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Barium Titanate-Based Magnetoelectric Nanocomposites 

Yaodong Yang 

ABSTRACT 
 

Barium Titanate (BaTiO3 or BTO) has attracted an ever increasing research interest because 

of its wide range of potential applications. Nano-sized or nanostructured BTO has found 

applications in new, useful smart devices, such as sensors and piezoelectric devices. Not only 

limited to one material, multi-layers or multi-phases can lead to multifunctional applications; for 

example, nanocomposites can be fabricated with ferrite or metal phase with BTO. In this study, I 

synthesized various BTO-ferrites, ranging from nanoparticles, nanowires to thin films. BTO-ferrite 

coaxial nanotubes, BTO-ferrite self-assemble thin films, and BTO single phase films were prepared 

by pulsed laser deposition (PLD) and sol-gel process. BTO-ferrite nanocomposites were grown by 

solid state reaction. Furthermore, BTO-metal nanostructures were also synthesized by solid state 

reaction under hydrogen gas which gave us a great inspiration to fabricate metal-ceramic 

composites.  

To understand the relationship between metal and BTO ceramic phase, I also deposited BTO 

film on Au buffered substrates. A metal layer can affect the grain size and orientation in BTO film 

which can further help us to control the distribution of dielectric properties of BTO films.  

After obtaining different nanomaterials, I am interested in the applications of these materials. 

Recently, many interesting electric devices are developed based on nanotechnology, e.g.:  

memristor. Memristor is a resistor with memory, which is very important in the computer memory. I 

believe these newly-synthesized BTO based nanostructures are useful for development of 

memristor, sensors and other devices to fit increasing needs. 
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CHAPTER 1  INTRODUCTION 

Here, I introduce the background of BaTiO3, piezoelectric and dielectric phenomena, 

magnetic materials (such as Ni), nanomaterials and nanotechnology, and magnetoelectric (or ME 

coupling). I then, subsequently define the goal of my thesis.  

 

1.1 Barium titanate (BTO), and ferroelectricity 

Barium titanate or BaTiO3 has the well-known perovskite structure (shown in Fig.1.1). 

Looking at a single unit cell of BTO, the oxygen ions are in the face center positions, a titanium 

cation is in the body center position, and the barium cations are in the corner ones. When the 

temperature is higher than 120˚C, the crystal structure has cubic symmetry: where both positive and 

negative electric charge sites are centro-symmetric. When the temperature is lower than 120˚C, the 

crystal structure of BTO changes from cubic to tetragonal[1]. The titanium cations move upward 

and the oxygen ions downward, generating a net dipole moment. Ferro-electricity results from this 

spontaneous alignment of dipole-moments or spontaneous polarization. When the temperature is in 

the range between -90˚C to 5˚C, BTO has an Orthorhombic structure; whereas below -90˚C it is 

Rhombohedral.  

Barium titanate is an important material for high-tech industries[2]. Usually, it is white or 

grey in color. It is an electrical insulator whose relative dielectric constant is 2000 times larger than 

that of air. However, when doped with small amounts of metal cations (most notably scandium, 

yttrium etc), it becomes semiconducting. Barium titanate also exhibits ferroelectric properties (see 

Table 1.1) and has excellent photorefractive properties. High purity barium titanate is used for 

dielectric ceramics, multi-layer ceramic (MLC) capacitors, and positive temperature coefficient 

(PTC) thermistors; all of which are present in our daily lives in many applications. For example, 
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PTC thermistors are installed in refrigerators, color TV degaussing devices, telephones, energy-

saving lamps, and heaters. Furthermore, MLC capacitors are widely used in large-scale integrated 

circuits.  
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Figure 1-1 Typical perovskite crystal structure 
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Table 1-1 Properties of BTO 

Properties  

Density 6.02 g/cm3, solid 

Molecular Weight  233.19 

Curie point 120°C 

Melting point 1625 °C 

Dielectric constant 4000 at room temperature 

Piezoelectric d33 coefficient  80~107 pC/N  
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Similar to BTO which obtained success in the electric industry as a dielectric material; 

another important ceramic—lead zirconate titanate or PZT has found wide spread use in sensors and 

actuators based on its high piezoelectric properties[3]. The reported piezoelectric coefficient d33 is in 

the range of 250-590pC/N, which is much higher than that of BTO. Accordingly, PZT has become 

one of the most popular piezoelectric materials and has resulted in many new electronic 

applications[4]. The key issue to obtain a large piezoelectric response is to control the composition 

of the material in the proximity of a composition-induced phase transition between two ferroelectric 

phases: such a transition has been designed as the “morphotropic phase boundary or MPB.”  

After many investigations of piezoelectric ceramics, in the 1980s, new members were added 

to the family of lead based piezoelectric perovskite ceramic. These new members caused attention 

because of the very large piezoelectric coefficients. For example (1-x)Pb(Mg1/3Nb2/3)O3-xPbTiO3 

and Pb(Zn1/3Nb2/3)O3-PbTiO3 both have the d33 values of about 2000pc/N: which is about 4 times 

larger than that of PZT[5].   

However, lead-based materials bring to the forefront another important problem: health. 

