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Abstract 

Multiferroics (MF) have attracted much research attention due to the coexistence of 

ferroelectric and magnetic ordering as well as magnetoelectric (ME) coupling. At present 

there are very few room temperature single phase MF except BiFeO3. Multiferroic 

properties of Aurivillius  compound Bi5FeTi3O15 were reported at 80 K. The 

magnetization of Bi5FeTi3O15 was significantly improved by substituting parts of Fe 

cations by Co cations. Bi5FeTi3O15 showed ferromagnetic order above room 

temperature. The magnetic cations Fe/Co in B-site contribute to the both ferroelectric 

and ferromagnetic properties, which could possibly induce strong magnetoelectric effect. 

Aurivillius  materials are layered structured materials with formula 

(Bi2O2)
2+

(Am-1BmO3m+1)
2-
. The polarization of Aurivillius  materials is mainly in a-b 

plane. High dense and textured ceramics were fabricated by a two-step spark plasma 

sintering (SPS) method to improve the polarization of ceramics. The multiferroic 

properties of Aurivillius  materials with different octahedral layers (m=2, 3, 4 and 5) 

were investigated. All these materials showed ferroelectric and ferromagnetic order at 

room temperature except Bi3Nb1.125Fe0.125Co0.125Ti0.75O9 (m = 2). 

Bi3.25La0.75Nb0.25Fe0.125Co0.125Ti2.5O12 (m = 3) was identified to be single phase. 

Although a small amount of secondary phases (CoFe2O4/Co2FeO4) were found in 

Bi4.25La0.75Fe0.5Co0.5Ti3O15 (m = 4) and Bi5.25La0.75FeCoTi3O18 (m = 5), the intrinsic 

multiferroicity of the main Aurivillius  phase was confirmed by the magnetic controlled 

ferroelectric domain switching. Clear ME couplings were observed in these materials, 
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where the magnetic ions Fe/Co contribute to ferroelectric polarization and magnetic 

moment simultaneously. This discovery could guide the design of room temperature 

single phase MFs with strong ME coupling for sensors and memories applications. 
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Notation 

Tc     Curie temperature 

TN     Neel temperature 

Tf      Freezing temperature 

ɛB      Bohr magneton 

E     Electric field 

P     Polarization 

Ps      Spontaneous polarization 

Pr       remanent polarization 

ȹxi    atomic displacement 

V     volume of the unit cell 

t      tolerance factor 

d33    vertical piezoelectric constant 

ɤ0       attempt angular frequency of the dipoles 

T0     equivalent temperature of activation energy  

k      Boltzmann`s constant 

Pl      orbital angular momentum 

ŭs         spin angular moment 

ɛ0         vacuum permeability 

ɛl      orbital magnetic moment 

ɛs      spin angular momentum 
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i        current 

e        electron charge 

l        orbital magnetic quantum 

s        spin angular momentum 

J        total angular momentum 

ü        Planck constant 

ŭs           spin angular moment 

ɔ        gyromagnetic ratio of angular momentum 

ɢm          magnetic susceptibility 

M       magnetization 

Mr      remanent magnetization 

H       magnetic field 

ʌ       magnetic flux 

H       Hamiltonian 

HDM     Hamiltonian of DzyaloshinskiiïMoriya 

Jd       direction exchange integral 

Ůij       relative permittivity 

ɛij       relative permeability 

Ŭij       Magnetoelectric coupling coefficient 
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Chapter I  Introduction  

The control of bistable polarization states in ferroelectrics is the underlying basis of 

using two spontaneous polarisation ñupò and ñdownò states to record the binary code 

ñ0ò and ñ1ò which was firstly proposed by J.R. Anderson who worked in Bell labs at 

1952.
1
 Ferroelectric (FE) random access memory (FRAM) exhibits fast-write and 

non-volatile characters. But they are limited by the need for destructive read and reset 

operation.
2,3

 Magnetoresistive random access memory (MRAM) was developed since 

1990s. MRAM consist of two parallel magnetic layers separated by a thin insulating 

layer in nano scale. One of the magnetic layers is a permanent magnetic layer in 

which the magnetization fixed in one direction and the other on is ferromagnetic (FM) 

layer in which the magnetization can be changed by external magnetic field. The two 

different states of the magnetic layers with magnetization in parallel or antiparallel 

shows different resistances which can be used to record the binary code ñ0ò and ñ1ò. 

