the disordered distribution of different ions on the equivalent 

lattice sites. In the compositions of x = 0.15 and 0.20, A site is occupied by Ba2+/Bi3+ ions 

and B site is occupied by Ti4+/Hf4+/ Fe3+ ions.  The addition of the Ti4+ on the B-site could 

increase the chemical disorder, enhancing the relaxor behaviour, giving rise to broad and 

frequency dependent peaks in the dielectric constant as a function of temperature and 

frequency. Therefore, the temperature of maximum dielectric constant shifts to higher 

temperature with increasing frequency due to the dielectric relaxation.  



77 

Wide and broad peaks in the temperature and frequency dependences of the 

dielectric constant (𝜀½) were observed the Curie temperature (Tc) around 122℃ for x = 0.80 

and 0.90, which are not dependent on frequency. It is known that BaT has a Tc ≈ 120	℃. 

Therefore, the Curie temperatures of high BaT concentrations of the (1-x)(0.8BF-

0.2BaHf)-xBaT solid solution are mainly contributed by the BaT phase transition. Lastly, 

Figure 4.7 shows that the dielectric loss tangent at 100 ℃ (f = 100 Hz) has dramatically 

decreased as the BaT content increases. This suggests BaT can successfully decrease 

the conductivity, and improve the dielectric properties in BF-based ceramics.   
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Figure 4.6  Variation of the dielectric constant (𝜺′) and dielectric loss (tan 𝜹) as a 

function of temperature measured at various frequencies for (1-
x)(0.8BiFeO3-0.2BaHfO3)-xBaTiO3 (x = 0.15, 0.20, 0.80 and 0.90). 
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Figure 4.7  Variation of the dielectric loss tangent (tan 𝜹) as a function of the 

concentration of BaT (x) in the (1-x)(0.8BiFeO3-0.2BaHfO3)-xBaTiO3  
solid solution at 100 ℃ for 100 Hz. (Red star is the loss tangent of pure 
BaTiO3 from Reference [87]. Blue dot is the loss tangent of 0.8BF-
0.2BaHf obtained from Chapter 3 ).  

4.5. Conclusions   

Through designing with crystal chemistry concept and preparation by solid state 

reaction, a new pseudo-binary solid solution system of (1-x)[0.8BiFeO3-0.2BaHfO3]-

xBaTiO3 [(1-x)(0.8BF-0.2BaHf)-xBaT] has been successfully synthesized with 

compositions x = 0.15, 0.20, 0.30, 0.40, 0.50, 0.60, 0.70, 0.80, 0.85, 0.90 and 0.95. The 

structure and magnetic/electric properties are systematically studied. For compositions 

with 0.15 ≤  x ≤ 0.70 , the structure remains a rhombohedral perovskite phase. With 

increasing amount of BaTiO3, a morphotropic phase boundary (MPB) appears in the 

composition range of x = 0.70 – 0.80, where the rhombohedral phase and tetragonal 

phase coexist. Further increasing the amount of BaTiO3 to x ≥ 0.80, the structural phase 

transition from the rhombohedral perovskite to the tetragonal phase has occurred. The 

chemically modified (1-x)(0.8BF-0.2BaHf)-xBaT solid solution exhibits weak 

ferromagnetism at room temperature for x = 0.30 – 0.40. The ferroelectric Curie 
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temperature (Tc) of the BF-BaHf decreases with the substitution of BaT. Lastly, the 

dielectric loss tangent shows a significant decrease with increasing BaT substitution. The 

variations of the Curie temperature (Tc) as a function of the BaT concentration are 

illustrated in Figure 4.8.  

 
Figure 4.8 Phase diagram of the (1-x)(0.8BiFeO3-0.2BaHfO3)-xBaTiO3 solid 

solution in terms of variation of the Curie temperature (Tc) measured, 
as a function of the concentration of BaT (x), which delimits the 
ferroelectric-rhombohedral phase, ferroelectric-tetragonal phase and 
morphotropic phase boundary (MPB). (Tc of pure BaTiO3 is from 
Reference [85].) 
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Chapter 5.   
 