Lead can interfere with a variety of bodily processes and is toxic to many organs such as bones, 

intestines, kidneys, and the nervous system. Heavy amounts of lead metal can even cause seizures, 

coma, and death. Lead is particularly toxic to children because it will cause permanent learning and 

behavior disorders after invading nervous systems. To solve this problem, new BTO and BTO-based 

systems have been developed. People from industry hope to use our understanding of lead materials 

in the BTO system, enabling them to create lead-free materials with high piezoelectric coefficient to 

replace the lead-based ones.   
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There are two groups of systems in the BTO family that may realize this goal. One is 

Na0.5Bi0.5TiO3- xBaTiO3 (NBT-xBT). NBT-xBT has a rhombohedral to tetragonal phase transition 

at a morphotropic phase boundary (MPB) near 6<x<8, and high longitudinal piezoelectric 

coefficients have been demonstrated in 001-oriented Mn doped NBT-5.6%BT single crystals with 

values of d33 up to 500 pC/N which is very closed to PZT[6, 7]. Another possibility in this family is 

Ba(Zr0.2Ti0.8)O3-x(Ba0.7Ca0.3)TiO3 or BZT-xBCT, which has been reported to reach a high d33 value 

of 560-620 pC/N in ceramic form, and predicted to have much larger d33 value of 1500-2000 pC/N 

as a single crystal [4]. 

New developments are not limited to advancements in bulk BTO materials, but rather also at 

the nanoscale level. This is because numerous BTO nanomaterials have recently been reported: 

nanoparticles, nanorods, and heterostructured thin films. Thin film engineering has much 

opportunity to enhance properties [8, 9]. After introducing strain, via single crystal substrates, the 

ferroelectric properties of BTO have been notably enhanced. The remnant polarization values of 

these strain-engineered heteroepitaxial BTO thin films (e.g.: BTO on DyScO3 single crystal) can 

reach 70µC/cm2 which is about 3 times that of 26 µC/cm2 for the remnant polarization of single 

crystal BTO [10]. 

In addition to these conventional ferroelectric materials (such as BTO and PZT), there are 

other emerging topics in this field of research, one related group of materials to ferroelectrics, 

multiferroics, has attracted much lots of attentions recently. As the name suggests, multiferroic 

materials have simultaneously both ferroelectric and ferromagnetic properties. To first understand 

ferromagnetic materials, I would like to introduce magnetism and magnetic materials in the next 

section. 
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Please notice that d33 value of BZT-BCT is predicted. 

Figure 1-2 Piezoelectric coefficients of both BTO and PZT family 
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1.2 Magnetic materials 

Magnetism in materials comes from net orbital and spin motions of electrons, and how these 

electrons interact with one another. There are three basic types of magnetic materials.: 

ferromagnetic and ferrimagnetic, paramagnetic, and diamagnetic materials. The best way to classify 

these different types of magnetism is to describe how different materials respond to magnetic fields. 

 First, ferromagnetic and ferrimagnetic materials are the types that the general public is 

normally aware. These materials are strongly attracted to magnets (see Fig.1.2), and have a remnant 

magnetization becoming permanently magnetized after removal of an externally applied magnetic 

field. An example of such is nickel. Second, paramagnetic materials are weakly attracted to a 

magnet. This effect is hundreds or thousands of times weaker than ferromagnetic materials, and thus 

can only be detected by using strong magnets: an example is aluminum. Third, diamagnetic 

materials are repelled by both magnetic south and north poles: accordingly, the permeability of 

diamagnetic materials is less than that of vacuum.  

Beside ferromagnetic and ferrimagnetic materials, another category is antiferromagnetics. 

Antiferromagnetism is a manifestation of ordered magnetism. In general cases, antiferromagnetic 

order may exist below a certain temperature, the Néel temperature. Above this temperature, the 

material changes into paramagnetic. Ferrimagnetic material is very similar to ferromagnetic ones, 

except there are unequal opposing magnetic moments. Before Néel discovered antiferromagnetism 

in 1948, ferrimagnetism was thought to be ferromagnetism. 
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Figure 1-3 Different between ferromagnetic, ferromagnetic and antiferromagnetic ordering 
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Table 1-2 Properties of Magnetostrictive Materials[11] 

 

Material Magnetostriction λ Curie temperature (K) 

CoFe2O4 110 858 

Mn0.5Zn0.5Fe2O4 25.3 576 

Ni 33.3 627 

Co 62 1388 

Fe 10 1043 

CoFe 58 - 

Metglas 40 508 ( crystallization temperature ) 
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In this thesis, I studied not only magnetism, but more interestingly focused on 

magnetostriction. Magnetostriction results in a change of shape of the magnetic material under an 

applied magnetic field. The change in volume is small, but the change in length can be notable (on 

the order of 10-5-10-6). Magnetostrictive materials are used in various sensor and actuator 

applications: examples include nickel, iron, and cobalt [12].  

People noticed many ferromagnetic systems are physically similar to ferroelectric ones, it 

can be seen in the term “ferro.” Accordingly, it is useful to transfer some knowledge and wisdom 

from piezoelectric material to understand magnetostriction. As mentioned in last section, 

ferroelectric materials located near a MPB have enhanced piezoelectric properties. Yang et al. found 

a magnetic MPB in the ferromagnetic TbCo2-DyCo2 system, which passes an enhanced 

magnetostriction of 850 microstrains[13]. The magnetostriction coefficient is a fourth rank tensor 

that couples strain and the magnetization. To increase saturation, magnetization is a way to obtain 

higher strain.   