MRAM obtains fast-read speed without an additional re-write operation compared to 

FRAM. However power costs are higher than that of FRAM during write operation. 

Materials that show simultaneously more than one ferroic characteristics such as 

coexistence of ferroelectric and magnetic ordering are currently gaining more and more 

attention. These properties give rise to the development of various kinds of materials 

and design of multifunctional devices application such as development of multiferroic 

memory devices with fast-low power electric write operation and non-destructive 

magnetic read operation.
4
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There are very few single phase multiferroic materials in nature since ferroelectricity 

and magnetism tend to exclude each other.
5
 N. Hill  found that electrons of transition 

metal in 3d orbital which are necessary for magnetism could reduce the tendency for 

off-centre ferroelectric distortion. This behaviour is in contradiction with the 

ferroelectricity which is related to the hybridization of empty 3d orbital of centre 

cations such as Ti
4+

 and 2p orbital of oxygen.
5
 Many efforts have been devoted for 

new room temperature magnetoelectric multiferroics due to a strong desire to fabricate 

materials with novel functions.
6
 Two requirements are necessary to be satisfied in the 

commercial device: room temperature multiferroic behaviour and strong coupling 

between ferroelectric and magnetic properties.
4
 The initial researches focused on 

BiFeO3 (BFO) a lead free multiferroic material. BFO shows ferroelectric order (Tc = 

1100 K) and antiferromagnetic order (TN = 640 K) at room temperature.
7
 However, the 

high leakage current, tendency to fatigue and secondary phase in the grain boundary 

restrict its application. Consider of the large leakage current of BiFeO3, Aurivillius  

multiferroics which can be considered as inserting BiFeO3 layer into bismuth layer 

structured ferroelectrics (BLSFs) exhibit good insulativity and have been proposed to 

fabricate new room temperature multiferroic materials.
8,9

 Bi5FeTi3O15 (BFTO) has 

been successfully synthesised by combination of BiFeO3 with a bismuth layer 

structured ferroelectrics, Bi4Ti3O12 (BIT). BFTO presents ferroelectric and 

antiferromagnetic order below 80 K.
10

 The magnetization of BFTO can be remarkably 

improved by substituting parts of Fe
3+

 by Co
3+

 and magnetic Curie temperature 

increase to 618 K.
11

 To date, room temperature multiferroic behaviour has been 
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reported in BLSFs with m Ó 4. However, there are still debates about the origin of the 

ferromagnetism. Although the second phase may has contribution to the magnetism, 

the intrinsic multiferroic character of the main phase was supported by the magnetic 

control of ferroelectric domain switching in Bi6Ti2.8Fe1.52Mn0.68O18.
12

 Therefore, this 

thesis is to develop single phase multiferroic Aurivillius  materials and investigate their 

dielectric, ferroelectric and ferromagnetic properties. 

In this research, multiferroelectric behaviour of (Bi2O2)
2+

(Am-1BmO3m+1)
2-

 with 

different octahedral layers (m=2, 3, 4 and 5) has been studied. We propose to 

substitute parts of Fe by Co to improve magnetism. The origin of weak 

ferromagnetism of BFTO is the indirect super exchange coupling of Fe
3+

 cations 

(Fe
3+

-O-Fe
3+

). Doping Co
3+

 cations cannot directly improve the ferromagnetic property 

of BFTO because the magnetic moment of Co
3+

 is smaller than Fe
3+

(the magnetic 

moment of Co
3+

 and Fe
3+ 

are 4.9ɛB and 5.92ɛB, respectively), but the superexchange 

interaction between Co
3+

 and Fe
3+

 cations (Co
3+

-O-Fe
3+

) contribute to the improvement 

of ferromagnetism.
11

 

Due to highly anisotropic plate-like grain shape of BFTO, the main directions of 

polarization and magnetisation are in a-b plane. Grain-oriented textured ceramics have 

been already successfully prepared using a two-step Spark Plasma Sintering (SPS) 

method.
13,14

 The two-step method was used to fabricate textured bulk ceramics and 

obtain better ferroelectric and magnetic properties than that of random oriented 

ceramics. Moreover, in order to research the coupling between ferroelectric and 

ferromagnetic, in-situ neutron diffraction of BLSFs with external magnetic field and 
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ferroelectric domains changes under magnetic field were also investigated. 