High-Temperature Solution Growth of the Lead-Free 
BaZr(1-x)TixO3 (BZT) Relaxor Ferroelectric Single 
Crystals  

5.1. Abstract  

In this Chapter, single crystals of BaZr0.275Ti0.725O3 (BZT) were grown by a high 

temperature solution growth method after 32 attempts. The crystal growth conditions were 

tested by varying the flux compositions, soaking times, melt temperatures and cooling 

rates to obtain the desired BZT single crystals near the morphotropic phase boundary 

(MPB) region. The optimal flux combination to grow BZT single crystals is found to be the 

mixture of BaCO3, BaCl2, and B2O3 and the flux to solute mole ratio is 1:12. The size of 

the as-grown crystals varies from 0.5 to 1 mm. X-ray diffraction indicates a pure perovskite 

phase. X-ray photoelectron spectroscopy (XPS) reveals the composition of the as-grown 

crystals, which is almost consistent with the nominal composition with the atomic 

concentrations of the elements Ti and Zr being 72.5 % and 27.5%, respectively. Polarized 

light microscopy (PLM) examination of the (001) crystal plate shows almost complete 

extinction between the crossed polarizers indicating that the single crystal has a pseudo-

cubic symmetry at room temperature as supported by X-ray diffraction results.   

5.2. Introduction  

Piezoelectrics and ferroelectrics are important classes of functional materials. 

They are widely used in many applications, such as actuators, sensors, transducers and 

so on. Most materials used in commercial applications are lead-based materials such as 

Pb(Zr(1-x)Tix)O3 (PZT) and Pb(Mg1/3Nb2/3)O3-PbTiO3 (PMN-PT) [39]. PZT and PMN-PT 

exhibit high piezoelectric coefficients such as 220-600 pC/N and 2500 pC/N in forms of 

ceramics and single crystals, respectively [30]. It is commonly known that lead is not 

environmentally friendly. Health concerns have also stimulated high demand in developing 

new lead-free ferroelectric materials [50].  
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Recently, there have been a large amount of research carried out on lead-free 

piezoelectric/ferroelectric materials [88]. One interesting lead-free system that has been 

intensively studied is the Ba(Zr(1-x)Tix)O3 (BZT) solid solution because of its excellent 

dielectric properties for potential applications. BaZr0.3Ti0.7O3 with the composition near the 

morphotropic phase boundary (MPB)  has been intensively studied in the past decade 

[79–81]. These BZT ceramics exhibit relaxor behaviour with a gradual increase of 

relaxation as the concentration of Zr4+ increases. Relaxor materials provide a great range 

of operating temperature for ceramic capacitors in comparison to ferroelectric materials 

due to the broad-peak phase transition for the variation of dielectric permittivity as a 

function of temperature. 

Nevertheless, lead-based materials still possess outstanding properties compared 

to lead-free materials. To be able to find the lead-free alternatives, we must understand 

why lead-based materials present higher performances compared with its lead-free 

counterpart. Various researches have been performed in quest of the origin of the superior 

performances of lead-based materials. There are many contributions to the superior 

performances of lead-based materials. One of reasons behind is that lead ion (Pb2+) has 

the active 6s2 “lone-pair” electrons with the electronic configuration of [Xe]4f45d106s26p2 

[33]. Bismuth ion also has the stereochemically active 6s2 lone pair electrons; however Bi-

based materials do not exhibit the same high performance as the lead counterpart 

materials. Other researchers report and reason that the ferroelectricity in PZT is originated 

from the B-site cation, Ti4+ [91, 92]. However, it still lacks conclusive explanations on why 

lead-free piezoelectric materials exhibit fewer effective properties than lead-based 

materials.  

An interesting approach is to compare PZT with BZT, which have very similar 

compositions except the different A-site cations, but they exhibit very different properties: 

while Pb(Zr0.3Ti0.7)O3 (PZT30/70) is a typical ferroelectric of tetragonal structure, 

BaZr0.3Ti0.7O3 (BZT30/70) is a typical relaxor ferroelectric of cubic symmetry. To resolve this 

question, we need to study in detail of the BZT single crystals which would enable 

determination of intrinsic anisotropy of the material. However, the growth of BaZr0.3Ti0.7O3 

single crystals, has been a challenge and no BZT single crystals have ever been grown. 