Today, the highest known magnetostrictive material is Terfenol-D or TbxDy1-xFe2, which 

exhibits about 2000 microstrains at room temperature. Although Terfenol-D has the highest record 

of magnetostriction, it does not mean it is the best material in all the cases. In some cases, such as 

magnetoelectric composite (which we will discuss more in the next section), a high value of 

magnetostrictive strain is required to be induced per unit magnetic field applied: this is the lined toll 

effective piezomagnetic coefficient, on DC biased magnetostriction. In this case, Metglas is a good 

choose. Although its total magnetostriction only 20-40ppm, the maximum value of the 

piezomagnetic constant can reach 4ppm/Oe: which is 4 times larger than that of Terfenol-D[11].    

The magnetic materials with most relevance to this thesis are CoFe2O4, Mn0.5Zn0.5Fe2O4, Ni 

and Metglas. Values for their magnetostrictions are listed in Table 1.2. The material CoFe2O4 is a 
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ferrite. It is easy to form a composite with BTO during co-firing or reaction processing. Whereas, Ni 

is a typical metal with high conductivity, whose interactions with ceramic phases will be studied in 

this thesis.   
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Figure 1-4 Morphotropic phase boundary or MPB in both: (a) PZT and (b) TbCo2-DyCo2 
phase diagrams. This is Reprinted figure with permission from [13], Copyright by the 
American Physical Society. 
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1.3 Multiferroic materials and magnetoelectric nanocomposites 

The last two sections introduced basic knowledge of both ferromagnetic and ferroelectric 

materials, now I would like to focus on the simulated presence of these two properties on a single 

materials multiferroic. One way to describe multiferroic materials is to measure the magnetoelectric 

coefficient. The magnetoelectric effect is defined by an electric field (E) that is induced by 

application of a magnetic field (H); or vice versa, by a magnetic induction (B) induced under 

application of electric field (E).  Generally, the ME response of a material is described by the ME 

voltage coefficient (αME)[14]. 

Since 1959, several oxide materials were found to have multiferroic properties. They are: 

Cr2O3, Me3B7O13 Pb(Fe0.5Nb0.5)O3, BiFeO3 amongst others. Here, I mention Pb(Fe0.5Nb0.5)O3 or 

PFN as an example. Antiferromagnetic PFN single crystals were reported to have magnetizations of 

about 90emu/cc under a field of 558A/m at 80K[15]. In addition, induced polarizations of about 

60µC/cm2 and piezoelectric coefficients of 30pm/V were also reported for PFN thin films[16]. 

At present, all of these single phase materials have a very low ME coefficient. To obtain a 

larger coefficient and operate at room temperature, two phases (one piezoelectric and another 

magnetostrictive) can be put together in a composite form[17]. This new type of coupling was found 

to generate a grant ME effect via an elastic coupling between the two phases. When a magnetic field 

is applied to such composites, the magnetostrictive phase generates a strain. This strain is then 

transferred to the piezoelectric phase by the elastic coupling, which in turn generates a charge or 

voltage via the piezoelectric effect. Figure 1.3 provides a schematic of an ME two phase laminate 

composite. Two magnetostriction layers (marked as M) are shown which are bonded by epoxy to a 

piezoelectric layer (marked as P). ME composites have drawn lots of interest in recent years due to 
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their large ME response, which is many orders of magnitude higher than that in single phase ME 

materials at room temperature.  

 

 

Figure 1-5 Working principle of a ME composite 

 



16 
 

There are three types of composite phase interconnectivities, as illustrated in Figure 1.4 [18, 

19]: they are (0-3) or particulate embedded in matrix, (2-2) or laminate composites, and (1-3) or 

fiber (rod) embedded in matrix. Examples of these different composites, for example,  (0-3) can be 

found in all-ceramic composites with high concentrations of a particulate magnetic phase well-

dispersed in the a piezoelectric matrix; (2-2) which can be found in sandwiched like layer-by-layer 

structure; and (1-3) which can be found in self-assembled nanorods embedded-in-matrix. All three 

of these types of ME composites provide much potential for multifunctional devices applications 

and already obtained notable success. 

One great example of these successful designs is Metglas/PMN-PT fibers laminated 

composite.  As we mentioned above, both metglas and PMN-PT are currently best choose from 

either magnetostrictive materials or piezoelectric materials. When we glued these two parts together, 

the αME can reach 8.5V/cm Oe, which is about 3 times larger than Metglas/PZT sample. The 

magnetic field sensitivity is 0.6 nT, which is 1.7 times higher than 1 nT for PZT based sample[20]. 

Compared with sintering ceramic composite, a simply glue oxide single crystal fibers with metal 

alloy via a suitable epoxy can void metal oxidation during high temperature process.  

In addition to conventional regular composites, nanocomposites have also been recently 

investigated in  many systems for various functionalities, this discovery process is part of many 

recent findings nanotechnology[21]. One nanometer is one billionth of a meter. When a material 

size reaches into the nanoscale, unique properties often appear due to the large ratio of atoms on 

surfaces relative to the volume [22] .    

