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ABSTRACT 

Multiferroic materials have at least two of the ferroic properties, namely ferroelectricity, 

ferro (anitferro) magnetism and ferroelasticity.The term usually refers to materials that 

possess both ferroelectric and magnetic orders. An interesting and important consequence of 

the coexistence of multiple orders is the possible coupling between them, which is named 

magnetoelectric coupling. It implies that the magnetization could be modulated by an 

electric field and vice versa. We aim to understand the magnetoelectric coupling 

phenomenon in multiferroic composite systems in this project. 

 

Single-phase multiferroic materials are scarce in nature. However, by combining 

ferroelectric and ferro (ferri) magnetic materials together, we could design composites with 

multiferroic properties with much more flexibility. In such a composite, magnetoelectric 

coupling is achieved through interface-mediated strain effect. There are different ways to 

combine ferroic phases to form composites. In this project, we focus our effort on the two 

types of composite systems that would exhibit minimal clamping effect, such as the bulk 

composites and a magnetic film on a piezoelectric substrate.  

 

First, the bulk composites consisting barium titanate (BaTiO3) and cobalt ferrite (CoFe2O4) 

were synthesized using conventional and spark plasma sintering (SPS) techniques. Dense 

BaTiO3-CoFe2O4 ceramics were obtained at high temperatures in both cases. SPS has the 

advantage of producing samples with higher density without any secondary phases. 

Ferroelectric and magnetic properties of the bulk composites were investigated which shows
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enhanced properties as density of the composite increased. Unfortunately, due to the high 

leakage current and the small magnetoelectric coupling effect in bulk ceramics, we were not 

able to achieve electric-field control of magnetism.  

 

Subsequently, we investigated a composite where a magnetic film was deposited on a 

piezoelectric substrate, which had a well-defined, high-quality interface between the two 

phases, and was totally free of substrate clamping effect. . Magnetic CoFe2O4 films were 

deposited on piezoelectric Pb(Mg1/3Nb2/3)O3-PbTiO3 (PMN-PT) single crystal substrates by 

pulsed laser deposition. Using an active piezoelectric substrate not only eliminates the 

clamping effect which is prevalent in the conventional composite film systems on passive 

substrates, but also facilitates effective strain coupling at the interface. Accurate crystal 

structure investigation confirms the strain transfer between the PMN-PT substrate and the 

CoFe2O4 film. When an electric field was applied to the PMN-PT substrate, the magnetic 

response of the CoFe2O4 film clearly altered as revealed by both their magnetic hysteresis 

loops and domain structures.  The demonstrates magnetoelectric coupling between the 

substrate and the film, which can be explained using a strain transfer model.  

 

Our work has provided experimental evidence for the strain mediated magnetoelectric 

coupling in this composites where a magnetic CoFe2O4 film is on a ferroelectric substrate 

and offer valuable information for their potential applications. 
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Chapter 1 : Introduction 

1.1 Definition of Multiferroic Materials 

Multiferroic materials possess at least two of the ‘ferroic’ properties, i.e. ferroelectricity, 

ferromagnetism and ferroelasticity, simultaneously. In a broader definition, ‘antiferroic’ 

properties are also considered.  Ferroelectricity refers to materials showing spontaneous 

polarization which can be switched between equivalent states by the application of an 

external electric field. The spontaneous polarization (electric dipoles) is physically tied to 

the crystal lattice. Force or temperature can both change the crystal lattice and the strength 

of the dipole, leading to the so-called piezoelectric and pyroelectric effects
1
. The term 

ferroelectricity is used in analogy to ferromagnetism, which refers to materials possessing a 

permanent magnetic moment that is stable and can be switched by an applied magnetic field.  

 

Early studies in this field began with magnetoelectric materials, which are different from 

multiferroic materials, though there are overlaps. Magnetoelectric materials are magnetically 

and electrically polarizable. They don’t necessarily possess spontaneous polarization or 

magnetization. However, there must be coupling between magnetic and electric orders, 

showing magnetoelectric (ME) coupling effect.  According to such definitions, there will be 

a partial overlap between ‘magnetoelectric’ and ‘multiferroic’ zones, as shown in Figure 

1.1
2
.  



 

Nanyang Technological University 

School of Materials Science & Engineering 

2 

 

 

Figure 1.1: A schematic diagram showing material properties with various magnetic and 

electric properties. Note the partial overlap of magnetoelectric zone with multiferroic zone.
 2

 

 

 Multiferroic materials may possess the ME coupling effect. Under an external magnetic 

field, the material will show a corresponding change in electric polarization, or vice versa.  

Such effect can arise directly between the two order parameters, or indirectly via strain 

(Figure 1.2)
3
. 
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Figure 1.2: The interrelationship between electrical, magnetic and strain phenomenon in 

materials.
 3

 

 

The total free energy of such a material can be expressed as
4
: 

 

kjiijk

kjiijkjiijjijjojiiioi
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ii
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2

1

2

1

2

1
, 

 

                                                                                                                                    Eq1.1  

 

Where E and H stand for the electric and magnetic fields, respectively. P
s 
and M

s
 denote the 

spontaneous polarization and magnetization, and ε and μ are the electric and magnetic 

susceptibilities, respectively. The tensor α corresponds to the induction of polarization by a 

magnetic field or magnetization by an electric field which is designated as the linear ME
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effect. It is supplemented by higher-order terms like those parameterized by the tensors β 

and γ.   Differentiating the total energy with respect to electric or magnetic field leads to the 

electrical polarization (P) or the magnetization (M): 

 jiijkkjijkjijjiio

s

iii EHHHHEPEFHEP 
2

1
/),(            Eq1.2 

 kjijkjiijkjijjjjo

s

iii EEHEEHMHFHEM 
2

1
/),(   Eq1.3 

The ME coefficient is limited by the relation: 

jjiiooij  2
                                                                                                Eq1.4 

Where εo and μo are the permittivity and the permeability of free space, εii (T) and μjj(T) are 

the relative parameters.  

 

A multiferroic material that is simultaneously ferromagnetic and ferroelectric should display 

a large linear ME coefficient as these materials often possess large permittivity and 

permeability. Equation 1.4 is obtained by ignoring higher-order coupling terms
2
. In reality, 

many materials have small values of either εij or μij or both, so that the linear ME coefficient 

is also small as shown by Equation 1.4. Therefore, in order to achieve large ME coefficient 

through the higher-order terms, materials with reduced dimensionality are suggested, since 

two-dimensional spin order associated with β(T) can persist to a high temperatures at which 

three-dimensional spin order associated with α(T) disappears.
2
 However, in two-phase 

composite materials, where the ME coupling effect is strain mediated, the indirect coupling 

effect need not to follow Equation 1.4. Therefore, it was predicted that two-phase composite 

systems may exhibit significantly enhanced ME effect over single-phase systems
5
.  
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1.2 Composites Multiferroic 

For practical applications, it would be ideal to combine the ferroelectric and ferromagnetic 

properties together in one material. However, such single-phase multiferroic materials are 

very rare.  BiFeO3 is the only one that is currently well known and studied
6
.  In its 

perovskite-structure, the stereochemical activity of the lone pair electrons of the large (A-

site) cation provides the ferroelectricity, while the small (B-site) cation provides magnetic 

moment
6
. It has good ferroelectric property at room temperature, but net magnetic moment 

is small due to the intrinsic G-type antiferromagnetic order. BiFeO3 thin films show a 

significant enhancement of magnetization. Thin film BiFeO3 usually undergoes 

transformation from rhombohedra to the lower symmetry monoclinic phase, and enhanced 

ME effect can be expected qualitatively
6
. However, the intrinsic antiferromagnetic order 

always limits its potential applications. 

 

Many researchers turn to composite materials to obtain both large ferroelectric polarization 

and magnetization together as well as enhanced ME coupling effect. There are different 

ways to prepare bulk and thin film multiferroic composites, for example, solid-state 

synthesis
7
, vacuum base deposition and sol-gel processing

8
.   

 

The first artificial multiferroic composite was synthesized by unidirectional solidification of 

the eutectic bulk composite of ferroelectric BaTiO3 and magnetic CoFe2O4. A high ME 

coefficient of 130 mV/cm Oe was achieved
9
. This unidirectional solidification requires strict 

control over the composition, cooling rate and temperature. In comparison, ceramic sintering 

process is much easier and cheaper to obtain multiferroic composites. It has more freedoms
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in the selection of constituent phases and processing parameters and provides the 

opportunity to introduce a wide range of materials into the composite system. Recently, hot 

pressing and spark plasma sintering (SPS) techniques have been employed to achieve 

sufficiently dense bulk composites while avoiding the formation of secondary phases during 

sintering. Especially, SPS is an efficient sintering method
 
that allows rapid processing (e.g. 

5 min) at relatively low temperatures. 

 

Other than the 1-3 composite discussed above, there are other types of bulk composites, 

such as the 2-2 laminates. The advantage of this type of composites is that the magnetic 

phase can be insulated to solve the leakage problem. A typical example is the sandwich 

multiferroic composites PZT/CFO/PZT, which can be prepared via a conventional ceramic 

sintering process
10

. However, the inter diffusion across the interfaces between different 

layers during high temperature processing usually reduces the saturation magnetostriction 

and also alters the properties of the PZT layer. Nan C. et al have also reported a pseudo-1-3-

type multiferroic composite prepared by the dice-and-fill technique
11

. It consists of 

Pb(Zr,Ti)O3 (PZT) rod array (with base) and Terfenol-D/epoxy matrix, and exhibits  large 

ME coefficient of over 300 mV/cm Oe below 40 kHz and over 4500 mV/ cm Oe at resonant 

frequency.  

 

Compared with bulk composites, nanostructured multiferroic thin films offers some unique 

advantages, such as (a) significantly enhanced strain transfer due to the reduced dimension; 

and (b) the possibility of producing compact thin-film magnetoelectric devices. Various 

methods, such as pulsed laser deposition (PLD), sputtering and spin-coating have been used
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to fabricate multiferroic nanocomposite thin films. There are mainly two types of thin film 

composites that have been reported (shown in Figure 1.3)
 12

: the 2-2 heteroepitaxial 

multilayer system and the1-3 vertical heterostructures.  