Therefore, the goal of this study is to synthesize the BZT single crystals.  
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5.3. Experimental 

5.3.1. Synthesis  

The BZT single crystals were grown by the high temperature solution growth 

method (HTSC, also known as the flux method) [71, 93]. The growth set-up is shown in 

Figure 5.1 (a).  The raw materials, barium carbonate (BaCO3, 99.0%, Aldrich), titanium 

oxide (TiO2, 99.5%, Alfa Aesar), and zirconium oxide (ZrO2, 99.9%, Kojundo Chemical) 

were weighed in stoichiometric amounts according to the following chemical formula:  

BaCOm + (1 − 𝑥)𝑍𝑟𝑂8 + 𝑥𝑇𝑖𝑂8 → 𝐵𝑎𝑍𝑟(ov�)𝑇𝑖�𝑂m + 𝐶𝑂8                   (4.1) 

The raw materials were mixed and hand ground with various fluxes for 2 hours. Then the 

mixture was packed into a platinum crucible, which was sealed inside an aluminium oxide 

(Al2O3) crucible.  

 The HTSG method is similar to aqueous solution growth in wet chemistry except 

HTSG method is done at very high temperatures, above 1000 ℃. In the HTSG method, 

the flux is utilized as a solvent [93]. The purpose of using flux is to decrease the overall 

melting temperature needed for crystal growth. It is a complex problem to determine the 

right flux and the optimal ratio between flux and solute. One must consider the chemical 

and physical properties of the flux such as volatility, viscosity, melting point and reactivity 

with the desired product. For example, boron oxide (B2O3) is commonly used for HTSG 

because it has low a melting point and a high viscosity due to strong O-B-O bonding. In 

addition, it can decrease the vapour pressure during crystal growth, and favor a more 

stable growth. Flux choices will be discussed in detail in Section 5.4. A schematic of the 

furnace set up is shown in Figure 5.1 (a). In HTSG, the mixture is heated to a very high 

temperature (above 1000 ℃ ), at which melting would occur. The mixture would be 

maintained at the high temperature for a period of time to allow for consistent melting. 

Then the slow cooling procedure is utilized to maintain supersaturation state of the solution, 

leading to crystallization. Figure 5.1 (b) shows the typical temperature profile used for 

HTSG which consist of four main steps: 1) melting phase - high temperature to ensure 

homogeneous melting, 2) supersaturation - slowly cooling to supersaturate the solution, 

3) crystallization, and 4) quickly cooling to room temperature to prevent the formation of 
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other non-desired crystals. Lastly, the grown single crystals are leached out from the melt 

by using hot water or dilute acids such as HCl or HNO3.  

 
Figure 5.1 a) High temperature solution growth set-up. b) Typical HTSG 

temperature profile. 

5.3.2. Characterization  

The grown crystals were pulverized into powders and examined by X-ray 

diffraction with Cu Ka radiation (Bruker D8 Advance Diffractometer, 40 mA, 40 kV, 0.01o 

steps, 2q = 20-80o) at room temperature for crystal structural analysis. The XRD resulting 

pattern was analyzed by TOPAS-Academic Software with the Rietveld refinements to 

determine the crystal symmetry. Chemical composition analysis was performed by X-ray 

photoelectron spectroscopy (XPS) on a Kratos Analytical Axis Ultra DLD system with a 

monochromatic aluminum source (Al 𝐾� = 1486.6 eV).  

For optical studies, a single crystal plate with (100)cub faces was polished down to 

approximately 180 𝜇𝑚 thick with various silicon carbide sand papers (down to 3 µm) and 

examined by an Olympus BX60 polarized light microscope equipped with Linkam 

THMS600 heating/cooling stage.  