The fast development of nanotechnology has benefited from discover of scanning tunneling 

(STM) and atomic force microscopes (AFM). These tools have provided great capabilities to probe 

and exploit the nanoworld. To make nanomaterials and nanocomposites, there are two different 
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types of approaches: these are “top-down” and “bottom up.” Top-down is to “cut big into small,” 

and bottom up is to “put tiny together into small.” Lithography, the basis of semiconductor 

manufacturing is an example of a “top-down” process. Micro-electromechanical system is another 

type of successful example. Self-assembly method is one example types of a “bottom up” 

process[23].  
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Figure 1-6 Three different composite types 
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1.4  Significance of this study 

Piezoelectric oxide materials are an important research area, due to their potential in many 

applications ranging from sensors to radio-frequency devices. Piezoelectric properties depend on the 

polarization distribution of individual domains, which is affected by nanostructure, grain size and 

orientation. Synthesis of perovskite nanoparticles and nanorods, or growth of piezoelectric thin 

films on particular substrates by “nano-processes” have the potential to enhance the utility of these 

functional materials for practical purposes due to possibilities for size and cost reduction, better 

compatibility, and improved device performance. A nanomaterial is easily integrated into a micro-

electromechanical system.  Recent developments in nanotechnology offer the opportunity to control 

the grain size, shape and distribution precisely and offer the capacity to perform detailed studies of 

the dependence of the properties on grain structures.  As a typical piezoelectric material with a well-

understood perovskite crystal structure, BaTiO3 is an ideal candidate to study for this purpose. 

Findings obtained from this material could easily apply to other perovskites with only slight 

modifications. 

There is another type of multi-functional material called multiferroic, which has numerous 

types of interesting properties that can be cross-coupled to each other. Multiferroics contain two or 

more ferroic (ferroelectric, ferromagnetic, ferroelastic) order parameters.  In addition, some multi-

ferroic materials have a coupling between two or more order parameters: such as between 

magnetization and polarization, which generates a new tensor property known as magnetoelectricity. 

Magnetoelectric (ME) materials have the capability to induce electric polarization changes by 

application of magnetic field, and/or to induce magnetization changes by an applied electric field. 

For example, if one could put a ferromagnetic material together with BTO, such as BTO nanorods 
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embedded in a magnetostrictive matrix, one could expect a significant enhancement in the ME 

coupling, which might enable a robust control of magnetic behavior by an applied electric field.  

Achievement of such magnetization control by electric field with high efficiency is one of 

the important goals for the research community; this is because it might have important potential for 

making practical spintronic applications. Currently, most multiferroic nanostructures are prepared 

based on a thin film structure. A single crystal substrate can help grow epitaxial BTO and ferrites 

thin film in both layer-by-layer sandwich structures and column-embedded-in-matrix structures. 

There are several methods by which to grow these thin films, such as: pulsed laser deposition, 

molecular beam epitaxy and chemical vapor deposition. All of them have some disadvantages 

because of the limitation of the vapor deposition method. For example: (1) the equipment is very 

expensive; (2) low yield and complex procedure restrict commercialization of the methods; (3) the 

substrate limits the magnetostrictive layer shape change, decreasing the ME coefficient.  To 

overcome the above disadvantages and to create new types of nanocomposite with controllable 

shape changes are the main motivations for this thesis.   

Furthermore, based on the above discussions, we know that magnetostrictive materials 

generate an induced strain under an applied magnetic field, which can be transferred by an elastic 

coupling to a piezoelectric phase. Elastic strain at the interphase interfaces is the bridge to realize 

this phenomenon. Large interphase interfacial areas can introduce a strong elastic interaction 

between the two phases to better transfer the elastic strain. To create a composite with large 

interfacial areas and enhance the ME coupling are other motivations for this thesis. Because some 

magnetic metals can yield larger magnetostritions than oxide and at the same time potentially 

enhance the fracture toughness of ceramic matrix by introducing metals, it will be very meaningful 

to study interphase interfacial phenomena for metal-BTO composites. 
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To achieve these goals, I have developing a solid state reaction method in this thesis: 

fabricating BTO-ferrites nanocomposites, BTO-metal nanocomposites, and working on understand 

the interaction between these two phases with the aim of optimizing the ME performance. 

Specifically, the goals of my dissertation were: 

• Synthesize BTO-ferrite nanocomposites, via a shape controllable solid state reaction. 

• Synthesize BTO-metal phases that coexist in a hybrid single grain nanocomposite. 

• Understand the interaction between BTO and metal, in these nanocomposites. 

• Study the BTO-based ME devices and other applications. 



22 
 

 

CHAPTER 2 EXPERIMENTAL METHODS 

Here, I will introduce three main experimental methods that I used in sample preparation. 

These are solid state reaction pulsed laser deposition and sol-gel process. I will also provide an 

overview of various characterization experiments including details of experimental methods from 

phase characterization to property testing methods. 

 

2.1 Solid state reaction  

A solid state reaction is a chemical reaction in which solvents are not used. There are several 

advantages of solid state reactions throughout many industries; for instance, the elimination of 

solvents means that products will cost less. Materials produced by solid state reaction thus bypass 

complicated purification processes. Eliminating the solvent from the reaction also means that a solid 

state reaction yields more products (i.e., higher yields) than other types of reactions. Solid state 

reactions are also more environmentally friendly: as many solvent include organic solutions, which 

need to be subsequently disposed [24]. 