 

Figure 1.3: Two types of epitaxial thin film composites. (A) and (B)Superlattice structure of 

a spinel (top) and a perovskite (middle) on a perovskite substrate (bottom). (C) Epitaxial 

alignment of a spinel (top left) and a perovskite (top right) on a perovskite substrate 

(bottom). (D) A selfassembled nanostructure thin film formed on the substrate.
12

 

 

Ortega et al have synthesized PZT/CoFe2O4 thin film composites on Pt-coated Si substrate 

using pulsed laser deposition. The film thickness is ~350 nm
13

. The thin film composites 

exhibit both magnetic and ferroelectric hysteresis at room temperature. They also confirmed 

the multiferroic nature of the composite through the reduction of measured ferroelectric 

polarization with the application of an external magnetic field.  More 2-2 type multilayers
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composite films were reported subsequently, such as NiFe2O4/BaTiO3 and CoFe2O4/PZT 

grown on SrTiO3 substrate
 14,15

. BaTiO3 was first epitaxially grown
 
on the SrTiO3 substrate 

as the bottom layer which also
 
acts as a buffer layer between the ferrite and

 
the SrTiO3 

substrate. It also helps to prevent the leakage problems. The lattice matching assures a 

coherent epitaxial interface between the layers, which is essential for the strain-mediated 

ME coupling effect. By
 
replacing NiFe2O4 with CoFe2O4 in the ferrite/ BaTiO3/ SrTiO3 

heterostructure,
 
a significant enhancement of ME response (from 12.1 out-of-plane and 7.9 

mV/cm Oe in-plane to 104 and 66 mV/cm Oe, respectively) was observed
16

. The 

enhancement was attributed to the smaller constraint strain and larger magnetostriction of 

the
 
CoFe2O4. These

 
ME coefficients are comparable to those reported for the bulk ceramic

 

composites. It was also found that the ME coupling effect also depends on the ordering of 

each layer
17

. Theoretically, the ferroelectric layer can generate strains of the order of 1% in 

magnetic layers owing to the structural phase transition. However, in the heterostructure-on-

substrate system, both the NiFe2O4 and BaTiO3 suffer a large constraint from the stiff 

passive substrate. This will restrict the ME coefficient when an external field is applied. 

Therefore, for 2-2 type thin film composite, many factors including the layer thickness and 

interfacial roughness will affect the ferroic properties and ME coupling effect. 

 

To eliminate the substrate clamping effect in the 2-2 composites, 1-3 type vertical 

heterostructures such as the nanopillar embedded in matrix geometry have been developed. 

They offer numerous advantages over the 2-2 type heterostructures. First, they have a larger 

interfacial area and are intrinsically heteroepitaxial in three dimensions, which allows for 

stronger coupling. Secondly, substrate-imposed constraint which could suppress both the
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piezoelectric and magnetostrictive effect has less effect in this geometry since the effective 

interface is vertical.    

A typical 1-3 type multiferroic composite thin film consists of a magnetic spinel-phase 

epitaxially embedded in the ferroelectric matrix. The most well-known example contains 

CoFe2O4 pillars in the BaTiO3 matrix, which were synthesized using epitaxial self-assembly 

on single crystal (001) SrTiO3 substrates
18

. These films were shown to possess substantial 

ME coupling effect through the temperature-dependent magnetization measurement as 

compared to the corresponding 2-2 heterostructures (Figure 1.4). A distinct drop in 

magnetization was observed at the ferroelectric Curie temperature for the vertically self-

assembled nanostructure, whereas the multilayered nanostructure showed negligible change 

in magnetization. This was attributed to a significantly reduced constrain of the substrate 

and efficient strain coupling resulting from the nanometer scale of the component phases 

and coherency of the interfaces. However, the synthesis of these 1-3 type nanocomposite 

films is not easy. It was reported that the phases in CoFe2O4 - BaTiO3 system cannot be 

separated at temperatures lower than 700 
o
C even though they are essentially line 

compounds in bulk phase diagram, since the formulation of the self-assembly is controlled 

by both thermodynamic equilibrium and kinetic diffusion
19

.  



 

Nanyang Technological University 

School of Materials Science & Engineering 

10 

 

 

Figure 1.4: Dependence of magnetization on temperature for (a) the 1-3 type composite film 

(top red) and (b) 2-2 type multilayer film (bottom black). 
18

 

 

Similar self-assembled nanostructures have been obtained for CoFe2O4–PbTiO3 
20

and 

CoFe2O4–BiFeO3 composite films
21

. The CoFe2O4–BiFeO3 system aroused more interest 

since BiFeO3 itself is a single-phase multiferroic material. It has been demonstrated that the 

substrate orientation controls the morphology of 1-3 composite nanostructures (Figure 1.5). 

Application of an electric field to a columnar ferroelectric/ferrimagnetic epitaxial 

nanocomposite could reverse the induced magnetization with the help of a small magnetic 

field. However, no obvious switching of the ferroelectric polarization was observed upon the 

application of a magnetic field to the CoFe2O4 matrix. This was explained as higher strain 

energy is needed to switch the ferroelectric polarization in BiFeO3 nanopillars than the 

magnetoelastic energy that is available from the CoFe2O4 matrix. The structure and interface 
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chemistry of BiFeO3 -NiFe2O4 composite thin films were also studied
22

. Rectangular spinel 

nanopillars were distributed homogeneously in the BiFeO3 matrix, with the semicoherent 

interface lying along the (110) planes. The Bi-Fe-O layer in the BiFeO3 matrix was found to 

bond to the O-Ni-Fe-O layer of the NiFe2O4 pillars, leading to minimized interface charging 

and maximized structure continuity across the interface, which should result in strong elastic 

coupling. 

 

 

Figure 1.5: Schematics of the perovskite-spinel nanostructures on (100) and (111) oriented 

substrates: (a) Winter bottom construction. △γ is the wetting strength. γ2 is the surface 

energy for the epitaxial phase. (b) Equilibrium shapes of the perovskite and spinel phases; 

and Self-assembled perovskite-spinel thin film on (c) (001) and (d) (111) substrate surface.
21
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The strength of the coupling in nanostructures suggests the key role of heteroepitaxy. 

However, no controllable switching of the magnetization was observed, unless an additional 

weak magnetic field was superimposed to lift the symmetry for magnetization. Much 

research is still needed to understand the nature of the heteroepitaxy as well as the coupling 

mechanisms in these systems.
23

 The formation of self-assembled, vertical nanostructures 

with long-range ordering will undoubtedly have a great impact on, not only the field of 

multiferroics, but a broad range of applications. 

 

Besides these two main types of composites, recently a new approach to obtain multiferroic 

composite with single interface has attracted much attention.  It is well known that the in-

plane constrain from substrates prevent the 2-2 type multiferroic composites from exhibiting 

a high ME coupling effect. However, the easy fabrication of such systems is a great 

advantage. Moreover, in this system, horizontal layers can effectively solve the leakage 

problem and provide usable ME coupling effect. To eliminate the substrate clamping effect 

in this system, active piezoelectric substrate has been used recently, on which the magnetic 

layer is deposited.  The substrate materials used are usually the commercially produced 

single crystals, such as BaTiO3
24

, PZN-PT
25

 and PMN-PT 
26

.  A detailed review on this 

topic will be provided in Chapter 4. 
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1.3 Application of Multiferroic Materials 

In the past few years, significant progress has been made in the understanding of the 

fundamental physics of multiferroic and magnetoelectric materials. They have attracted 

much attention not only because of the rich physics involved but also the potential 

applications in memory, spintronic devices and other active devices
27

.  

 

It remains an important focus to obtain dense, fast, and nonvolatile random access memories 

with reduced energy consumption. From the technological perspective, a good approach to 

achieve this goal is to control and manipulate the magnetism by electric field
28

. Multiferroic 

materials are among the top candidates for such applications because of the simultaneous 

ferroelectric and ferromagnetic properties as well as the ME coupling effect they can 

exhibit. The challenge and opportunity for solid-state physicists is to identify mechanisms 

that generate large and robust ME coupling effect all at room temperature. 
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1.4 Scope and Objectives  

The motivation for our study is the  potential application of multiferroic materials and the 

interest in understanding the fundamental principles behind the magneto-electric coupling in 

composite systems.  Consequently, we choose to examine two different composite systems; 

one is a zero dimensional system of a bulk composite of BaTiO3 and CoFe2O4; and another 

is a two-dimensional system of a film of CoFe2O4 on a ferroelectric, single crystal PMN-PT 

substrate.  The choice of the active ferroelectric PMN-PT substrate eliminates the substrate 

constraint inherent in double layers systems on a passive substrate. The objective of this 

project is to investigate the coexistence of multiple orders and ME coupling effect in these 

composite systems. If coupling exists, the magnetization could be modulated by an electric 

field and vice versa opening the possibility of electric-field control of magnetism in 

electronic devices.   

 

The outline of thesis:  

 Chapter 1: Introduction  

In this chapter, we will introduce multiferroic materials and review the literature for the 

state-of-the-art in multiferroic material systems. 

 Chapter 2: Experimental Techniques 

In this chapter, we will review the experimental techniques used in our work to synthesis, 

characterize and investigate the materials. 

 Chapter 3: Multiferroic BaTiO3-CoFe2O4 Bulk Composites 

In this chapter, we will describe the synthesis techniques used for the bulk composites: 
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BaTiO3-CoFe2O4. Two types of synthesis techniques - conventional sintering and spark 

plasma sintering - are used and compared to study the composites system. The properties of 

the synthesized products will be presented. 

 Chapter 4: Multiferroic Thin Film Composites- CoFe2O4 film on Pb(Mg1/3Nb2/3)O3-

PbTiO3 single crystal substrate 

In this chapter, we will describe the film deposition details and will present the properties of 

the composite. As this was a suitable system for detailed investigation of ME coupling 

effect, this was attempted and the results will be presented and discussed. 

 Chapter 5: Conclusions and Future Work 

In this chapter, we will summarize the study in this thesis and suggest some possible future 

work to further understanding this system. 
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Chapter 2 : Experimental Techniques 

2.1 Composite Synthesis 

2.1.1 Spark Plasma Sintering 

Spark Plasma Sintering is a fast ceramic sintering technique. In a SPS system (Figure 2.1), a 

pulsed DC current passes through the graphite die, as well as the powder compact. The SPS 

process proceeds through three stages: plasma heating, joule heating and plastic 

deformation.
29

 Due to joule heating, powder compacts will achieve near theoretical density 

at lower sintering temperature compared to conventional sintering techniques
30

. Different 

from the conventional hot pressing, the heat generation is internal in SPS.  This sintering 

technique also has a very high heating or cooling rate (up to 1000 K/min); hence the 

sintering process is generally very fast. The high speed of the process promises the potential 

density of sample while avoiding coarsening of powders, which accompanies standard 

densification routes
31

. Actually, current plays the main role in densification without spark or 

plasma presenting in the process. The die used here acts as a heating source without the need 

of an external furnace, giving rise to very high heating rates. The advantages of SPS include 

high speed, uniformity and good purity, while the disadvantages include high cost and 

simple symmetrical shapes, which limit the application of this technique. 

http://en.wikipedia.org/wiki/Direct_current
http://en.wikipedia.org/wiki/Graphite
http://en.wikipedia.org/wiki/Hot_isostatic_pressing
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Figure 2.1: Schematic of the spark plasma sintering system: A: Punch Electrode, B: Punch, 

C: Sample, D: Graphite Die, E: Vacuum and Water Cooling Chamber, F: Optical 

pyrometer.
29
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2.1.2 Pulsed Laser Deposition 

Pulsed laser deposition (PLD) is used as the film growth technique in this work.  The 

schematic diagram of a typical PLD system is shown in Figure 2.2. It includes a laser source 

and a stainless steel vacuum chamber.  During the deposition, a pulsed laser is produced and 

focused onto the target in the chamber by a lens. Typically, the energy of the laser pulses 

can change from 0.01 J/cm
2
 to 1.2 J /cm

2
 with a frequency from 1 Hz to 20 Hz, which leads 

to a variety to the ablation effect of the target materials. Target materials are dissociated 

from the surface and moving towards the heated substrate with strong forward-direction. 