5.4. Results and Discussion  

5.4.1. Determining the optimal growing condition  

This study has employed the most appropriate method of growing the target single 

crystals. The single crystal growth procedure is much more challenging than the synthesis 
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of polycrystalline ceramic counterpart due to involvement of a wide range of parameters 

on synthesis, such as nucleation, growth rates, morphological stability, segregation, 

growth atmosphere and crystalline defects. There are four major classifications for the 

methods of crystal growth from liquid phase: (i) low temperature solution growth, (ii) melt 

growth, (iii) hydrothermal growth, and (iv) high temperature solution growth (flux growth) 

[93, 94]. Each of these four major methods includes different crystal growing techniques, 

therefore, one must consider which method is the most appropriate for the desired crystals 

based on many factors such as the chemical and physical properties of precursors, crystal 

stability in atmosphere, crystal morphology and size of desired crystal [95]. Due to the high 

melting point of the precursors for BZT single crystal growth, high temperature solution 

growth is needed while low temperature solution growth, melt growth and hydrothermal 

growth methods are not suitable for this work. In addition, the benefit of growing single 

crystals by high temperature solution growth method is that the crystals will have a lower 

concentration of equilibrium defects, such as vacancies, and a lower dislocation density 

compared with other growth methods [93]. Therefore, for the purpose of this project, high 

temperature solution growth method will be utilized, and other methods will not be further 

discussed in this work.   

High temperature solution growth (HTSG) method was first practiced by French 

and German chemists in the late 1800s [96]. But it did not become an important method 

for synthesizing single crystals until 1950s. A notable contribution to the gained interests 

in this method is its employment in growing BaTiO3 single crystals with KF flux. HTSG can 

be analogous to crystal growth from aqueous solution in very high temperature. Flux is the 

solvent and the solute precursors are dissolved in the flux (solvent). The advantage of 

using flux is that the growth temperature can be lowered to below the melting temperature 

of the solute. The reduction of the growth temperature provides a more feasible synthetic 

condition to grow better quality crystals. Therefore, it is important to find the desirable flux 

and optimal flux-compound ratio.   

The choice of flux is a complex procedure and requires considerations of various 

thermodynamic factors. For example, a suitable flux should be chemically similar in 

chemical bonding type with the solute from the solubility point of view; however, it is also 

generally favoured that the flux and solute share mutual solid solubility. Therefore, the 

optimal flux has similar bonding type to the solute but also need to be crystal-chemically 
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different from the desired crystals, in order to prevent solid solubility between solute and 

solvent [93].   

Until now, there is no formula to select a suitable flux for HTSG of a given material. 

There are conditions to be followed, which may lead to possible suitable fluxes and this is 

why it is a very challenging task to synthesize novel single crystals with high melting points 

of precursors such as BZT. The key characteristics for an effective flux includes ,but are 

not limited to, low melting temperature, easy to separate from the products, would not form 

stable compounds with the reactants, low volatility/viscosity at growth temperature, non-

reactive with crucible and have large temperature difference between boiling and melting 

points [97, 98]. Following the requirements mentioned above, experiments were 

performed to test a series of growing conditions. 

The Trials #1-7 for growing BZT single crystals were aimed at testing a variety of 

conditions, including flux composition, compound to flux ratio and soaking time, as shown 

in Table 5.1. The flux choices were based on the literatures on the growth of BaTiO3 and 

other lead-free single crystals with high melting points [93, 99]. Reasons for such 

employment are discussed in the following paragraphs.  

In growing oxide single crystals, the employment of PbO as flux is common due to 

its low melting point and viscosity [100]; however since the goal of this work is to develop 

more environmental friendly, lead-free materials, the use of PbO was not recommended. 

Bismuth oxide (Bi2O3), which shares similarities to PbO’s physicochemical properties in 

liquid state, is utilized as flux in this work as a safer alternative. Bi2O3 also has the ability 

to dissolve various types of oxides as PbO does. Furthermore, Bi2O3 has a melting point 

and a boiling point of 817 and 1890 ℃, respectively [99]. Such a high boiling point allows 

for a longer soaking time during the crystal growth. Bi2O3 has a high density (9.8 g/cm3); 

therefore, the desired compound usually appears on the upper region of the solidified melt 

in the crucible. This simplifies the crystal separation procedures. Boron oxide (B2O3) is 

another popular flux additive for growing oxide single crystals. B2O3 has a low melting and 

a high boiling points of 450 and 1860 ℃, respectively [99]. Similar to Bi2O3, the extended 

liquid phase allows long soaking time during crystal growth and it is a more 

environmentally friendly option compared to lead-based flux.  
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Table 5.1: Various growth conditions used to grow BZT single crystals – Trials 
#1 to #7  