A brief introduction of the basic theory of ferroelectricity, magnetism and 

multiferroelectricity is given in Chapter 2. A review of the common 

multiferroelectrics and Aurivillius  phase multiferroelectrics is also included in this 

chapter. Chapter 3 is the details of experiments of this research. Chapters 4, 5, 6 and 7 

showed the experimental results and discussion of multiferroic BLSFs with different 

octahedral layers (m=2, 3, 4 and 5), respectively. In Chapter 8, the main conclusions 

of this research are given including a comparison of multiferroic behaviour in BLSFs 

with different octahedral layers. Plans for future work are also outlined. 
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Chapter II  Literature Review 

2.1 Background of Ferroelectrics  

The key issue of ferroelectrics is spontaneous polarization (Ps) which is tightly related 

to the crystal structure. All crystals can be divided into 32 crystal point groups by using 

different symmetry elements, such as centre of symmetry, axes of rotation, mirror planes 

and their combinations. Among the 32 crystal point groups, only 10 of them exhibit 

spontaneous polarization, which are defined as polar point groups. These 10 point 

groups belong to non-centrosymmetric point groups which is necessary for the existence 

of piezoelectricity. The spontaneous polarization varied with the change of temperature 

due to the temperature dependence of atomic configuration, which is defined as 

pyroelectricity. The difference between ferroelectrics and pyroelectrics is that the 

spontaneous polarization can be switched by applying an external electric field. Thus, 

all ferroelectrics are pyroelectrics and piezoelectrics, but not in reverse way.
15-17

 

Ferroelectric is an important kind of functional material. Until now, a number of 

materials have been found to obtain ferroelectric properties. The main ferroelectric oxide 

families are: perovskite oxides ABO3 (BaTiO3), LiNbO3 group, Aurivillius  phase layer 

structured group (Bi3Ti4O12) and tungsten bronze group (BaxSr5-xNb10O30). 

Ferroelectrics have been widely used in many commercial applications such as: ignitor, 

capacitors, random access memories, transpolarizers and piezoelectric sensors.
4,18,19

 

SrBi2Ta2O9 and Bi3.25La0.75Ti3O12 which belong to Aurivillius  layer structured 

ferroelectrics are excellent candidates of non-volatile ferroelectric random-access 
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memories.
20,21

 Thus, Aurivillius  layer structured ferroelectrics were researched as the 

base materials in this work.  

All of ferroelectrics obtain the characteristics including: Curie Point (Tc), Spontaneous 

Polarization (Ps), Ferroelectric domain switching proved by Ferroelectric hysteresis 

loops. 

 

2.1.1. FE Curie point 

Most ferroelectric materials transform from a high-temperature centrosymmetric 

(paraelectric) phase into a low-temperature non-centrosymmetric (ferroelectric) phase at 

Tc. Dielectric, elastic, thermal and other properties of the material commonly become 

abnormal around the Curie point. This is different for 1
st
 and 2

nd
 order transitions. Figure 

2.1 shows the data measured on BaTiO3 ceramic. It shows spontaneous polarization 

along c axis in tetragonal phase under Tc and none spontaneous polarization in cubic 

phase above Tc. The dielectric permittivity changes with temperature obey the 

Curie-Weiss law above the Tc. 

Some ferroelectrics such as BaTiO3 have several ferroelectric phase transitions and the 

direction of Ps change during each phase transition (Fig. 2.2). But only the first 

transition temperature from cubic paraelectric phase to tetragonal ferroelectric phase is 

called Curie point. In BaTiO3, Ps is along [001], [011] and [111] in tetragonal, 

orthorhombic and rhombohedral phase, respectively. 
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Fig 2.1 Temperature dependence of dielectric permittivity of ferroelectric BaTiO3 near Curie temperature. 

aC is the lattice parameter of cubic phase, aT and cT are the lattice parameters of tetragonal phase. xS is the 

strain along the a-axis or c-axis.
22

 

 

 

Fig. 2.2 Ferroelectric phase transition of BaTiO3 single crystal during heating and cooling.
23

 

 

2.1.2. Ferroelectric domain 

Ferroelectric domain is a region with spontaneous polarizations in the same direction. 