The substrates can be heated and kept at different temperatures (usually from 450 
o
C to 800 

o
C for oxides) on a heater block before the deposition started. The deposition is usually 

conducted with some background gas, such as oxygen for our oxide films in this work. 

 

Figure 2.2: Schematic diagram of a pulsed laser deposition system. 
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The PLD process includes: a) the interaction between laser radiation and target; b) the 

dynamics of the ablated target materials; c) the deposition of the target materials on the 

substrate; d) the nucleation and growth of the films on the substrate. To achieve a high 

quality films, we need to optimize some parameters, such as: laser energy density and 

frequency, target-to-substrate distance, base pressure, substrate temperature and deposition 

gas pressure etc. Normally, the last two parameters (substrate temperature and deposition 

gas pressure) are most critical to the quality of the film. The substrate determines the 

crystallinity of the film. The film will crystallize only when the substrate temperature is 

above certain value. Especially for the epitaxial growth of oxide films, the temperature 

should be optimized for different materials. For the growth of oxide films, the oxygen partial 

pressure is also important to achieve the right composition of the film. 

 

The commonly used lasers for PLD include ArF, KrF, XeF excimer lasers and Nd:YAG 

laser. In this study, we use KrF laser with a wavelength of 248 nm and pulsed width of 30 

ns. The laser energy density used is ~1 J/cm
2
. The chamber is normally pumped to a base 

pressure of ~1×10
-5

 Torr before deposition. The films studied in the present work are 

deposited under a dynamic oxygen pressure. Substrates are cleaned using a sequence of 

ultrasonic bath in acetone and ethanol before being loaded into the chamber.   

 

The PLD has significant advantage in term of versatility. A lot of materials can be deposited 

in a wide range of gas pressures and substrate temperatures. Furthermore, this method can 

produce films with the same composition as the target material. It is a fast and relatively 

clean process, which allows us to easily deposit multilayer hetero-structures by using 
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different targets. However, the disadvantages of PLD are also obvious. For example, PLD 

has highly directional plume which leads to uniform film in a relatively small area. 

Therefore, the scaling up would be a problem for PLD in commercial industry development. 
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2.2 Structural Characterizations 

2.2.1 X-Ray Diffraction 

X-Ray Diffraction (XRD) is used for structural analysis and phase examine of the obtained 

samples. The diffraction occurs according to the Braggs’ Law: 
32

 

                              sin2dn                                                  Eq.2.1 

in which n is an integer, λ is the wavelength of the X-ray (1.54056Å for copper Kα), d is the 

lattice parameter of the crystal and θ is the diffraction angle. θ-2θ scanning is normally used 

to determine the crystalline orientation. During the measurement, the source and detector are 

kept at the synchronized angles to satisfy the Bragg condition.  When the incident X-ray 

beam varies its angle, there will be a constructive interference of reflected signals while the 

angle (θ) reaches the corresponding crystalline lattice spacing of any planes of the sample (              

Figure 2.3).  

 

              Figure 2.3: The schematic diagram showing how the θ-2θ scanning works. 
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For the typical c-axis orientated films used in this study, only the (00l) family planes will 

satisfy the Bragg condition and result in constructive peaks in θ-2θ scanning. To examine 

the epitaxial relationship, Φ scan is generally performed. Since most epitaxial films are 

grown on single crystal substrates, high resolution XRD is conducted to provide more detail 

information of thin film lattice parameters. In the high resolution XRD system, the 

conventional high resolution θ-2θ scans provide the diffraction signals arising from the 

lattice planes parallel to the sample surface, giving the information of preferential growth 

axes (lattice planes). The ω-scan rocking curve measurement is performed to evaluate the 

mosaic spreading of films. The in-plane XRD measurements are performed by controlling 

the incident angle to the sample surface plane in the accuracy of around 0.01 deg. Therefore, 

we can directly access and obtain the information of the lattice planes perpendicular to the 

film surface. Reciprocal Space Mapping (RSM) measurement and the pole figure 

measurements are employed to characterize the orientation relationships in the complex 

heteroepitaxial thin film systems (Figure 2.4). The wide range RSM data can be obtained by 

iterative motions of the goniometer for small χ steps and 2θ/ω scans. The 2D data can be 

shown either in the goniometer coordinates (the two coordinate axes are tilting angles (χ) 

and 2θ angles) or in the reciprocal space coordinates.
33
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Figure 2.4: Geometry of the reciprocal space mapping measurement. 33 

 

2.2.2 Transmission Electron Microscopy 

Transmission Electron Microscopy (TEM) is performed to characterize the microstructure of 

the samples. It provides information of sample structure and quality. Different from the 

optical microscope using light sources to form the image, TEM is a technique in which a 

beam of electrons is transmitted through an ultra-thin specimen, to form the images by 

interacting with the specimen as it passes through
34

. In TEM system, the electrons are 

emitted from a filament. They are then accelerated and focused onto the specimen. The 

transmitted diffracted electron beams are brought to focus on back focal plane of the 

objective lens to form a diffraction pattern. The final TEM images can also be produced by a 

series of electromagnetic lens as shown in Figure 2.5
34

 . In selected area electron diffraction 

(SAED) mode, an intermediate aperture is inserted to confirm the diffraction patterns are 

produce by a selected area of the specimen. The separation of the diffraction spots shown on 

the screen can be used to calculate the interplanar spacing of the crystal
34

.  The high 

resolution TEM (HRTEM) image can reveal the columns of atoms. To form the HRTEM 
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image, two or more diffraction beams are needed to be included in the objective aperture. 

The diffraction wave, as an electron wave function, is the Fourier transform of the scattering 

factor distribution in the specimen material. The specimen acts as a phase object to provide 

phase shift to the electron wavefront, which is very important to the image. The HRTEM 

image, also called the phase contrast image, is best understood in term of Fourier transform. 

The intensity at the image plane can be express as: 
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   Eq.2.2 

From the above equation, it can be seen that the HRTEM image is a direct reflection of the 

projected crystal potential φ(x,y). The image also depends on many parameters, such as the 

sample thickness ∆z and the spherical aberration of the objective lens Cs .
 34
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Figure 2.5: The two basic operation modes of a TEM: diffraction mode (left) and imaging 

mode (right).
34
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2.3 Electrical Measurements 

Ferroelectric and piezoelectric properties are measured using a commercial ferroelectric 

testing system (Radiant Technology, Precision Premier).  In this system, a series of voltage 

pulses is programmed from the generator and applied to the capacitor sample to form a 

hysteresis loop. A typical ferroelectric hysteresis loop is shown as below (Figure 2.6).
35

 The 

derivative of the polarization with respect to applied voltage is given: 

                         AreaVQVP /)/(/                            Eq.2.3 

For the solid bulk samples in normal plate shape, the electrodes are provided by silver paste 

on the top and bottom. The area can be calculated from the plate area and the thickness is the 

plate’s thickness. For the measurements of the ceramics with other irregular shape, we 

usually spatter Au electrodes with designed shadow mask.  If the high voltage is needed in 

the testing, silicon oil is used to avoid sparking that may occur in air. 
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Figure 2.6:A typical ferroelectric hysteresis loop. Ps: spontaneous polarization; Pr: remanent 

polarization; Ec: coercive field.
35

 

 

The measurement of Stain-Electrical field (S-E) loops is important for actuation 

applications. d33, which is the slope of the S-E loop, is the piezoelectric coefficient, one of 

the most important parameters for actuators. The S-E loops derived by squaring the 

polarization data are usually shown with the appearance of the ‘butterfly loop’ (Figure 

2.7).
36

 The displacement generated by the piezoelectric effect on typical sized piezoceramic 

samples is as small as a few micrometres or less. Four commonly used techniques for this 

measurement are: fiber optic probe, capacitance probe, laser interferometry and strain 
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gauges
36

.These methods have the capability of measuring the small displacements with the 

necessary resolution and accuracy.  

 

 

Figure 2.7: Schematic of the typical butterfly Stain-Electric field loop. 
36
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2.4 Magnetic Measurements 

2.4.1 Vibration Sample Magnetometer 

The magnetic properties of the samples are measured using Vibration Sample Magnetometer 

(VSM). The principle is to induce a magnetic moment in the sample by placing it in a 

homogenous magnetic field. The vibration of sample will cause a magnetic flux change, 

which is converted into a voltage in the pick-up coils. In the typical VSM set up (  Figure 

2.8), the sample is suspended by a non-magnetic rod which is connected to a vibrating drive 

head and placed in a magnetic field produced by two electromagnets. The vibrating head 

creates a sinusoidal vibration at a constant frequency. While the sample follows this 

vibration, it induces an electrical signal through the pick-up coils mounted on the faces of 

the electromagnets. This signal depends on the magnetic moment of the sample under the 

applied magnetic field.  The magnetic moment of sample obtained from VSM is related to 

its magnetization.  

       

  Figure 2.8: The schematic diagram of VSM systems. 
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In this work, magnetic properties of the samples were measured in a VSM (Lake Shore 

7404) at room temperature with an applied magnetic field up to 12 kOe. The bulk samples 

used for the measurements were in the form of reground powder, while the thin films grown 

on substrates were cut into a suitable size and attached to the holder. 

 

2.4.2 Magnetic Force Microscopy 

Magnetic force microscopy (MFM) is an atomic force microscopy (AFM) based technique. 

As shown in      Figure 2.9, in an AFM, as the tip scans along the surface of a sample, the 

deflection of the tip cantilever is picked up by a laser beam and reflected onto the 

photodiode. The laser spot on the photodiode is used as the feedback signal for the z axis 

piezoelectric stack. When the tip scans following the surface topography, the z axis 

piezoelectric stack will move the tip up and down to maintain constant oscillation amplitude. 

Tips of different materials are used for different purpose. In MFM, the probe used is a 

standard tip coated with a layer of magnetic material. 
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      Figure 2.9: Various components of an AFM system. 

Magnetic force microscopy is a powerful technique to directly observe the local magnetic 

domain structure of the sample. It is a dual path tapping mode (non-contact) technique. 