Trial # Flux Components 
(mole ratio) 

Compound: Flux 
(mole ratio) 

Soaking Temp 
(℃) 

Observation 

1 Bi2O3 : B2O3 (7:3) 3:1 1100 Did not fully melt 

2 B2O3 1:4 1100 Flux overflowed the 
crucible 

3 B2O3 1:8 1100 Flux overflowed the 
crucible 

4 Bi2O3 : B2O3 (2:4) 1:4 1100 Yellow crystals of 
Bi4Ti3O12 

5 KF 1:10 1100 No crystal 

6 Bi2O3 : BaCO3 (2:1) 1:10 1100 No crystal 

7 KF : BaCO3 (2:1) 1:10 1100 BaAl2O4 crystals 

In Trial #1, Bi2O3  and B2O3 were used as flux and the mixture did not fully melt due 

to the high compound to flux ratio. For Trial #2 and #3, there are no crystals due to the 

high viscosity of B2O3. As a result, B2O3 is found to be not suitable as flux by itself. In Trial 

#4, Bi2O3 and B2O3 were used as flux with a lower compound/flux ratio. The result shows 

that yellow crystals of Bi4Ti3O12 were grown, which unfortunately were not desired crystals. 

The Bi4Ti3O12 crystals were identified by X-ray diffraction, as shown in Figure 5.2. Note 

that Bi4Ti3O12 crystals are ferroelectric materials that are worthy further investigation in the 

future (beyond the scope of this thesis). Bi2O3 is commonly used to grow complex oxide 

crystals but it has been reported that chemical substitution of Bi3+ for M2+ such as Ba2+ may 

occur and bismuth may incorporate into the final product [99]. Thus, Bi2O3 should be 

avoided as flux for future trials of BZT crystal growth.  
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Figure 5.2 Powder XRD pattern of crushed yellow crystals, Bi4Ti3O12, with 

reference pattern (PDF #50-0300). Inset shows the Bi4Ti3O12 single 
crystals after leaching.  

Another common flux, KF, was used as flux for Trial #5 and #7. KF has a melting 

point of 858 ℃ and was the flux choice for growing BT single crystals in the literatures [93, 

101–104]. KF is a successful flux material for growing oxide crystals due to its ability to 

dissolve oxides. However, during the trials the KF flux damaged the aluminum oxide 

crucible and reacted with the aluminum oxide, forming undesired crystals of BaAl2O4 as 

shown in Figure 5.3. Therefore, KF is not a suitable flux option for growing BZT single 

crystals with aluminum oxide crucible.  

 
Figure 5.3  Powder XRD pattern of crushed crystals of BaAl2O4. Inset shows 

that the aluminum oxide crucible was damaged during growth.  
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KF can be replaced by BaCl2 which has a melting point at 962 ℃ and similar ability 

to dissolve oxide compounds. The advantage is that the chloride does not react with 

aluminum oxide crucible; therefore, various conditions were tested with BaCl2 as flux, as 

shown in Table 5.2. In Trial #6 and #11 to #14, BaCO3 was utilized as flux which has a 

melting point of 811 ℃. The disadvantage of using alkali-earth-metal carbonate is that it is 

difficult to predict whether or not the alkali-earth-metal cation would be incorporated into 

the final product prior to the trial. Therefore, BaCO3 was utilized to avoid the growth of 

undesired crystals. Various ratios of flux composition of BaCl2 and BaCO3 were tested to 

find the suitable flux.  

In Trial #14, BZT single crystals were successfully synthesized, finally, with a 

mixture of BaCO3, BaCl2 and B2O3 as flux. The addition of B2O3 into BaCO3 and BaCl2 

helped further reducing the melting point of the complex flux and facilitated the melting of 

whole system. The powder XRD pattern is shown in Figure 5.4 and the crystal structure 

is determined to be tetragonal by TOPAS-Academic Software with the Rietveld 

refinements. The tetragonal structure suggests that the composition of the growth crystals 

is richer in Ti than the desired composition (BaZr0.3Ti0.7O3). Nevertheless, this encouraging 

result indicates that the flux choice and the compound/flux ratio can be used for further 

trials to grow the BZT crystals with desired compositions.  