 

2.2 Pulsed leaser deposition  

Pulsed laser deposition (PLD) is a thin film deposition method that employs a pulsing laser 

to generate a vapor phase which subsequently deposits on a substrate at the end of the vapor plume. 

The method uses a high power pulsed laser beam focused on a target of a desired composition in a 

vacuum chamber. Material from the target is then vaporized and deposited as a thin film on a 

substrate. Figure 2.1 shows a schematic of a PLD system. For example, in our case, a BTO target 

was hit by a pulsed laser which then deposited a BTO film on an oriented SrTiO3 single crystal that 
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faced the target. Because the energy density of the laser on the surface of the target is very high, 

e.g.:5J/cm2, all elements in the target are evaporated simultaneously, and subsequently deposited on 

top of the substrate. There are many parameters that can affect the deposition process, such as: the 

distance between the target and the substrate, deposition temperature, oxygen pressure, the energy of 

the laser and many others. 

PLD is often used to epitaxial grow thin films on top of a single crystal substrate, when the 

lattice mismatch between film and substrate is lower than 7%, which make it possible to use 

different substrates to adjust the strain of thin film. There are several important parameters that can 

affect the final thin films in a PLD process [25]. These parameters include the use of deposition 

time, deposition temperature, and deposition pressure, and laser energy to adjust the thin film 

quality and thickness; the use of different oriented substrates to change the orientation of film; the 

use of different single crystal substrates to control the strain inside film. These parameters are 

advantages of PLD process. On the other hand, the disadvantage of PLD is the limitation of the 

deposition area and it is expensive. 
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Figure 2-1 A configuration of PLD system 
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2.3 Sol-gel process 

Both sol and gel are colloids, which are typical nanomaterials which are defined as a 

substance with components of one or two phases with particles between 1 and 1000 nanometers in 

diameter. Because sol has very small size, it is presently one kind of good material for building 

different nanostructures. Colloids have a very big family including sols, gels, foams, etc.  

The working principle of sol-gel method is a chemical reaction of compounds in the 

precursors. The liquid phases of these raw materials are mixed and hydrolyzed to form a stable sol 

system. Sol can slowly be aging and aggregation, and forming the three dimensional structure: gel.  

The whole chemical reaction can be described as following three steps: 

M(OR)n ＋ H2O → M (OH) x (OR) n－x ＋ xROH                                (2.1) －M－OH ＋ HO－M－ → －M－O－M－＋H2O                                (2.2) －M－OR ＋ HO－M－ → －M－O－M－＋ROH                                (2.3) 

Where M means metal element and HO- is hydroxyl group and R is other organic group. 

Figure 2.2 shows some productions that can be prepared by sol-gel technologies. The sol-gel 

product can be found widely in the glass, ceramic, film, fiber, and other important materials 

fields[26]. 

In this study, BTO sol is made as thin film on flat substrates via spin coating procedure. The 

spin coating is placed on excess amount of a solution on the substrate, which is then rotated at high 

speed in order to spread the fluid by centrifugal force. The thickness of the film can be determined 

by the speed of spinning.  
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Figure 2-2 A schematic diagram of sol-gel process 



27 
 

 

2.4  Microscopy 

To obverse the nanostructure of my materials, I have used three types of high resolution 

microcopy which have different working principles. These are scanning electron microscope (SEM), 

transmission electron microscope (TEM), and atom force microscope (AFM).  

The scanning electron microscope uses a high-energy beam of electrons to scan across the 

surface of a sample. When the electrons interact with the surface atoms of the sample, signals are 

produced including those from electrons emitted from the sample, which contain information about 

the sample's surface topography and local elemental ratio.  

Unlike SEM, transmission electron microscopy or TEM uses a beam of electrons that is 

transmitted through ultra-thin specimens. The electron beam interacts with the specimen as it passes 

through it. An image is formed from the transmitted electrons on a CCD array detector. Areas that 

are thick will appear as dark on the array. Obtaining high quality TEM images is dependent on ultra-

thin specimen, thus ion beam milling and focus ion beam lift out of small regions of a sample are 

necessary.   

The atomic force microscope or AFM is a type of high-resolution scanning probe 

microscopy. An AFM is a great tool for imaging, measuring, and manipulating matter at the 

nanoscale. Information is gathered by "feeling" the surface with a mechanical probe. Based on a 

similar working principle, one can measure the magnetic or piezoelectric response, via changing to a 

tip that is sensitive to different forces. 
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Figure 2-3 Structures of TEM and SEM 
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2.5  X-Ray diffraction 

X-ray diffraction (XRD) is a technique used to reveal detailed information about the 

crystallographic structure of materials. Crystallography has shown that atoms are periodically 

arranged in three-dimensional patterns. Thus, they form a series of parallel planes separated from 

one another by a distance, where the distance varies according to the nature of the material. When a 

monochromatic X-ray beam of wavelength lambda is projected onto a crystalline material at an 

angle theta or 2θ, diffraction occurs only when the distance traveled by the rays reflected from 

successive planes differs by an integer number of wavelengths. By varying the angle 2θ, the Bragg's 

Law conditions can be satisfied by different d-spacings in polycrystalline materials. Plotting the 

angular positions and intensities of the resultant diffracted peaks of radiation produces a pattern, 

which is characteristic of the sample. Based on the principle of X-ray diffraction, a wealth of 

structural, physical, and chemical information about a material can be obtained. 