During the first scan, the tip is close to the sample surface and obtains the topography 

information. During the second scan, the tip is lifted by a certain distance from the sample 

surface and retraces the previous profile. The magnetic domain of the sample surface and the 

tip interact due to the magnetic force, resulting in a map of the magnetic domain of the 

sample. The bright and dark contracts shown in the magnetic domain images reflect the 

different directions of magnetic dipoles. 
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Chapter 3 : Multiferroic BaTiO3-CoFe2O4 Bulk 

Composites 

3.1 Introduction 

Compared with thin films, bulk ceramic composites are easy to produce and can be scaled-

up for industrial production. They are thus more relevant for practical applications. It is 

valuable to develop the process conditions for bulk multiferroic composites and understand 

the ME coupling in such systems.  

 

To achieve a good multiferroic composite, we start with robust ferroelectric and 

ferro/ferrimagnetic components at room temperature. In this project, we investigated a 

composite consisting of BaTiO3 (BTO) and CoFe2O4 (CFO). BaTiO3 and CoFe2O4 are 

structurally compatible, ensuring a coherent interface between them. Their individual 

structure and properties have been extensively studied. Compared with Pb-based 

ferroelectric materials, BaTiO3 has smaller polarization and piezoelectric coefficient. 

However, Pb is volatile and is well known to diffuse across interfaces easily at high 

temperatures. This may deteriorate the quality of the composite obtained as they have to 

processed at high temperatures to obtain a high-quality product. Furthermore, BaTiO3 does 

not exhibit any magnetic ordering in its pure form while CoFe2O4 has no ferroelectric 

ordering. Thus, they form an ideal model system for examining the strain-mediated ME 

coupling without complications from intrinsic effects of each constituent phase.  
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BaTiO3 (BTO) 

BaTiO3 belongs to the perovskite family and is one of the most studied ferroelectric 

materials. The crystal structure of BaTiO3 transforms from cubic (Pm-3m) to tetragonal 

(P4mm) as the temperature goes below the ferroelectric Curie temperature (Tc ≈ 128°C), 

and then to orthorhombic (Amm2) near 0°C and finally to rhombohedral (R3m) at about -

90°C
37

. In BaTiO3, the displacement of Ti ion within the oxygen octahedral cage leads the 

spontaneous polarization. BaTiO3 is widely used because of its high dielectric constant and 

good ferroelectric properties at room temperature. According to the theoretical calculation, 

the ferroelectric polarization of BaTiO3 should be 23.75 μC/cm
2
. A slight increase may 

occur in BaTiO3 and SrTiO3 superlattice
38

. In ceramics, the electrical properties of BaTiO3 

also depend on grain size. At room temperature, BaTiO3 ceramics with fine grains show a 

high permittivity εr (3500-6000) compared to that (1500-2000) in coarse-grained ceramics. 

This enhancement is sometimes attributed to the greater internal stress or the increased 

density of 90
o
 domain walls

39
. For certain applications, polycrystalline films are thus more 

desirable for their high permittivity than epitaxial films
40

. Other processing parameters, such 

as the annealing temperature and substrate choice, also affect the properties of BaTiO3. 
41

 It 

is thus critical that the processing conditions are optimized for this project. 
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CoFe2O4 (CFO) 

CoFe2O4 is a typical ferrite with an inverse spinel structure. It is a good microwave magnetic 

material with large magnetization (        Table 1
42

), relatively high resistivity and low loss at 

high frequency
42

. In the case of CoFe2O4 nanoparticle systems, each particle behaves as a 

single domain. When an alternating magnetic field is applied to these particles, if thermal 

energy is large enough for the spins to overcome their blocking energy barrier they will flip 

with the alternating magnetic field. In the case of epitaxial films grown on SrTiO3 single 

crystalline substrates, measurements reveal that the CoFe2O4 film exhibits an increased out-

of-plane magnetization (190 emu/cm
3
) with a large coercivity (3.8 kOe) at room 

temperature
43

. This is common in strained films and is usually attributed to the in-plane 

compressive strain induced by the lattice misfit between the film and substrate. This 

magnetic anisotropy is also found to be sensitive to film thickness
44

, again pointing to the 

misfit strain as the cause.  

 

        Table 1: Magnetic Properties of ferrites.
42

 

Ferrites Tc in K Saturation at 0 

K in MB 

Magnetization per 

gram gauss/cm
3
 

CoFe2O4 790 3.7 90 

NiFe2O4 858 2.2 56 

MnFe2O4 585 4.6 112 

CuFe2O4 720 1.3 30 

Fe3O4 858 4.1 98 

MgFe2O4 710 1.1 31 
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3.2 Composite Synthesis 

Composites of 70% BaTiO3 and 30% CoFe2O4 were synthesized using ball milling 

technique with conventional sintering and fast sintering processes. Ferromagnetic phase 

CoFe2O4 was produced from high purity powders of CoO (~325 mesh, ALDRICH) and 

Fe2O3(99.9%, Alfa Aesar). Stoichiometric amount of raw powders were mixed and milled in 

a planetary ball mill (Fritsch PM/5) in tempered steel vials together with 10 mm diameter 

tempered steel milling balls. The vials were filled with argon gas and run at the speed of 250 

rpm with interruptions of 5 minutes for every 10 minutes. After 40 hours milling, the 

powder was removed and calcined at 800 
o
C for 2 hours to produce CoFe2O4. Subsequently, 

CoFe2O4 and BaTiO3 powder (99.9%, ALDRICH) in the weight ratio of 7:3 was ball milled 

for 50 hours under the same condition. Two sintering methods were used to produce the 

multiferroic composite: 1) conventional sintering of cold pressed pellets from the as-milled 

powder, for 4 hours at different temperatures between 700 
o
C and 1200 

o
C; and 2) Spark 

plasma sintering (SPS).  

 

In the SPS process, the fine mixture of milled powders was loaded into a graphite die and 

sintered at a heating rate of 100
 o

C /min with a holding period of 3 minutes at the desired 

temperature by allowing a pulsed DC current to flow through the die and the specimen. 

Simultaneously, a pressure of 30 MPa was applied during heating up and holding periods, 

and was released during the cooling part of the sintering cycle. The sintering temperature 

was monitored by a conventional thermocouple attached at the side of the graphite die up to 

1000
 o
C. These samples were later to evaporate any carbon contamination from the graphite 

die and graphite paper.  
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3.3 Phase Identification 

X-ray diffraction patterns of the as-milled and sintered samples are shown in Figure 3.1. The 

as-milled sample shows pure BaTiO3 and CoFe2O4 phases. Same phases are observed in the 

SPS-produced sample indicating that no reaction has occurred between the two components.  

However, the samples prepared using conventional sintering at 1200 
o
C show impurity 

phases BaTi2Co2Fe8O18, indication possible reactions between the two phases. No such 

reaction products can be observed for samples sintered at lower temperatures.  

Although BaTiO3 and CoFe2O4 are line compounds with very little mutual solubility in the 

phase diagram, high temperatures appear to induce a reaction leading to a new phase
45

. In 

comparison, SPS method gives a clean composite with high density with very short 

processing time, which helps to prevent the formation of secondary phases.  
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Figure 3.1: XRD patterns of the as-milled, conventionally sintered, and SPS sintered bulk 

composites. 
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3.3 Efficiency of Sintering 

The apparent density of the obtained sample is shown in Figure 3.2 for each sintering 

condition. As expected, the apparent density increases with the sintering temperature for 

both techniques, which was also be confirmed by scanning electron microscopy (SEM) 

investigations. The SPS process generally gives substantially higher densities compared to 

the conventionally sintered samples at the same temperatures. Using the theoretical densities 

of 5.96 g/cm
3
 for BaTiO3, and 5.32 g/cm

3
 for CoFe2O4, the theoretical density of this 

70%BaTiO3-30% CoFe2O4 composite should be 5.75 g/cm
3
 if we ignore any strain 

relaxation during the formation of the composite i.e. assuming the volume to be the sum of 

the volumes of the individual phase. 

700 800 900 1000 1100 1200

3.0

3.5

4.0

4.5

5.0

5.5

6.0

 

 

D
e

n
s
it
y
9
(g

/c
m

2
)

Sintering Temperature(
o
C)

5.75

 

Figure 3.2: The composite density vs sintering temperature for both the conventional 

technique and SPS. 
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3.4 Microstructure 

The microstructures of the sintered samples are shown in Figure 3.3. Note the absence of 

porosity and the finer grain structure in the SPS sintered samples. BaTiO3 is the bright phase 

as seen in Figure 3.3(a, c and e) while the dark regions with rough surface (seen in Figure 

3.3(d and f)) is the CoFe2O4. This was later confirmed by Energy-dispersive X-ray 

spectroscopy (EDS) analysis.  Well sintered samples were obtained at 1200 ℃ (Figure 3.3) 

by the conventional sintering method, while such dense samples could be achieved at 1000

℃ in 3 mins by the SPS processing. In the lower magnification micrographs, the phases give 

different contrasts. The distribution of phases appears to be uniform in conventionally 

sintered samples as well as in the SPS samples. Compared to the surface, the centre of the 

SPS sample shows a finer structure with greater uniformity and phase distribution.   
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Figure 3.3: SEM micrographs of the surfaces of the composites. (a) and (b) conventionally 

sintered at 1200
 ℃, (c) and (d) SPS sintered at 1000

 ℃ near the surface, (e) and (f) SPS 

sintered at 1000
 ℃ at the center. 

 

Note that the CoFe2O4 phase appears to agglomerate near the surface in the SPS samples. 

This could be due to slight difference in the local temperature within the sample as the 

temperature sensor is near the surface. The rapid heating of the graphite die must have raised 
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the surface temperature to higher levels and the short dwelling time of 3 mins might have 

been insufficient for the temperature to conduct evenly across the sample. The average grain 

sizes determined by mean linear intercept are approximately 400 nm and 260 nm for the 

samples shown in Figure 3.3 (b) and (d), respectively. The samples conventionally sintered 

at the lower temperatures have densities typically lower than 90% and hence are not used for 

the subsequent electrical and magnetic measurements. However, XRD was performed and it 

was shown that no impurity phases formed during sintering.   

 

The sample sintered at 1200 ℃ by conventional method was examined in detail by the back 

scatter detector to identify the presence and the distribution of the impurity phase 

BaTi2Co2Fe8O19 that was detected by XRD. A back scatter electron micrograph shown in 

Figure 3.4 exhibits three different grey levels.  The mean back scatter coefficients “η” of the 

phases are: BaTiO3 = 0.3441, CoFe2O4 = 0.2379 and BaTi2Co2Fe8O19 = 0.2546. 