Table 5.2  Various growth conditions used to grow BZT single crystals – Trial #8 
to #14 

Trial # Flux Components 
(mole ratio) 

Compound: Flux 
(mole ratio) 

Soaking Temp 
(℃) 

Observation 

8 BaCl2 1:10 1100 No crystal 

9 BaCl2: B2O3 (7:3) 1:5 1150 No crystal 

10 BaCl2: B2O3 (7:3) 1:15 1150 No crystal 

11 BaCO3: B2O3 (2:4) 1:10 1100 Plate-like crystals 

12 BaCO3: B2O3 (4:2) 1:10 1100 No crystal 

13 BaCO3:Bi2O3: B2O3 
(4:4:2) 1:10 1100 No crystal 

14 BaCO3:BaCl2: B2O3 
(4:4:2) 1:10 1100 BZT single crystals 
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Figure 5.4 Powder XRD pattern of crushed crystals of BZT. Inset shows that BZT 

single crystals after leaching. 

The alkali-metal carbonates such as Na2CO3 and K2CO3 performed other effective 

melts for oxide materials [44]. Na2CO3 and K2CO3 have the melting points of 817 and 1890 

℃, respectively [99]. The advantage of using alkali-metal carbonate is that it does not 

react with aluminium oxide, similar to BaCl2. Another advantage is that it allows easy 

removal of flux following the crystal growth due to the high solubility of carbonate in water. 

Commonly used soaking temperature for alkali-metal carbonates is around 1000 -1150 

℃. To ensure the complete melting of the flux and solute, the soaking temperature for 

Trials #15 to #19 ranged from 1100-1200 ℃. The experimental results show that alkali-

metal carbonates are not an effective solvent compared with BaCl2. Lastly, PbO was used 

as flux in combination with BaCO3, BaCl2 and B2O3, which turned out to be not effective 

for growing BZT crystals. In conclusion, the flux combination of BaCO3,BaCl2 and B2O3,  is 

proved to be the most promising solvent to grow the BZT single crystals.  
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Table 5.3 Various growth conditions used to grow BZT single crystals – Trial 
#15 to #20 

Trial # Flux Components 
(mole ratio) 

Compound: Flux 
(mole ratio) 

Soaking 
Temp (℃) 

Observation 

15 Na2CO3·H2O:B2O3 (2:1) 1:10 1150 No crystal 

16 Na2CO3·H2O:B2O3 (2:1) 1:10 1200 No crystal 

17 Na2CO3·H2O:B2O3 (2:1) 1:10 1200 No crystal 

18 K2CO3: B2O3 (2:4) 1:10 1100 No crystal 

19 K2CO3: B2O3 (2:4) 1:10 1150 No crystal 

20 BaCO3: BaCl2: B2O3:PbO 
(6:6:4:4) 1:10 1100 No crystal 

After finding the possible flux combination (BaCO3, BaCl2 and B2O3), additional 12 

experiments were performed with various compound/flux ratios (1:12, 1:13 and 1:14), melt 

temperatures (1100-1200 ℃) and cooling rates to obtain BZT single crystals with desired 

composition. In Trial #14, the crystals obtained were very small (about 0.5 mm), which 

was possibly due to the fact that the system may have not been fully melted. The small 

size and not-fully-melt system suggested that it was necessary to increase the solubility 

of the flux. Consequently, the growth conditions were modified with a higher melt 

temperature and longer soaking time, and the amount of flux was increased to achieve 

complete melting of the whole system. In addition, the cooling rate was lowered in an 

attempt to achieve larger crystals. As a result, these conditions significantly improved the 

growth result and the BZT single crystals of the desired composition were obtained. The 

optimal growth conditions are 24 hours of soaking time at 1200 ℃, 0.6℃/hr of cooling rate 

and 1:12 of compound/flux ratio. The crystals were leached out from the melted flux by 

soaking in water at room temperature for several days until the crystals could be removed 

from the crucible. Characterizations of the grown BZT crystals are presented in the 

following sections.  