Spontaneous polarizations in ferroelectric crystal are normally not uniformly aligned 
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throughout the whole crystal. For example, the crystal structure of BaTiO3 changes 

from cubic to tetragonal during the ferroelectric transition and the Ps is along c axis of 

tetragonal (Fig. 2.2). The three ac axes in cubic are the same and the Ps could arise 

from any of them during the phase transition. The crystal contains many domains in 

which the spontaneous polarization along in the same direction. The region between 

two domains is named domain wall (Fig. 2.3). Ferroelectric domain walls are in the 

order of 1- 10 nm which are much narrower than domain walls in ferromagnetic 

materials.
22

 In order to achieve the lowest free energy of the system, two kinds of 

domain walls are formed. The walls which separate domains with oppositely 

orientated polarization are called 180° walls. The other walls which separate regions 

with mutually perpendicular polarization are called non-180° or 90° walls . The 180° 

domains can help to reduce the energy caused by depolarization field which is formed 

during the phase transition at Tc.  

 

 

Fig. 2.3 Illustration of (a) 180° and (b) 90° ferroelectric domains and domain-wall regions in a tetragonal 

perovskite ferroelectric.
22
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The non-180° or 90° walls  can help to reduce the strain energy caused by the lattice 

distortion during the phase transition and depolarization field. In 2011, the 180° and 

90° domain walls were observed in atomic-resolution in PbZr0.2Ti0.8O3 film by C.L. 

Jia (Fig. 2.4).
24

 

 

 

Fig. 2.4 (a) Atomic-resolution image of a flux-closure structure with continuous rotation in 

PbZr0.2Ti0.8O3 film. I is the interface between PbZr0.2Ti0.8O3 and substrate. Yellow line is the 180° 

domain wall and blue line is 90° domain wall. (b) Map of atomic displacement vector. The arrow is the 

displacement of Zr-Ti atoms.
24

 

 

2.1.3. Ferroelectric hysteresis loops ï domain switching 

The direction of spontaneous polarization in each domain can be reserved by applying 

an electric field; the relationship between polarization intensity P and electric field E is 

not linear but like a hysteresis loop, as show in Fig. 2.5 Domains which polarization 

have the same directions with the external electric field grow up and domains with the 
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reversed direction become small, which makes polarization intensity increasing with 

the increase of external electric field (from A to D). Finally, most domains are aligned 

and polarization becomes saturated. Extending DC, the intercept with y axis is a 

spontaneous polarization. The Ps in polycrystalline materials is smaller than that of a 

single crystal due to the different orientations of grains. When electric field decreases 

to zero, some domains switch back and the polarization at E = 0 is the remnant 

polarization Pr. 

 

Fig. 2.5 Ferroelectric hysteresis loop. Circles with arrows represent the polarization state of the material 

at the indicated fields.
22

 

 

Then electric field increase in reserved direction. The electric field that makes 

polarization decrease to zero is coercive field Ec. The macro polarization reserved at Ec. 

The ±Pr are stable in zero electric field, which do not need external field to keep it.  
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2.2 Background on magnetism 

2.2.1 Macro-magnetism of bulk material 

The magnetism of material originates from the orbital movement and spin of unpaired 

electrons. Thus, according to the interaction of the electrons, materials can be divided 

into the following groups: 

1. Diamagnetism and paramagnetism 

There are no unpaired electrons in the diamagnetic materials. The procession of the 

electronic orbits of the atoms about the external magnetic field direction will induce a 

small magnetic moment reserves to the external magnetic (Fig. 2.7a). As a consequence, 

the magnetic susceptibility ɢm which is related to the magnetization M and magnetic 

field H is negative and the value is about -10
-6

. 

 -  …Ὄ                           (1) 

The relative permeability ɛr is: 

‘  … ρ                          (2) 

Paramagnetic materials are the materials with unpaired electrons but no exchange 

interaction between them. Due to the thermal motion, the magnetic moment of atoms 

will orient in random direction (Fig. 2.7b). The magnetic susceptibility ɢ is about 

10
-5

-10
-2

. 
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Fig. 2.7 The atomic dipole configuration with and without a magnetic field of (a) diamagnetic materials, 

(b) paramagnetic materials.
25

 

 