The XRD system used in this dissertation was a Philips X’pert high-resolution system 

equipped with a two-bounce hybrid monochromator and an open three-circle Eulerian cradle. The x-

ray unit was operated at 45kV and 40mA with a wavelength of 1.5406Å (CuKα) and the analyzer 

was a Ge (220) cut crystal with a 2θ-resolution of 0.0068°. During measurement, the sample can be 

tilted (Ψ) by ±90° or rotated (Φ) by 360° to find the corresponding crystal faces. The lattice 

parameters of the sample can then be calculated as follows Braggs’ law: 

nλ=2dsinθ      (2.4) 
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Figure 2-4 Configuration of XRD 
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2.6  Electric and magnetic properties measurements 

The system used to measure the polarization of the film is shown in Figure 2.5 base on a 

standard Sawyer-Tower measurement. A signal generator with a 100x amplifier was contacted both 

to the thin films and to a reference capacitor. The capacitance of the reference capacitor was about 

100x larger than that of the thin films. The voltage signal on the thin films Vfilm was measured in 

channel 1 in the oscilloscope, because of Zref<<Zfilm. Channel 2 is the voltage signal of reference, 

Vref. Based on the relationship between charge and voltage, Q=C*V and Qfilm=Qref, Q, the charge of 

the film can be derived from this equation:  

 Qfilm=Cref* Vref                                                                (2.5) 

The polarization is the relationship between Qfilm and Vfilm, which is the hysteresis. 

A Vibrating Sample Magnetometer (VSM) was used to measure the magnetic properties of 

the films. When a film is placed in a homogenous magnetic field, a magnetic moment is induced in 

the sample. If this sample is made to undergo sinusoidal motion (i.e. mechanically vibrated), the 

vibration induces a magnetic flux change. This in turn induces a voltage in the pick-up coils. The 

magnetic moment determined by the VSM is related to the magnetization of the sample, its 

susceptibility. Fig.2.6 shows a typical VSM.  

Another device can be used to measure magnetic property is a superconducting Quantum 

Interference Device (SQUID) magnetometer. SQUID is a very sensitive probe to magnetic flux, with 

a resolution at about 10-15 Tesla. It uses superconducting loops containing Josephson junctions to 

detect the magnetization of the sample. SQUID can measure the material at temperature between 4K 

and room temperature. The ferromagnetic materials, the M-H response is also hysteretic. 
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Figure 2-5 (a) Schematic illustration of polarization measurement circuit, and (b) a picture of 
measurement system 
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Figure 2-6 Schematic diagram of VSM system 
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CHAPTER 3 BTO-FERRITES COMPOSITES 

This study will focus on preparing BTO based nanomaterials with various dimensional inter 

connectivity and multi-phase couples: starting from 0-dimension or 0-3 nanoparticles embedded in a 

matrix, to 1-dimension nanorods embedded in a matrix with a 1-3 phase connectivity, to 2-

dimension thin layers deposited in a sandwich structure or a 2-2 phase connectivity: including BTO-

CFO-CNT coaxial nanorods, BTO-MZF, and BTO-CFO nanocomposites, BTO-metal 

nanocomposites, and Au-seeded BTO thin films.  

 

3.1 BTO-CFO coaxial nanorods 

3.1.1 Introduction 

Because of their excellent dielectric and ferroelectric properties, BaTiO3 (BTO) 

nanomaterials have recently attracted a great deal of interests. Examples include single phase 

BaTiO3 epitaxial thin films deposited on various substrates to improve their piezoelectric properties.  

If I integrate BaTiO3 nanoparticles/films with a magnetic phase, such as CoFe2O4 (CFO) or NiFe2O4 

(NFO), then I engineer nanocomposites with a product tensor property of magnetoelectricity. In 

recent years, there have been a number of investigations of two phases multiferroic materials in both 

multilayer and self-assembled nanocomposite thin layer films, an important goal in both cases was 

to achieve higher ME coupling. In order to effectively transfer strain from one phase to another, it 

was found necessary to have high interphase interface areas.  

Because of their unique one-dimensional electronic structure, large surface area, good 

chemical and thermal stability and excellent mechanical properties[27], carbon nanotubes offer a 

potential means by which to support BTO, CFO or other multiferroic phases or oxides as coatings. 
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If one could coat vertically-aligned carbon nanotubes (VACNTs) with such multiferroic oxides, then 

regular two-dimensional thin film structures might be conformably transferred into a three-

dimension nanorod structure[28]. Accordingly, two phase composites with large interphase 

interfacial structure could be created. In this study, I reported the use of VACNTs as a positive 

template by which to coat CoFe2O4 and BaTiO3 layers by pulsed laser deposition (PLD)[29].  