Consequently, BaTiO3 shows up as the brightest phase while CoFe2O4 is the darkest and the 

impurity is intermediate.  EDS analysis conducted at three locations with three different grey 

levels confirms this expectation.  The relative magnitudes of Ba, Ti, Fe and the Co peaks 

reveal the compositions qualitatively.  
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Figure 3.4: (a) Backscattered electrons image of the sample conventionally sintered at 

1200
o
C with three zones of contrasts. (b) EDS spectrum at point 001 with the brightest 

contrast, (c) EDS spectrum point 002 with intermediate gray contrast. (d) EDS spectrum at 

point 003 with the darkest contrast, 
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3.5 Magnetic and Ferroelectric Properties of the Bulk Composites   

3.5.1 Magnetic Properties  

Hysteresis loops typical of ferromagnetic materials are observed in all samples at room 

temperature. Figure 3.5 shows the M-H curves for some selected samples. Figure 3.5(a) 

compares the as-milled powder with the composite conventionally sintered at 1200 
o
C. Note 

that the coercivity has significantly decreased after sintering but the saturation magnetization 

has increased. This could be attributed to the extremely high defect population expected in 

the as-milled material. Such defects are pinning centers for domain wall movement, which is 

the reason for increased coercivity. All sintered samples generally show lower coercivities 

and comparable saturation magnetization. In Figure 3.5(b), we compare two sintered 

samples with that of pure CoFe2O4. As expected, the saturation magnetization of pure 

CoFe2O4 is much higher. The essential information in Figure 3.5 is extracted and presented 

in Table 2. It is clear that the saturation magnetization of the sintered samples appear to 

follow their densities with the densest sample showing the highest value. Although this 

would be expected, the actual effect on the saturation moment appears to be higher than 

what could be attributed to porosity alone. This is illustrated by the following calculation. 

The magnetic moment per mole of CoFe2O4 can be computed from the M-H curve for pure 

CoFe2O4 and is tabulated in Table 2. Since all the sintered samples contained nominally the 

same moles of CoFe2O4, they should all generate the same moment and hence the same 

saturation value. However, converting the experimental saturation magnetization to moment 

per mole of CoFe2O4 shows that the largest molar moment of 14491 emu is obtained in 

SPSsintered sample at 1000℃ and is 84% of the 17261 emu displayed by pure CoFe2O4. 
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Note that this is after accounting for the molar content in the composite. But the porosity in 

this SPS sample is only about 2% and thus we cannot attribute the loss of 16% in saturation 

moment totally to porosity. This implies that CoFe2O4 in the composite has a reduced 

magnetization than pure sample. 
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Figure 3.5: The typical Hysteresis loops of composites that are (a) before and after sintering, 

(b) synthesized in different techniques, and (c) SPS in different temperature. 
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        Table 2: Important magnetic data of samples obtained from Figure 3.5 

Samples 

Saturation Magnetization (Ms) 

Coercivity (Hc) G 

emu/g emu/mol of CoFe2O4 

Pure CoFe2O4 73.571 17261.96 307.48 

as-milled composite 11.989 9376.60 2918.6 

SPS sintered 800 
o
C 15.033 11757.31 368.41 

Conventionally sintered 

1200 
o
C 

16.297 12745.88 188.06 

SPS sintered 1000 
o
C 18.529 14491.53 35.381 

 

The magnetic domain structures observed by MFM are shown in Figure 3.6. Note that the 

domains are constrained to the CoFe2O4 phase, and that the domain structure in the SPS 

sintered sample is much more obvious and complex than that in the conventionally sintered 

sample. This could be a consequence of the finer distribution of CoFe2O4 phase. The finer 

distribution will contribute to increasing interface between CoFe2O4 and BaTiO3 phase, 
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which will indicate a possibly higher ME coupling effect in the SPS sintered sample. The 

nonmagnetic BaTiO3 phase wouldn’t interact with the magnetic tips. Thus, they are only 

shown as the brown color in the MFM maps. However, the absence of magnetic response in 

the BaTiO3 phase must have some effect to the magnetic domain structure in CoFe2O4. The 

magnetic lines have to cross this non-magnetic phase to interact with the domain in the 

nearest CoFe2O4 region. A finer microstructure means that inter- CoFe2O4 phase distance is 

smaller which could lead to greater reinforcement of the domains of neighboring CoFe2O4 

particles.  This may be a reason for exhibiting larger emu per mole for the fine structured 

samples. The clear phase structures shown in these MFM images also imply that the 

ferroelectric properties will not be good due to the leakage problem. The defects of MFM 

images from the rough surface are normal due to the mechanical polish. Dark and bright 

contrasts in Figure 3.6(b) and (c) indicate opposite magnetization directions. The larger 

particles have more than one domain leading to approximately zero net moment from each 

particle when there is no external field while the small particles are not large enough to 

accommodate a multidomain structure.  
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Figure 3.6: AFM topography and MFM images of the BaTiO3-CoFe2O4 composites: (a) 

shows typical topography of the polished surface. (b) and (c) are MFM phase images of the 

SPS produced and conventionally sintered samples, respectively; Bright and dark contrasts 

in these MFM images indicate up and down magnetization directions at the respective 

locations in these samples. 
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3.5.2 Ferroelectric Properties  

The ferroelectric test is performed on the bulk composites with two silver electrodes. The 

samples are immersed in silicon oil to prevent arc discharging. The polarization vs electrical 

field (P-E) loops are shown in Figure 3.7. The hysteresis loops indicate that the composites 

are ferroelectric. The loops observed are typical for ferroelectric materials with relative low 

resistivity. We can see that the saturation polarization Pm appears near the maximum applied 

electric field of 35 kV/cm. Under higher electric fields leakage current becomes evident. The 

slimmer loops observed for the SPS sintered sample is not understood. Nevertheless, the 

samples exhibit both magnetic and ferroelectric ordering simultaneously, and it is likely that 

these composites should exhibit ME coupling effects.  

 

When it comes to measuring the ME coefficient in a bulk composite, the direct coefficience 

, which describes the electric voltage (or polarization) generated under a magnetic field is 

usually measured. In many applications it is the reverse effect that is useful, i.e. the magnetic 

moment generated when an electric field is applied. Nevertheless, both measurements on our 

bulk composites have proven to be very challenging. This is partially because of the low 

resistivity of the composites, and the random orientation of the grains. Under external fields, 

the strain generated by various grains may cancel each other out, leading to very small 

overall response. After many failed attempts, we have to conclude that ME coupling 

coefficient of these bulk composites cannot be determined at the moment. We thus turned
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 our attention to the magnetic film on active piezoelectric substrate system, which will be 

described in details in Chapter 4.    

 

(a)      (b) 

Figure 3.7: Ferroelectric hysteresis loops of the samples which are (a) conventionally 

sintered at 1200
o
C and (b) SPS sintered at 1000

o
C, respectively.  
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3.6 Conclusions 

We have produced multiferroic bulk composites consisting nominally 70 wt% - BaTiO3 and 

30 wt% - CoFe2O4 as the chosen FE and FM components. Ball milling was used to mix the 

powders thoroughly followed by sintering to synthesize and densify the samples: 

conventional sintering and spark plasma sintering (SPS) were both used. The following 

conclusions can be drawn from this work: 

 Phase pure composites can be successfully synthesized by high energy ball milling of 

BaTiO3 and CoFe2O4 powders followed by high temperature sintering. There was no 

noticeable reaction between the two phases until 1100 °C when conventional sintering 

method was used. At 1200 °C, an undesirable secondary phase BaTi2Co2Fe8O18 starts to 

appear.  However, no such secondary phases were detected in SPS sintered samples up to 

1200 °C.  

 The density of SPS sintered samples was consistently higher than those conventionally 

sintered at the same temperature. The microstructure of the SPS sintered samples was 

much finer than that of conventionally sintered ones. Hence, SPS is recommended as the 

densification method to produce these composites. 

 The magnetic coercivity decreases considerably upon sintering due to the elimination of 

the defects in the as-milled products. The saturation magnetization also increases. SPS 

samples consistently exhibit higher saturation magnetization than those conventionally 

sintered. This could be attributed to the higher densityand the finer microstructure in SPS 

samples. 
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 MFM investigations clearly show magnetic domains of opposite orientations within the 

CoFe2O4 phase. The samples also exhibit ferroelectric hysteresis loops but the SPS 

sintered samples require a very high electric field to reach saturation.  

 The coexistence of both ferroelectric and magnetic properties demonstrates that the 

BaTiO3-CoFe2O4 composite is multiferroic. However, attempts to quantify the ME 

coupling effect in this system were not successful. This could be due to the low electrical 

resistivity of the composites, and the random orientation of the grains. Under an external 

electric field, the strain fields generated by the different BaTiO3 grains may not be 

additive due to their random crystal orientation and, hence, may nullify each other to 

some extent, leading to a very small macroscopic response.  
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Chapter 4  : Multiferroic Thin Film Composites- 

CoFe2O4 Film on Pb(Mg1/3Nb2/3)O3-PbTiO3 Single 

Crystal Substrate 

4.1 Introduction 

Thin film composites were chosen as the components can be chosen from a wide range of 

piezoelectric and piezomagnetic (magnetostrictive) materials and could be deposited by a 

variety of established techniques in any sequence. Also, there are various forms of 

combinations in the studies of multiferroic composites, such as nanoparticulate 

composites
46

, multilayer heterostructures 
47

 and vertical nanopillar-in-matrix structures
18

. In 

all these composites, the ME coupling effect is thought to be mediated by strain transfer 

across the interface between the active components.
 
It is thus imperative that these 

components be free to deform. In conventional laminate systems, the films are deposited on 

a passive substrate such as SrTiO3. The coupling in these systems was found to be weak due 

to the clamping effect induced by the massive substrate
48

. To enhance the coupling effect, 

researches resorted to  vertical nanopillar-in-matrix composite films where the large out-of-

plane interface area between the two phases could provide effective strain coupling while 

the small, in-plane interface with the substrate will reduce the clamping effect in the out-of-

plane direction
18,19,21,22

.
 
However, such composite films are confined to specific material 

systems and are not easy to produce
49,50

. As an alternative, recently some research groups 

introduced an alternative thin film system, in which substrates are active piezoelectric 
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crystals. Such formation could eliminate the substrate clamping effect all together and 

enhance coupling in the in-plane direction 
51,52,53,54,55

.
   

 

Eerenstein et al. reported electrically-induced magnetic changes (up to 2.3×10
-7

 s m
-1

) in a 

system in which ferromagnetic 40 nm thick La0.67Sr0.33MnO3 film was deposited on 0.5 mm 

thick ferroelectric BaTiO3 substrates
51

. They proved strain coupling via ferroelastic, non-

180
°
 BaTiO3 domains by X-ray diffraction. As they showed, the film was relaxed and the 

substrate ferroelectric patterns were  dramatically modified when   an electric field of 3-10 

kV cm
-1

 was applied. They showed that (Figure 4.1) a large, sharp and persistent magnetic 

transition occurs at some threshold voltage at different temperatures. This study indicates 

that the ME coupling effect is non-destructive and reversible. However, because of the 

limitation of La0.67Sr0.33MnO3, an alternative material is needed to achieve effective room-

temperature coupling. 
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Figure 4.1: Large and sharp magnetic response due to an applied electric field. Each data 

sweep was carried out in 20 Oe, after an excursion in 8,000 Oe from 470 K, to 70 K, to the 

measurement temperature. The electric field was manually ramped over a period of 

approx10 s while visually monitoring the VSM output in real time.  The films were biased 

positive relative to the substrates, but reverse bias was used for sample 5 at 157 K. 