2. Ferromagnetism, antiferromagnetism and ferrimagnetism 

The magnetic moment of ferromagnetism (ɢm~10-10
5
), antiferromagnetism (ɢm~10

-3
) 

and ferrimagnetism (ɢm~10-10
5
) are in order due to the direct exchange interaction or 

indirect exchange interaction.
26

 The magnetic moments of ferromagnetics aligned in 

parallel which leads to a magnetic spontaneous polarization (Fig. 2.8a). The magnetic 

moments of antiferromagnets aligned in anti-parallel which leads to no net 

magnetization. However, the magnetic moments of some antiferromagnets are not 

perfectly aligned in anti-parallel resulting in a small residual magnetization. This 

magnetism is named as canted antiferromagnetism. The magnetic moments of 

ferrimagnetics aligned in anti-parallel too. However, the two magnetic moments in 

anti-parallel are not equal resulting in a residual magnetization. The magnetic 

susceptibilities of the phase of ferromagnetic, antiferromagnetic and ferromagnetic 

above TC/TN obey the Curie-Weiss law (Fig. 2.8) 
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                                ʔ                              (3) 

Magnetic materials exhibit magnetic field dependent of magnetization hysteresis loop 

(M-H) analogies to the P-E loop in ferroelectrics (Fig. 2.9). 

 

 

Fig. 2.8 Temperature dependence of inverse magnetic susceptibility and the magnetic moment in (a) 

ferromagnetic, (b) antiferromagnetic and (c) ferromagnetic material.
26
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Fig. 2.9 Magnetic field-magnetization hysteresis loop of a ferromagnetic polycrystalline.
25

 

2.2.2 Direct exchange 

The ferromagnetism and antiferromagnetism of metals are mainly caused by the direct 

exchange interaction between the neighboured metal atoms. The Hamiltonian (H) is 

generalized between the nearest-neighbour atoms (Heisenberg model): 

Ὄ  ςὐὛϽὛ                          (4) 

Where S1 and S2 are the total spin quantum number of the neighboured atoms, Jd is the 

direction exchange integral.
27

 

 

2.2.3 Indirect exchange interaction 

The magnetism of magnetic oxide is due to the indirect exchange interactions which 

include superexchange interaction and double exchange interaction. Unlike the 

transition metals and alloys, the transition-metal cations in insulators are separated by 
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the anions with no magnetic moment. For example, in magnetic oxide, the electrons are 

localized and only a few 3d electrons are coupled through direct exchange interaction. 

Thus, the magnetization of magnetic metal oxide cannot be explained by the Heisenberg 

model. Most of the transition-metal 3d-orbitals are hybridized with oxygen 2p-orbitals 

and the 3d-orbitals of neighboured cations are able to couple through oxygen. There are 

two types of indirect exchange interaction: superexchange interaction and double 

exchange interaction. 

 

Superexchange interaction: 

A typical superexchange interaction is showed in MnO (Fig. 2.10). There is no magnetic 

moment due to the full 2p orbitals of oxygen in ground state (Fig. 2.10a). The oxygen 

can be turned into active state (Fig 2.10b) based on experiment and theory calculation. 

One of the 2p electrons such as P' leaps into the neighboured 3d orbital of Mn
2+

 and 

residual single P electron can couple with d2 electron of the other Mn
2+

 through direct 

exchange interaction. During this process, the spin of the electrons follow the rules 

below: 

1. P' electron obeys the Hund`s rule and the spin keeps the same direction during the 

transition; 

2. The spin of P' and P are in anti-parallel; 

3. The coupling between P and d2 electrons is based on direct exchange integral 

(anti-parallel for Jd<0, parallel for Jd>0) 
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Fig. 2.10 Superexchange interaction in MnO.
28

 

 

Thus, the spin of d1 is able to couple with d2 through the transition of P' electron. 

Generally, the direct exchange integral (Jd) is negative for oxygen anions and 

transition-metal cations. So we can have the following conclusions: 

1. Compounds exhibit antiferromagnetic or ferrimagnetic behaviour when the 3d 

orbitals of cations are in or over half filled. 

2. Compounds exhibit ferromagnetic behaviour when the 3d orbitals of cations are less 

than half filled.  

Magnetism in many transition metal oxides has been explained by this rule. However, it 

cannot explain the magnetism of some other magnets; for example, Cr2O3 is 

antiferromagnetic which should be ferromagnetic based on this rule. Then, this rule was 

corrected by Goodenough and Kanamori by considering the orbital splitting and 

symmetry in crystal field.
29,30

 The direct exchange integral between the oxygen anions 

and transition-metal cations is negative if there is no overlap between the 2p orbital of 
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oxygen and 3d orbital of magnetic metal cations (orthogonal), otherwise Jd is positive 

(none-orthogonal). Figure 2.11 shows all the none-orthogonal state of 2p and 3d orbitals 

in 180º along y axis.  