 

3.1.2 Experiment  

Aligned carbon nanotubes (CNTs) arrays were purchased from the Institute of Physics, CAS, 

China.  The nanotubes were grown by chemical vapor deposition (CVD), via Fe nanoparticles as 

catalyst. A pulsed laser deposition system was used to coat the CNT array with CFO and BTO. The 

outer shells were deposited by a KrF laser wavelength of 248 nm (Lambda 305i). A laser spot of 

3mm2 in size and 1.2J/cm2 in energy density was rastered at a frequency of 10Hz on stoichiometric 

target surfaces. The distance between the substrate and target was 8cm, and the base vacuum of the 

chamber was 10−5 Torr. During deposition, the CNTs were first coaxially coated with CFO under a 

10-5 Torr oxygen pressure for 6000 pulses: such low pressures were used to prevent the CNTs from 

oxidizing. Subsequently, the CNTs were coated by BTO under oxygen pressures of between 10 and 

100mTorr using a variable numbers of pulse. The deposition temperature was also varied from 

650°C to 900°C.  

Scanning electron microscopy (SEM) images were obtained using a LEO (Zeiss, Peabody, 

MA) 1550 high-performance Schottky field-emission SEM. A Philips EM420 scanning transmission 

electron microscope (TEM) was used to obtain TEM images. Phase identification was determined 

by x-ray diffraction using a Philips MPD system (Andover, MA). The electrical resistance was 

measured by an Agilent 4294A impedance analyzer (Santa Clara, CA). 
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3.1.3 Results  

Figures 3.1(a) and (b) show both SEM and TEM images for a typical CNT-CFO-BTO 

coaxial nanorod, respectively.  From the TEM image I can identify each layer and its thickness. The 

diameter of the CNT was ~70nm; and the thicknesses of the CFO and BTO layers were ~60nm each. 

Since the plasma first reached the tip of the tubes, the upper side of each coaxial nanotube was 

slightly larger than other parts: one potential solution is to use a rotatable substrate holder in the 

deposition process and increase the space between two CNTs in the array.  

Here, I focused on the outer BTO layer as a representative study by which to determine how 

multiplies parameters affect the oxide layer. Since BTO is a typical and common-used oxide, these 

conclusions can apply to other oxides including CFO: although the detail experiment parameters 

may vary. The deposition conditions were found to notably affect the topography of the coaxial 

tubes. At low temperature and low oxygen partial pressure, the nanorods had very smooth surfaces 

(see Fig.3.2a).  After increasing the oxygen partial pressure from 10mTorr to 100mTorr, while 

keeping other conditions constant, the diameter of the nanorods increased notably to larger than 

200nm; however, the surfaces became more rough (see Fig.3.2b). If I continued to increase the 

deposition temperature to 700°C (Fig.3.2c), the only difference I observed was that the surface 

roughness further increased (see Fig.3.2 inserts). Other experiments have also shown that 

temperature and oxygen partial pressure play a very important role during PLD deposition, however 

what types of experimental parameters that should be chosen really depends on applications and 

needs.  
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Figure 3-1  (a) SEM and (b) TEM images of our coaxial CNT-CFO-BTO nanorod composite.  
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Figure 3-2 SEM images of samples coated under different oxygen pressures and deposition 

temperatures：：：：(a)650°C and 10mTorr oxygen; (b) 650°C and 100mTorr oxygen; (c) 700°C 

and 100mTorr oxygen; and (d) 900°C and 100mTorr oxygen.  Insets are high magnification 
images of surface details.  
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Continued increase of the deposition temperature to 900°C resulted in notable changes in 

surface topography. BTO formed nanobelts of about 100nm in width that covered the CNTs 

(Fig.3.3a).  Figure 3.3b shows a XRD pattern obtained from the sample shown in part (a): This 

confirms that BTO, CFO and carbon phases coexisted. In Figure 3.3c, for frequencies below 10kHz, 

the real component of the resistance R can be seen to be much larger than the imaginary one X: i.e., 

the coaxial nanotubes appear as an ideal resistance. However, with increasing frequency in the range 

of 10k <f<50kHz, the value of X increased relative to R, reaching a maximum value near 40kHz. In 

this case, the coaxial nanotubes appear near-completely hysteric: i.e., limited real component R, 

relative to the imaginary one X or loss.  

The above samples all had BTO shells deposited using 6000 pulses: i.e., I kept this 

deposition condition as constant. I then tried to understand how the laser deposition pulse numbers 

affected the structure at a constant temperature of 700°C and a constant oxygen partial pressure of 

100mTorr. I increased the laser pulse numbers (i.e., prolonged deposition time at same frequency) to 

12000 pulses and then to 24000. In this case, I found that the thickness of the BTO coating layer 

increased, 24000 pulses are enough such as to fill the space between CNTs.  Figure 3.4 shows the 

evolution with deposition time following this procedure. I can see from the initial case of aligned 