Transitions were recorded at 4 kV cm-1 (sample 3), 10 kV cm-1 (sample 4) and 6 kV cm-1 

(sample 5 at both 89 K and 157 K).
 51 

 

Many other material combinations have been investigated for ME coupling effect recently. 

For example, Taniyama et al reported ME effect in Fe dots on BaTiO3 substrates in the form 
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of changing magnetic domain pattern
56

. They observed a variation in the magnetization at 

the phase transition temperatures of BaTiO3 substrate (from tetragonal to orthorhombic and 

from orthorhombic to rhombohedra structures).They found that when the sample is 

subjected to a thermal cycle between 300 and 150 K, the room-temperature magnetic 

domain structure changed significantly from an enclosed flux magnetic domain structure 

into a single-domain-like structure due to the strain at the Fe/BaTiO3 interfaces in the 

heterostructures.  

 

To study the room temperature ME coupling effect, others have explored the bipolar-

electric-field control of nonvolatile magnetization in Co40Fe40B20/Pb(Mg1/3Nb2/3)0.7Ti0.3O3 

structure
57

.  As reported by Zhang et al., a CoFeB film exhibited a magnetization hysteresis 

loop modified by an electric field (Figure 4.2) at room temperature, instead of the butterfly 

like curve commonly observed in piezo strain-mediated FM-FE structures
58

. In-situ 

investigations on the ferroelectric domains and crystal structures revealed that this is a 

combined effect of 109
o
 ferroelastic domain switching and the absence of 

magnetocrystalline anisotropy in Co40Fe40B20. Other combinations of Ferromagnetic (FM)-

Ferroelectric (FE) structures have also showed the coupling effect, including YIG / PMN-

PT
59

, Terfenol-D/PMN-PT
60

, FeGaB/PZN-PT 
25

, and Ni/BaTiO3
61

.
 
 It must be noted that 

most of the previously reported systems are composed of a ferromagnetic metal and a 

piezoelectric oxide. The problem with such systems is the difficulty of achieving high 

quality metal-oxide interface. 
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Figure 4.2: (a) Scheme of the sample and experimental configuration. (b) In-plane magnetic 

hysteresis loops under electric fields of +8 kVcm
-1 

(circle) and -8 kVcm
-1 

(square). (c) 

Electric-field tuning of the in-plane magnetization (square) and polarization current (open 

circle) recorded at the same time. (d) The repeatable high/low magnetization states (open 

circle) switched by pulsed electric fields (blue line).
57

 

 

Therefore, all-oxide FM/FE systems with strong interface coupling are attractive for future 

investigation. Sr2CrReO6 (SCRO) /BaTiO3 (BTO) (FM/FE) heterostructure is one of such 

system that has been investigated. Both the magnetic and transport properties of SCRO thin 

films under different strain conditions achieved through the phase transitions of BTO upon 

temperature variation have been reported 
24

. Not only the ferroelectric constants change 

abruptly at these phase transitions accompanied by a thermal hysteresis, but also the
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 magnetic anisotropy and coercive fields of the SCRO film (Figure 4.3). There are abrupt 

jumps of up to 6.5% in the resistivity, as well as tremendous changes in the coercive field of 

more than 1.2 T as a function of temperature. These observations can be understood based 

on orbital ordering and the strong electronic correlations in double perovskite ferromagnets.  
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Figure 4.3: (a) Magnetic hysteresis loops measured at 290, 270, 200, and 180 K with the 

external magnetic field applied along BTO (100). (b) Illustration of the different orientations 

of the external field. In panels (c)–(f), hysteresis loops at specific temperatures for different 

orientations of the external magnetic field are shown.
24
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Pb(Mg1/3Nb2/3)O3-PbTiO3 (PMN-PT) 

We have chosen an all-oxide FE-FM system in this study consisting of CoFe2O4 and 

Pb(Mg1/3Nb2/3)O3-PbTiO3 (PMN-PT). PMN-PT is a good piezoelectric material with 

extremely high piezoelectric coefficient (d33 = 2000 pC/N)
62

. It means that the material will 

generate large strain under an electric field, which is important for the ME coupling effect in 

such a system. Moreover, PMN-PT has a relatively square ferroelectric loop, which means 

its remnant polarization is also large. Even after removing the electric field, PMN-PT can 

still maintain its strain state 
62

. This provides the opportunity to investigate the coupling 

effect even without an in-situ electric field. The material we choose in our study is (1-

x)Pb(Mg1/3Nb2/3)O3-xPbTiO3 with 30%<x<39%, which is near its morphotropic phase 

boundary (MPB, Figure 4.4)
63

. It has not only an ultrahigh piezoelectric response, but also a 

complicated phase and ferroelectric domain structure
64

. According to the phase diagram , 

when x=0.32, the main phase in PMN-PT is a monoclinic phase of the Mc-type at the room 

temperature.  When the temperature is raised, the tetragonal phase appears and finally turns 

to cubic when the temperature goes to above 410 K. It was demonstrated that when x is 

varied, the ferroelectric domains of PMN-xPT varies in length scale ranging from 40 nm to 

0.1 mm 
64

.   

 

CoFe2O4 is a well-known room temperature ferrimagnetic material. It was chosen as the FM 

component in this study because it is one of the oxides with a large magnetostriction 

coefficient ( ~ -590×10
-6 

kOe
-1

) and its spinel structure is compatible with the 

perovskitestructure
65

. To achieve good strain transfer, we aim to produce a coherent 

interface by growing an epitaxial film of CoFe2O4 on single crystal PMN-PT. In this 
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material system, we investigate the effects of an external electric field on the magnetic 

properties and domain structures of CoFe2O4. 

 

Figure 4.4: Phase diagram of PMN-xPT around the MPB. The solid line indicating the 

transition to the cubic phase is the average of the two temperatures from dielectric 

measurements. The symbols separating the MC and T phases epresent the temperatures at 

which the MC-T phase transition begins to take place. 
63

 

. 
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4.2 Growth and Characterizations of the CFO Epitaxial Thin Films on PMN-PT 

Substrates 

4.2.1 Experimental Procedure for the Film Growth 

Single crystal substrates PMN-PT with (001) orientation were used to grow CoFe2O4 

epitaxial thin films. First, the substrates were finely re-polished to reduce the roughness (to 

about 2 nm) of the growing surface. After that, they were cleaned in an ultrasonic bath with 

ethanol and acetone for a few minutes. This is because a  clean, smooth surface will improve 

the quality of the epitaxy, which is critical to mediate strain across the interface. The target 

was also polished to remove the surface layer from previous depositions. The substrates and 

the target were then placed in the vacuum chamber and the chamber was pumped down to a 

base pressure of ~10
-5

 Torr. Subsequently, the oxygen flow was controlled to achieve the 

desired partial pressure, which is 10 mTorr in this work, for deposition. The substrate was 

heated to the temperature of 750 
o
C at the same time and was maintained at this temperature 

during deposition. The laser pulse frequency, duration and energy density were set to 

achieve optimal thickness and quality of the film. The thicknesses of our CoFe2O4 films 

were controlled to be in the range 200 nm to 400 nm. After deposition, the samples were 

cooled down in the chamber at a rate of 5 
o
C per minute in a 760 Torr oxygen atmosphere.  

 

The structure and phase purity of the films were examined using a high-resolution X-ray 

diffractometer (Shimaru). Surface morphology was imaged using an atomic force 

microscope (AFM) (Asylum Research MFP-3D) with Pt/Ir coated tips. 
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The piezoelectric and ferroelectric properties of the PMN-PT substrate were measure using a 

probe station with a commercial ferroelectric tester (Radiant Technology, Precision Premier) 

after depositing the CoFe2O4 film to ensure that the high temperature deposition process has 

not degraded the substrate properties. Silver paste was coated on two sides of the substrate 

as electrodes. The sample was soaked in silicon oil during the measurement. 

 

4.2.2 The structure of CoFe2O4 thin film on PMN-PT single crystal substrate 

The X-ray diffraction pattern of the sample is shown in Figure 4.5. Only peaks from 

the (001) planes of the PMN-PT substrate and CoFe2O4 film are observed, indicating that 

there is no secondary phase in the film.. The lattice parameter of PMN-PT is a=b=4.022 Å 

66,  which is smaller than half of the pseudocubic bulk lattice parameter of CoFe2O4 a=8.392 

Å 
65

. The reported critical thickness for dislocation formation in this system is around 4 nm 

67. Since the thickness of our film is much larger than the critical value, we conclude that the 

mismatch strain should be relaxed in the film. The out-of-plane lattice parameter of CoFe2O4 

calculated from this diffraction data is 8.365 Å, which is slightly smaller than the bulk value 

of 8.392 Å. This indicates a possibility of a small tensile in-plane strain in the film.  
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Figure 4.5: X-ray diffraction pattern of the as-grown CoFe2O4/PMN-PT heterostructure; the 

inset is the schematic description of the sample. 

 

We have also conducted reciprocal space mapping around the (202) peak (Figure 4.6) to 

further investigate the crystal structure. The stronger peak is the (202) peak of the PMN-PT 

substrate. The other is from the CoFe2O4 film. The in-plane lattice parameter of the CoFe2O4 

film calculated from this mapping is 8.405 Å. This lattice parameter is larger than the bulk 

value, confirming the existence of an in-plane tensile strain. We conclude that this strain 

could be due to the difference between the thermal coefficients of the film and substrate. 

(The coefficients of thermal expansion (CTE) of CoFe2O4 and PMN-PT are 11.8×10
-6

 and 

8×10
-6

, respectively68,69.) 
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Figure 4.6: Reciprocal space mapping of the epitaxial CoFe2O4 film on (001) - cut PMN-PT 

substrate around the (202) peak. 

 

The high crystallinity and epitaxial structure were also confirmed by our TEM results. We 

prepared the cross-section PMN-PT\CoFe2O4 samples in the following way: The substrate 

with CoFe2O4 film was cut into several 1×5×1.5mm pieces. Two of these pieces were 

glued together (with CoFe2O4 film face to face) by epoxy. Then the cross-section of the 

sample was ground and polished to reduce the thickness to a very small value. After that, the 

sample was subjected to dimple and ion milling. Finally, an electron transparent area of the 

cross-section of PMN-PT substrate and CoFe2O4 thin film was attained for TEM analysis. 
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Figure 4.7 are the cross-section view TEM images of the sample. It shows that the thickness 

of the CoFe2O4 thin film is about 80 nm. There are some inhomogeneities in the film due to 

the processing damage.  The selected area diffraction pattern reflects the average structure 

around the interface. As shown in Figure 4.7(b), there is a set of CoFe2O4 spots in addition to 

the PMN-PT spots from the single crystal substrate, which indicates that the film follows the 

(100) direction of the substrate with slightly bigger lattice. The high resolution TEM image 

of the interface area is showed in Figure 4.7(c). It is noted that there is a very thin interface 

layer followed by pure CoFe2O4 phase. The presence of the interface layer was not detected 

by high resolution XRD but that could be because it was too thin. The lattice parameters 

indicate that this epitaxial CoFe2O4 film experiences a small tensile strain from the epitaxy 

with the substrate.  
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Figure 4.7: (a) Cross-section view TEM image taken from the PMN-PT\CoFe2O4 sample. 