 

Fig. 2.11 None-orthogonal states of 2p and 3d orbitals in 180º along y axis. (a) dyz-pz-dyz, (b) dxy-px-dxy, (c) 

dz
2
-py-dz

2
, (d) dx

2
-y

2
-py-dz

2
, (e) dz

2
-py-dx

2
-y

2
, (f) dx

2
-y

2
-py- dz

2
. 

31
 (ñˊò bond represent the coupling 

between t2g orbitals (dxy, dyz, and dzx) and 2p orbitals, ñŭò bond represent the coupling between eg (dz
2
 and 

dx
2
-y

2
) orbitals and 2p orbitals, ñ+ò and ñ-ñ represent the two directions of electron spin in one orbital). 

 

(a) 

(b) 

(c) 

(d) 

(e) 

(f) 
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In addition, the state of 3d-2p orbital is more complicated by considering the none-180º 

symmetry of the crystal. Table 2.1 shows the all states of the 2p-3d orbitals. For 

example, there is overlap between dz
2
 and py when the orbitals align along x axis 

(non-orthogonal) which is showed in Fig. 2.11c. If dz
2
 and py align along x or z axis, 

there is no overlap between them (orthogonal). 

 

Table. 2.1 the state of the 2p-3d orbitals.
31

 

 

 

Double exchange interaction: 

Double exchange interaction is the interaction between the magnetic transition ions with 

different spin amount through the media of oxygen anion. Fig. 2.12 shows the double 

exchange interaction in La1-xAxMnO3 (A=Ca, Sr or Ba).
32

 One electron of 2p orbital of 
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O
2-

 jumps into the 3d orbital of Mn
4+

. The vacant 2p orbital of O
2-

 can be filled by one 

3d electron from Mn
3+

. According the partially filled 3d orbitals of Mn
3+

 and Mn
4+

, the 

spin of the 2p electron which jumps into 3d orbital of Mn
4+

 is parallel to the spin of 3d 

electrons of Mn
4+

 and 3d electron which jumps into 2p orbital of oxygen. Thus, the 

magnetic moments of Mn
3+ 

and Mn
4+

 are coupled through the media of O
2-

.  

 

Fig. 2.12 Double exchange interaction in La1-xAxMnO3.
32

 

 

2.3 Multiferroic  

2.3.1 Classification of single phase multiferroics 

Multiferroics are the single phase crystals simultaneously exhibiting two or more 

primary ferroic order at the same temperature and can be interact with each other (Fig. 

2.13). Magnetism in multiferroics is either from the interaction between local magnetic 

moments of transition metal cations or rare earth cations. However, the FE polarization 

originates from variant mechanisms. According to the origin of electric polarization and 

magnetization, the multiferroics can be divided into the two types. Type-I multiferroics 

are the materials in which magnetism and ferroelectricity come from different sources. 



20 

 

 

Fig. 2.13 Phase control in ferroics and multiferroics. The electric polarization P, magnetization M, and 

strain Ů can be controlled by electric field E, magnetic field H and stress ů, respectively. The coexistence 

of at least two ferroic orders leads to additional interactions.
33

 

 

Type-II multiferroics are the materials with ferroelectricity caused by the magnetic 

order.
34

 The displacement of magnetic cations in B-site of Aurivillius  phase materials 

contribute to parts of the ferroelectric polarization. Thus, multiferroic Aurivillius  phase 

materials are a mixture of Type-I and Type-II multiferroics. 

 

Type-I multiferroics  

Type-I multiferroics normally exhibit large electric polarization and high FE Curie 

temperature. Based on the origin of ferroelectricity, type-I multiferroics can be divided 

in the following groups: 

 

 1. Ferroelectric displacement of B-site cations with d
0
 electrons 

 A large number of ABO3 multiferroics are designed by using magnetic ions to replace 

parts of the B-site cations such as BaTi1-xFexO3-ŭ and Pb(Fe1/2Nb1/2)O3 (PFN).
35,36

 The 
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FE polarization of this kind of materials comes from the displacement of the central 

cations with respect to the oxygen octahedra. The weak magnetism is from the canted 

antiferromagnetic order based on the superexchange interaction of Fe
3+

-O-Fe
3+

. 