5.4.2. Structural Characterization  

Figure 5.5 shows the optical images of (a) the as-grown crystals after the melt was 

leached out, and (b) the as-cooled crucible with the grown crystals in the melt. Careful 

examination of the morphology of the leached crystals shown in Figure 5.5 (a) showed 

that the crystals were consisted of rectangular shapes in dark brown colour. As shown in 
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Figure 5.5 (b), the crystal block was found at the centre of the crucible, submerged in the 

solidified melt.  

 
Figure 5.5  BZT single crystals: (a) after leaching, (b) as cooled in crucible. 

The powder X-ray diffraction pattern in Figure 5.6 shows that the crystals are of 

pure perovskite structure. The crystals are of pseudo-cubic symmetry. As no splitting is 

observed in any of the peaks, the lattice parameter is determined to be 𝑎 =	4.004 Å by the 

Rietveld refinements using TOPAS-academic software.  

In Figure 5.7, the XPS spectrum shows strong signals for specific binding energies 

between 0-1200 eV that correspond to Ba (3d), Ti (3d/2p), Zr (3d) and O (1s), indicating 

the presence of all the expected elements in the BZT crystal sample. For each of the 

elements, the area under its peak is used to determine the approximate concentrations; 

the atomic concentrations of the elements Ti and Zr are 72.5 % and 27.5%, respectively. 

Since XPS is a surface technique that only analyzes the top 10 nm of the material, other 

information such as phase transition temperatures and lattice parameters are required in 

order to fully estimate the composition of bulk single crystals.  
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Figure 5.6  The XRD pattern obtained from the ground single crystals of BZT, 

indicating a pure perovskite structure of pseudo-cubic symmetry. 

 
Figure 5.7  X-ray photoelectron spectrum (XPS) of BZT single crystals. 
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The observation of a (001)cub BZT crystal plate by polarized light microscopy (PLM) 

reveals some weakly birefringent stripe domains at room temperature, as shown in Figure 

5.8. These domains exhibit extinctions at 45°  to the (010) direction, suggesting a 

rhombohedral symmetry. However, most part of the crystal shows extinction at any angle 

between the crossed polarizers, which indicates that the single crystal possesses pseudo-

cubic symmetry at room temperature.  

 
Figure 5.8  (a) Polarized light microscopic images of a (001) BZT single crystal 

plate that shows weak strip domain with the major part of the crystal 
remaining extinction at any angle under cross polarizers:  (i) sample 
is perpendicular to the cross polarizer and (ii) sample is rotated 45° 
to the cross polarizer. (b) sketch of the strip domain on the crystal 
plate.  

5.5. Conclusions  

Lead-free BaZr(1-x)TixO3 (BZT) single crystals were successfully grown by the high 

temperature solution growth method after a large number of trials. The optimal flux 

combination was found to be a mixture of BaCO3, BaCl2 and B2O3 and the compound/flux 

ratio is 1:12. The composition of the grown crystals was determined to be BaZr0.275Ti0.725O3  

by X-ray photoelectron spectroscopy (XPS). It is located on Ti-rich side of the BZT solid 

solution. X-ray diffraction shows that the grown crystals exhibit a pure perovskite with 

mainly pseudo-cubic symmetry, which is consistent with the structure found for this 

composition in the polycrystalline BZT solid solution. Polarized light microscopy analysis 
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also reveals a dominantly pseudo-cubic symmetry at room temperature with some weakly 

birefringent strip domains.  The pseudo-cubic symmetry is consistent with the structure of 

the desired BZT crystals, suggesting that the grown BZT crystals should exhibit relaxor 

ferroelectric behaviour. Future studies can be focused on growing larger crystals with 

composition near the MPB region for other characterization such as dielectric and 

ferroelectric measurements. This work demonstrates that BZT single crystals can be 

grown by high temperature solution growth method, which opens up the possibility of 

characterize the complex order/disorder structure and relaxor properties of this material.  
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Chapter 6.  
 
General Conclusions and Future Directions 

6.1. General Conclusions  

In this thesis, there are three projects. The first two projects focus on chemical 

modification of BiFeO3 to develop new room-temperature multiferroic materials and the 

third project is to synthesize BaZr(1-x)TixO3 single crystals.  