(b) Selected area diffraction pattern from the same sample. (c) High resolution TEM image 

of the interface area between the PMN-PT and CoFe2O4.  
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4.3 Electrical and Magnetic Properties of the CoFe2O4 /PMN-PT Composite 

4.3.1 Ferroelectric properties of CoFe2O4 /PMN-PT thin film composite 

After depositing CoFe2O4 films onto the PMN-PT substrate at high temperature, the 

ferroelectric hysteresis loop of the PMN-PT is checked again. It shows a square loop with a 

remnant polarization of Pr= 30 C/cm
2
 as shown in Figure 4.8

 
There is no loss evident 

compared to the pure substrate. This confirms that the PMN-PT still retains its ferroelectric 

quality. It also implies that the high temperature deposition process of CoFe2O4 film has not 

affected the ferroelectric property of the PMN-PT substrate. This standard hysteresis loop is 

important in this study because the subsequent loops obtained in other samples will be 

compared to this standard loop, particularly the critical points of this loop, such as the 

remnance and coercivity. 

 

Figure 4.8: Polarization vs. electric field hysteresis loop of the PMN-PT substrate before and 

after CoFe2O4 deposition. 
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4.3.2 Piezoelectric properties of the PMN-PT after CoFe2O4 deposition 

The piezoelectric property of the substrate is shown in Figure 4.9: The strain vs. electric 

field hysteresis loop of the PMN-PT substrate before and after CoFe2O4 deposition. A strain 

as large as 0.22% is generated under an electric field of 6 kV/cm, indicating that the d33 

value is about 1490 pm/V. From this loop, we also notice that after applying the electric 

field, a remnant strain of about 0.13% remains even when the electric field becomes zero. 

This large remnence indicates that in later studies large electric fields needs not to be applied 

during the MFM scanning as the remananent field itself might be adequate. Such a large 

strain from the PMN-PT substrate shown here is expected to lead to significant change in the 

magnetic response of the CoFe2O4 film through the converse magnetostrictive effect.  

 

Figure 4.9: The strain vs. electric field hysteresis loop of the PMN-PT substrate before and 

after CoFe2O4 deposition. 
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4.3.3 Magnetic properties of the CoFe2O4 /PMN-PT composite 

The in-plane and out-of-plane magnetization-field (M-H) hysteresis loops along the <100> 

and <001> directions of the CoFe2O4 film are shown in Figure 4.10: The in-plane and out-

of-plane magnetization-field hysteresis loops of CoFe2O4 film on PMN-PT. The saturation 

magnetization is about 1.60×10
5
 A/m, smaller than bulk value. A weak anisotropy is 

observed between the in-plane (<100>direction) and out-of-plane (<001> direction) 

magnetic responses, where the remanence and coercivity are a bit higher along the out-of-

plane <001> direction.  

 

Figure 4.10: The in-plane and out-of-plane magnetization-field hysteresis loops of CoFe2O4 

film on PMN-PT. 

 



 

Nanyang Technological University 

School of Materials Science & Engineering 

70 

 

4. 4 Magetoelectric coupling in the CoFe2O4 /PMN-PT composite 

4.4.1 Strain effect on the magnetic domains of the CoFe2O4 film 

Thermally-induced strain effect on the magnetic domains: 

First we look at the thermally induced strain effect on the magnetism of the CoFe2O4 film. 

The sample was mounted on a heating stage in the AFM system. The topography and 

magnetic domain structures of the CoFe2O4 film were taken respectively first and (the setup 

is shown in Figure 4.11 ).   The images shown in Figure 4.12are those of the sample before 

heating and these are used as the reference for subsequent images obtained at higher 

temperatures. Then the sample was heated to 250 
o
C  which is higher than the phase 

transition temperature of PMN-PT single crystal (~ 177
 o
C according to the study of Noheda

 
 

et al)
63

. The sample was held at the high temperature for a few minutes, then cooled down to 

room temperature. The topography and magnetic domain structures of the CoFe2O4 film 

were taken again at the same location, as shown in Figure 4.12. Note that some particles 

appear on the sample surface after the heat treatment, but the topographic features allow us 

to confirm that this is the same location on the sample. 
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Figure 4.11: Schematic description of the experimental setup for plan view MFM imaging of 

the substrate on heating stage. 

 

In the MFM images, the bright and dark regions represent repulsive (magnetization pointing 

up) and attractive (magnetization pointing down) magnetostatic forces between the tip and 

sample, respectively. Compare the MFM images of the film before and after heating (Figure 

4.12). It is clear that the contrast increases after the heat treatment. More importantly, 

domain structure clearly changes at some locations. It indicates that the magnetism was 

affected during the heating and cooling cycle, likely due to the strain induced during the 

phase transition of the PMN-PT substrate upon the thermal cycle. However, such thermally-

induced changes are not controllable since the ferroelectric/ferroelastic domain structures of 

the substrate after heating cannot be determined precisely. The results indicate that strain-

mediated coupling exists in this system, but further experiments are needed to better 

understand the process.  
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Figure 4.12: (a) and (c) Topography and magnetic domain structures of the CoFe2O4 film 

before heating treatment, respectively.( b)  and (d) The Topography and magnetic domain 

structures of the CoFe2O4 film at the same location after  heat treatment, respectively. 
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Electric-field-induced strain effect on the magnetic domains: 

To investigate the ME coupling in the CoFe2O4/PMN-PT system in a more controllable 

manner, we investigate the effects of electric-field-induced strain on the magnetic domains 

of the CoFe2O4 film. The sample was first set up with the CoFe2O4 thin film facing up for 

MFM scanning as shown in Figure 4.13. The as-deposited sample was cut into 1cm×1cm×

5cm strips. An external electric field was applied between the two sides of the strip through 

wires connected with silver paste.  

 

 

Figure 4.13: Schematic description of the experimental setup for plan view MFM imaging 

after various electric fields are applied to the substrate. 
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Before applying any electrical field to the substrate, the topography and magnetic domain 

images of the film were taken and shown in Figure 4.14. The topographic features would be 

used as the reference to relocate the MFM tip to the same position of the sample for 

magnetic domain imaging during the subsequent imaging.  

 

Because of the large voltage needed to switch the polarization of the PMN-PT (1 cm thick in 

this case), the sample has to be immersed in Si oil, which prevents in-situ MFM imaging. 

We thus pick four critical points along the hysteresis loop for MFM domain imaging. First, 

an electric field of 9.2 kV/cm was applied to the PMN-PT substrate in the y direction to pole 

it to the saturation state. The field was then turned off and the substrate relaxed to the 

positive remnant state. The magnetic domain image at this point is shown in Figure 4.16(b). 

After that, a negative field of -4.6 kV/cm (close to the coercive field) was applied as shown 

in Figure 4.14(f), which should then depolarize the substrate. The magnetic domain structure 

was again obtained at the same position. Subsequently, the substrate was poled to the 

negative saturation state and relaxed. Finally, a positive bias equal to the coercive field was 

applied . After each field was applied, magnetic domain structures were obtained at the same 

location.  

 

Comparing the MFM images shown in Figure 4.14, it is clear that little differences can be 

observed except for the initial state. Further examination reveals that, when applying the 

electric field, the PMN-PT is polarized along the y direction (Figure 4.13), leading to a 

tensile strain along this direction. The strain is transferred to the film through the interface.
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However, since the PMN-PT crystal is only poled along the y direction, the anisotropy 

raised from the polarization will mostly exist between the y and z directions. The out-of-

plane (x-direction) of the CoFe2O4 film may not be affected. Although, the strain will 

generate some influence on the magnetization because of the negative magnetostrictive 

coefficient of CoFe2O, this coupling effect could not be well reflected in the MFM images 

along the x direction. In order to better observe the magnetoelectric coupling effect, we must 

seek a different way to do the experiments. Therefore, we prepare the cross section samples, 

in which the z direction will be set for MFM scanning instead of x direction. 
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Figure 4.14: (a-e) Topography and magnetic domain structures looking from the x-axis of 

CoFe2O4 thin film at different states of the ferroelectric switching of the PMN-PT substrate. 

(a) Initial state; (b) positive remnant state; (c) depolarized state; (d) negative remnant state 

and (e) depolarized state. (f) The polarization vs. electric field hysteresis loops of the PMN-

PT substrate.   

 

To further study the electrical-field-induced changes in the magnetic domain structures of 

CoFe2O4, cross section samples were prepared. First, plate shaped thin film composite 

samples were cut into some 1 mm wide strips. Secondly, two of these strips were picked and 
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glued together with the films face-to-face using epoxy. Thirdly, the side surface was 

polished. And lastly, the z (as shown in Figure 4.15) surface was finely polished for MFM 

study. The experimental setup is schematically shown in Figure 4.15. The sample was laid 

on the stage with z direction straight up and scanned the top surface using Co coated 

magnetic tips. The external voltage will be applied to the sample along the y direction. 

 

 

 

Figure 4.15: Schematic description of the experimental setup for cross section view 

measurements. 

 



 

Nanyang Technological University 

School of Materials Science & Engineering 

78 

 

Like the previous experiment design, the topography and magnetic domain images of the 

cross section of the film were collected before applying the electrical field to the substrate.  

These images are shown in Figure 4.16(a). The interfaces between the epoxy, the CoFe2O4 

film and the PMN-PT substrate are clearly identifiable in the topography image: the left 

white part is the epoxy; the middle strip is the CoFe2O4 film and the right part is identified 

as the PMN-PT substrate. Using this topographic feature as a reference, we can locate the 

MFM tip to the same location of the sample for magnetic domain mapping after applying 

electric fields to the substrate.  