However, these materials all have low magnetoelectric effect. Studies on ferroelectric 

and magnetic properties of several Pb-based perovskites of general formula 

Pb(B`B``)O3 have been reported (Table.2.2). Further researches have been reported to 

achieve novel room temperature multiferroics based on solid solutions including 

relaxor multiferroics and ferroelectrics such as 

(1-x)Pb(Fe1/2Nb1/2)O3(PFN)-xPb(Zr0.2Ti0.8)O3, 0.8Pb(Fe2/3W1/3)O3(PFW)-0.2PbTiO3 

and (1-x)Pb(Fe1/2Ta1/2)O3(PFT)-xPb(Zr0.53Ti0.47)O3.
37-39

. 

 

Table 2.2 The ferroelectric Curie temperature and magnetic Neel temperature of Pb2FeXO6 (X = Ta, Nb. 

W), and ferroelectric Curie temperature of PbZr1-xTixO3.
40

  

 Pb(Fe1/2Nb1/2)O3 Pb(Fe2/3W1/3)O3 Pb(Fe1/2Ta1/2)O3 Pb(Zr1-xTi x)O3 

TC 380 K 180 K 310 K 620 K 

TN 140-150 K 380 K 150 K - 

 

The room temperature crystal structure of 0.4PFT/0.6PZT is orthorhombic (Pmm2). 

Magnetic field control of ferroelectric domain in PFT/PZT at room temperature has 

been reported by D.M. Evans et al (Fig. 2.14).
41

 Fig. 2.14 a and b are the lateral PFM 

images of PFW/PZT scan in two directions. The directions of in-plane polarization are 
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showed in four colours in Fig. 2.14 c by combining Fig. 2.14 a and b. These 

ferroelectric domain areas changed under an external magnetic field perpendicular to 

the plane. However, the magnetoelectric effects of PFW/PZT and PFT/PZT are not 

bilinear ŬijPiMj coupling which is an indirect interaction through magnetostriction and 

electrostriction.
42

 The ME coupling coefficient is about 1*10
-7

 s/m. 

 

Fig. 2.14 Magnetic field control of ferromagnetic domain at 295 K. (a) and (b) lateral PFM images 

scanned in two directions, and (c) in-plane polarization without magnetic field. (e) and (f) lateral PFM 

images scanned in two directions, and (g) in-plane polarization under 18 kOe magnetic field. 
41

 

 

2. Ferroelectricity - 6S lone electron pairs 

Unlike BaTiO3, the polarization in parts of oxide perovskites is mainly attributed to the 

(a) 

(e) 

(b) (c) 

(f) (g) 

2 ɛm 

2 ɛm 
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long pair (s
2
 orbital) of A-site cations, which is dominant in the multiferroics such as 

PbMnO3, PbFeO3, BiMnO3 and BiFeO3.
43-47

 To date, BiFeO3 is the most well-known 

room temperature multiferroic material with TN ~ 643 K and Tc ~ 1103 K.
7
 The room 

temperature crystal structure is rhombohedral (R3c) and the electric polarization 

mainly comes from the movement of Bi
3+

 cations with respect to the distorted FeO6 

octohedra along [1 1 1] (Fig. 2.15a). Large remnant polarization (Pr ~ 60 ɛC/cm
2
) has 

been reported in bulk sample (Fig. 2.15b).
48

 The ME coefficient are measured up to 3 

V·cm
-1

·Oe
-1

 in thin film at room temperature.
7
 

 

 

Fig. 2.15 (a) Unit cell of BiFeO3 in bulk sample, (b) P-E loops of BiFeO3 in bulk sample
7,48

 

 

The canted antiferromagnetic order of BFO originates from superexchange interaction 

of Fe
3+

-O-Fe
3+

. Below Neel temperature, the canted antiferromagnetic spins (blue and 

green arrows in Fig. 2.16) give rise to a net magnetic moment (purple arrows) which is 

a cycloid magnetic order along [1 0 -1]. The net magnetic moment is contained within 

the plane defined by propagation vector [1 0 -1] and polarization vector [1 1 1] and the 

(a) (b) 














































































































































































