In the first project, the ceramics of a new multiferroics (1-x)BiFeO3-xBaTiO3  (BF-

BaHf) with compositions of x = 0.05, 0.08, 0.12, 0,15, 0.20, 0.30, 0.40, 0.50, 0.60, 0.70, 

0.80, 085, 0.90 and 0.95 were successfully synthesized by a conventional solid state 

reaction method, after overcoming many challenges such as the volatile nature of Bi2O3, 

and thermal instability favors formation of impurity phases and oxygen vacancies. With 

increasing BaHf concentration, a transition from perovskite R3c rhombohedral phase to 

the Pm3[m cubic phase was observed by X-ray diffraction patterns with morphotropic 

phase boundary (MPB) at x = 0.30 to 0.50. Interestingly, the magnetic behaviour is 

changed from antiferromagnetic to ferrimagnetic/ferromagnetic and then to paramagnetic 

behaviour with an increase concentration of BaHf substitution. The present results provide 

an alternative way to improve the ferromagnetic properties of BF-based solid solution, 

making it a room temperature ferri-/ferromagnetic and multiferroics materials. This work 

demonstrates the beneficial role of BaHf substitution in enhancing magnetic properties of 

the BF-based multiferroic materials. Unfortunately, the ferroelectric hysteresis loop of BF-

BaHf could not be measured due to high conductivity of BF. Various methods could be 

used to reduce conductivity, such as annealing in oxygen, rapid liquid phase sintering, 

leaching the impurity phase with dilute nitric acid, applying the immediate quenching after 

sintering or chemical modifications. We adopt the extension of the binary BF-BaHf solid 

solution into a ternary system as the solution to address the high conductivity issue, which 

led to the second project.  

In the second project, a new pseudo-binary system (1-x)(0.8BiFeO3-0.2BaHfO3)-

xBaTiO3 [(1-x)(0.8BF-0.2BaHf)-xBaT] has been successfully synthesized with 

compositions of x = 0.15, 0.20, 0.30, 0.40, 0.50, 0.60, 0.70, 0.80, 0.85, 0.90 and 0.95 by 
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conventional solid state reaction method. The structure and magnetic and dielectric 

properties were systematically studied. We have found that the dielectric loss tangent 

represents a significant decrease with increasing BaT substitution; however the 

ferromagnetic properties are weakened and disappears with increasing BaT substitution. 

Therefore, chemical substitution of BF-BaHf with BaT improve the dielectric properties, 

but at the detriment of the ferromagnetic properties.  

In the last project, lead free BaZr(1-x)TixO3 (BZT) single crystals were successfully 

grown using a high temperature solution growth method after a large number of trials. 

XRD and PLM confirm the perovskite structure with pseudo-cubic symmetry. XPS 

confirms the presence of all the expected elements in the BZT crystal sample with atomic 

concentration of the elements, Ti and Zr being 72.5 % and 27.5%, respectively. This is the 

first time BZT single crystals have been grown. It is expected that the cubic BZT single 

crystals would exhibit relaxor ferroelectric behaviour.  

6.2. Future Directions  

Chemical modification of BF-BaHf solid solution with BaTiO3 significantly improves 

the dielectric properties by reducing the conductivity, but it sacrifices the ferrimagnetic 

property and makes it paramagnetic. In order to develop room temperature multiferroics 

material with good ferroelectric and ferromagnetic properties, other synthesis methods 

need to be utilized to reduce the conductivity without jeopardizing the magnetic behaviour. 

Such methods include annealing in oxygen, rapid liquid phase sintering, leaching the 

impurity phase with dilute nitric acid or applying the immediate quenching after sintering. 

Thus far, we have proved that BZT single crystal can be grown by high temperature 

solution growth method. Unfortunately, the grown BZT single crystals are too small for 

other characterizations such as dielectric, neutron scattering measurements and so on. 

Therefore, the growth techniques need to be further improved to grow larger BZT single 

crystals of higher quality, for example top-seeded solution growth technique which was 

developed in our laboratory for the growth of other oxide crystals. Structural 

characterization by neutron scattering will be used to resolve the chemical order/disorder 

and local polar structure of this interesting material, which will help us better understand 

the origin of relaxor ferroelectricity in lead-free materials.  
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