 

In this experiment, an electric field of 9.2 kV/cm was first applied to the PMN-PT substrate 

to pole it to the saturation state, and then relaxed to the positive remnant state. The magnetic 

domain image of the film was taken at the same location showing (Figure 4.16(b)) an 

enhanced contrast, indicating increased remnant magnetization along the tip direction. As 

we discussed above, the PMN-PT is polarized along the y direction after applying the 

electric field (Figure 4.15), leading to a tensile strain along this direction which is 

transferred to the film. Anisotropy will emerge between the y and z directions. Due to the 

negative magnetostrictive coefficient of CoFe2O4, the y direction would become a hard axis 

as compared with the z direction after the poling of the substrate (elongated, generating a 

tensile strain on the film along this direction). Hence, we can observe an enhancement in 

contrast along z direction as shown in Figure 4.16 (b). Subsequently, a negative electric field 

of -4.6 kV/cm (close to the coercive field as shown in Figure 4.16(f)) was applied to the 

PMN-PT substrate to depolarize it. The magnetic domain structure obtained is clearly 

altered again as shown in Figure 4.16 (c) where the contrast is reduced and domain structure
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 is changed at certain locations. By poling the substrate to the negative saturation state 

(apply -9.2 kV/cm field, Figure 4.16(d)), the magnetic domain contrast is altered again in 

Figure 4.16(d), becoming similar to that of the positively poled state of Figure 4.16(b). This 

is expected because the strain experienced by the CoFe2O4 film at these remnant states is the 

same even though the substrate polarizations are in opposite directions. Finally, a positive 

bias equals to the coercive field was applied to the PMN-PT and returned the film 

magnetization to a state (Figure 4.16similar to that indicated in Figure 4.16(c). This 

reversible ME coupling was repeatable in several samples. However, the changes to the 

domain contrast tend to diminish after several cycles of electrical poling. This could indicate 

a deterioration of the elastic coupling at the interface.  
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Figure 4.16: (a-e) Topography and magnetic domain structures of the cross section surface 

(z-axis) of CoFe2O4 (The thin film thickness=200 nm) at different states of the ferroelectric 

switching of the PMN-PT substrate. (a) Initial state; (b) positive remnant state; (c) 

depolarized state; (d) negative remnant state and (e) depolarized state. (f) The polarization 

vs. electric field hysteresis loops of the PMN-PT substrate.   
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4.4.2 Magetoelectric coupling effect in the composite 

To confirm the MFM observations and to correlate them with macroscopic magnetic 

property of the sample, we measured the M-H hysteresis loops after applying electric field 

to the substrate. A 1 mm × 5 mm strip of the sample was used. The substrate was poled in 

the y (with the short distance between the electrodes) direction as shown in Figure 4.17(a). 

Like in the previous experiments, the M-H curves were measured along all three directions 

under three conditions of the substrate: the initial state, the remnant state (Pr) after 

saturation, and the depolarized state. The results are shown in Figure 4.17(b) to (d).  

 

Figure 4.17(d) shows the measurements along the z direction of this sample, which 

correspond to the MFM images shown in Figure 4.16. It’s noted that there is small 

enhancement in the remnant magnetization when the PMN-PT substrate is at its remnant 

polarization state. Upon depolarization, the M-H loop almost returns to the initial curve in 

the z direction. This macroscopic magnetic response is consistent with the microscopic 

domain evolution under electric field displayed in Figure 4.16. Increased magnetization is 

exhibited together with enhanced contrast of magnetic domain pattern at remnant state. The 

M-H loops obtained along the x and y directions are shown in Figure 4.17(b) and (c). Note 

that the different polarization states of the substrate have negligible effect on the magnetic 

loops in the out-of-plane x direction. However, a significant effect on the magnetic loop was 

observed in the in-plane y direction at different polarization states compare to the other two 

directions. The different strain states reflected are consistent with the observed changes in 

the M-H loops along the three directions.  Similar results were obtained when other samples 

were examined. Thus, these results are reproducible and reliable. 
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Figure 4.17: (a) Schematic description of the sample  orientation. (b-d) The magnetization-

field hysteresis loops of the CoFe2O4 film on PMN-PT substrate along the x (b), y (c) and z 

(d) directions at different polarization states. 
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4.4.3 Proposed model of magnetoelectric coupling effect in the composite 

 The results from MFM images and magnetization loops are all consistent with piezoelectric 

strain induced anisotropy change in the CoFe2O4 film. For example, when an electric field is 

applied in y direction, the strain is generated in the PMN-PT substrate along y and z 

directions. The strain is transferred to the CoFe2O4 film and causes corresponding changes 

in the remnant magnetization. As shown in Figure 4.16(b), the enhanced contrast of 

magnetic domains observed in MFM image along z direction view reflects an enhancement 

of the magnetization along this direction, which is confirmed by the M-H loops shown in 

the Figure 4.17(b).  

 

The schematic diagram shown in Figure 4.18 describes the model qualitatively. The dot line 

blocks represent the initial state of the sample shape while the color filled ones represent the 

samples after electric field is applied. As shown in Figure 4.18(b), after applying the electric 

field, the electric dipoles of the single crystal are all aligned along the y direction from the 

initial state. The PMN-PT substrate is elongated along the y direction due to the 

piezoelectric effect and shrank in the z direction relatively. The resulting tensile strain in y 

direction is transferred to the CoFe2O4 film through the epitaxial interface. Because of the 

negative magnetostrictive coefficient of CoFe2O4, this superposed strain in the y direction 

should bring about a corresponding decrease in the remnant magnetization. These proposed 

effects are confirmed by magnetic domain mapping and M-H measurements. When the 

depolarizing electric field close to the coercive field is applied, some of the electric dipoles 

turned to opposite direction in PMN-PT substrate as shown in Figure 4.18(d). The shape of 

the sample returns to the state which is close to the initial one. The stain induced with the 
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coupling effect also turn back to a state similar to the initial one. Since PMN-PT has a larger 

d33 than d31, the strain and shape anisotropy generated along y direction is larger than that 

along z direction. Furthermore, the effect in CoFe2O4 along x direction is even smaller than 

that along the z direction. From the remnant polarization state to the depolarized state, the 

evolution of the ME coupling induced effect in PMN-PT/ CoFe2O is repeated.  

.  

 

 

Figure 4.18: (a), (b) and (d) Schematic diagrams of proposed effect when the substrate is at 

different states along the P-E hysteresis loop. (c) The orientation of the sample with respect 

to the previous experiments. 
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Chapter 5 : Summary and Future Work 

In conclusion, we have designed, produced and investigated potential multiferroic composite 

systems where the substrate clamping effect has been eliminated. In the bulk composites 

BaTiO3-CoFe2O4 (weight ratio 70%:30%) system, we synthesized and densified the samples 

using conventional sintering and SPS techniques. In the magnetic film on active 

piezoelectric substrate system, the ferrimagnetic CoFe2O4 film was deposited on 

piezoelectric PMN-PT single crystal substrate by PLD. The structure and properties of these 

composite systems were investigated with particular emphasis on the mechanism of the ME 

coupling effect in the second system.  

1. In the bulk composite BaTiO3-CoFe2O4 system: 

 Dense bulk multiferroic composites were produced through both conventional and SPS 

sintering at the temperature of 1200 
o
C and 1000 

o
C, respectively. Structural analyses and 

various characterizations showed that SPS is a superior method to obtain highly dense 

bulk composites without any interface reactions, quickly.  

 The magnetic coercivity of the composite decreases while saturation magnetization 

increases after sintering. SPS samples consistently exhibit larger saturation magnetization 

than those sintered by conventional method. This is attributed to the lower porosity and 

the finer microstructure in SPS samples. 
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 Magnetic and ferroelectric characterizations clearly demonstrate the coexistence of 

magnetic and ferroelectric ordering in the bulk composite. However, the ferroelectric P-E 

loops were not well defined. Attempts to quantify ME coupling have not been successful, 

which could be attributed to the random orientation of the grains where the strain 

generated from one grain may get cancelled by the others.  

2. In the CoFe2O4 film on PMN-PT substrate system: 

 High quality, magnetic CoFe2O4 thin films were successfully grown on the piezoelectric 

PMN-PT single crystal substrates. The film epitaxy was confirmed by high-resolution 

XRD measurements. The out-of-plane lattice parameter of the CoFe2O4 thin film is 

smaller than the bulk value which implies the existence of a small residual strain. This is 

likely caused by the difference in coefficients of thermal expansion between the two 

materials, the substrate and the film. No secondary phase was detected even after the 

high temperature deposition process. 

 The saturation magnetization of the CoFe2O4 thin film is comparable to the bulk value. 

The residual strain doesn’t seem to affect the saturation value but the remnant 

magnetization and coercivity are lower along the in-plane <100> direction. The 

ferroelectric property of the substrate is well maintained after the film deposition. The 

large remnant strain induced by external electric field provides the possibility of testing 

the coupling effect without in-situ electric field.  

 To study the electric-field-control of magnetization, we apply external electric field to 

pole the PMN-PT substrate. The magnetic domain structure is obtained at different
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 polarization states of the PMN-PT, i.e., the positive saturation state, the negative 

depolarized state, the negative saturation state and the positive depolarized state). The 

cross-sectional view of domains reveals more obvious changes in domain contrast as 

seen in the MFM images than the plane view setting. 

 To confirm and better understand the MFM observations, we also perform macroscopic 

M-H hysteresis loop measurements under the corresponding strain states of the substrate.  

Different polarization states of the substrate have negligible effect on the magnetic loops 

in the out-of-plane x direction while significant changes are observed in the in-plane y 

direction. The results are all consistent with piezoelectric strain induced anisotropy 

changes in the CoFe2O4 film. As the electric field is applied to the PMN-PT substrate, 

the resulting strain transfers to the CoFe2O4 film through the epitaxial interface. This 

strain is superposed on the residual strain and causes reversible changes in the 

magnetism of the CoFe2O4. 

Our studies clearly demonstrate the existence of ME coupling in the multiferroic composite 

systems when the substrate clamping effect is eliminated. This has shed light on the strain 

mediated ME coupling mechanism in composites systems that have a ferroelectric and a 

magnetic components with a common interface, and offer valuable information for their 

potential applications.   

 

Further studies can be directed in the following areas for a better understanding of the 

multiferroic composites.  
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1. Direct measurement of the ME coupling effect quantitatively. 

We have demonstrated the electric-field-control of magnetism in the multiferroic composite 

by observing the magnetic domain changes under electric field. However, this technique can 

not reveal the ME coefficient. Direct measurements of this value, coupled with known 

materials constant can help us to better understand the strain-mediated ME coupling in 

composite systems. 

 

2. The converse ME coupling effect in composite systems. 

Previous studies on multiferroic systems, including this project, focused on electric field 

control of magnetism. The converse effect, magnetic field control of electric polarization, 

has attracted much less attention. However, for a complete understanding of the ME effect 

in composite systems, it is important that we obtain both coefficients. For such 

investigations, high quality substrates with large magnetostrictive coefficient will be needed. 

 

In fact, we have fabricated some samples of such multiferroic composite by using 

commercial Terfenol-D bulk as the substrate and PVDF film as the FE component. 

Terfenol-D is a well-known magnetostrictive material and PVDF is a ferroelectric polymer 

that can be processed at low temperatures. In our preliminary study, the PVDF sol gel 

solution was coated on the polished Terfenol-D substrate surface, followed by drying and 

annealing in vacuum at 140 
oC.  We monitored the ferroelectric domain structures using 

PFM with magnetic field applied to the sample. However, no significant changes in the 

ferroelectric domains of PVDF were observed. This could be due to the low quality of the
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film and interface. Much work is needed in the future. How to maintain the phase and 

properties of the Terfenol-D during the synthesis of PVDF with good ferroelectric response 

is the key.  
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