CNTs (see Fig.3.4a), to CNTs-CFO-BTO coaxial rods (see Fig.3.4b) using 12000 pulses, and finally 

to CNTs within a BTO matrix (see Fig.3.4c) using 24000 pulses. Unfortunately, for thick coatings, 

the CNTs no longer remained aligned. Schematics of corresponding nanostructures are shown in the 

insets of Figs.3.4a, b, and c. TEM images obtained from a pure CNT and a thick coated CNT are 

given in Figs.3.4d and e. These images clearly show after coating that the thickness of the tube was 

increased, and that the surface becomes roughened. I also observed in Fig.3.4e, that the coating was 

polycrystalline.   
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Figure 3-3 Structure and properties of coaxial nanorods deposited at 900°C: (a) SEM image; 
(b) XRD pattern; and (c) frequency dependent resistance (R-X) curve. 
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Figure 3-4 SEM images of (a) pure aligned CNTs arrays; (b) CNT-CFO-BTO coaxial rods 
(12000 deposition pulses); (c) CNT-CFO-BTO composite fabricated at longer deposition time 
(24000 pulses): the insets in (a)-(c) show schematic illustrations of the nanostructure; and (d 
and e) are TEM images of a pure CNT nanotube and a CNT-CFO-BTO coaxial rod (taken 
from specimen in (c) via ultrasonic dispersion in ethanol), respectively. 
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3.1.4 Summary 

 I have successfully fabricated CNTs-CFO-BTO coaxial nanorod arrays, via PLD. The 

deposition conditions (oxygen pressure and deposition temperature) were found to affect the 

topography of the nanorod arrays considerably. Higher deposition temperatures and oxygen rich 

atmospheres improved the BTO crystallization, but made the surface non-smooth. Longer 

deposition times (i.e., more laser pulses) filled the spaces between rods in the array, forming a BTO 

matrix with embedded CNTs-CFO fibers: a classical 1-3 composite structure[30]. 

 

3.2 Hybrid two-phase single crystallite grains BTO-ferrites 

3.2.1 Introduction 

Multi-functionality in composites requires the bringing together of two or more materials 

with dissimilar structures[31]. This is done in order to achieve the optimization of two or more 

independent properties: for example, magnetization and polarization in magnetostrictive/ 

piezoelectric composites. Composites of dissimilar functionalities can have unique product tensor 

properties, which neither phase possesses individually: for example, magnetoelectricity.  

Magnetoelectric or ME composites of various length scales have been reported to be 

fabricated by various physical and chemical methods. ME particulate composites were originally 

synthesized by unidirectional solidification of an eutectic composition in the quinary system Fe-Co-

Ti-Ba-O. Unidirectional solidification results in the decomposition of the eutectic liquid (L) into 

alternate layers of constituent phases. Subsequently, eutectic compositions of BaTiO3-CoFe2O4 

(BTO–CFO) were prepared by unidirectional solidification[14].  Unfortunately, unidirectional 

solidification has several disadvantages including (i) limitation of material systems; (ii) difficulty in 

control of the oxygen stoichiometry; and (iii) processing temperature and time. Recently, Islam et al. 
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have synthesized particulate composites in eutectic systems by combining controlled precipitation 

with conventional mixed oxide sintering.  

ME composites have also been fabricated by PLD and physical vapor (PVD) deposition. 

Epitaxial thin film nanostructured composites of ferromagnetic and piezoelectric oxides have been 

reported with various geometric arrangements of phases. These include (i) self-assembled two-phase 

nanocomposites consisting of magnetostrictive CoFe2O4 (CFO) nanorods in a BaTiO3 (BTO) matrix 

grown on SrTiO3 (STO) substrates: a single layer approach[32]; and (ii) epitaxial heterostructures 

consisting of CFO thin-layers grown on PZT ones[33], which were previously grown on STO 

substrates: a layer-by-layer approach with a sandwich structure[34]. However, vapor deposition 

methods of epitaxial composites have obvious disadvantages: complex synthesis process, high cost, 

and limited quantity of yields. Thin film deposition for heterogeneous components is complex due 

to differences in the nucleation and growth rates of the individual phases. A low cost method, sol-

gel, has been used to prepare metal oxide nanostructures. Xie et al. have made magnetostrictive 

ferrite / perovskite ferroelectric ME nanocomposites, even as nanowires, via electrospinning [35]. A 

concern with these processes is the use of organometallic precursors which requires sophisticated 

handling and will present environmental concerns. 

An interesting approach would be to synthesize two-phase (ferrite-perovskite) nanoparticles 

by solid state reactions[36]. Such self-assembled ‘nanocrystals’ would offer the ME “building 

blocks” at the nanoscale which could then be assembled into a conformal geometry: the ME 

properties of the “building block” could simply be modulated by changing the geometrical shape of 

nanoparticles, since the exchange between magnetostrictive and piezoelectric phases is mediated via 

their strictions. This guiding thought is the motivation behind this study. Here, I demonstrate a 

shape controllable solid-state reaction based synthesis method to prepare two phase BaTiO3-
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Mn0.5Zn0.5Fe2O4 (BTO-MZF) composites within individual single grains. The MZF which I use here 

has the same crystal structure as CFO which was I discussed above, the only difference is the 

octahedral and tetrahedron voids are filled by Mn and Zn atoms, rather than Co. Here I used MZF 

instead of CFO, as it can be expected that Mn and Zn substituent will increase the resistance of 

spinel phase. The higher resistance will decrease leakage and improve the ability to induce 

polarization in the BTO phase under electric field.  Integration of these two phases into a single 

grain offers the opportunity of realizing ME composites through a bottom-up approach, via self-

assembling composite nanoparticles into desired architectures.  

 

3.2.2 Experiment 

Barium acetate, TiO2, MnO, ZnO, Fe2O3, NaCl and NP-30 (nonylphenyl ether) were mixed 

with corresponding ratios 4:4:1:1:2:120:20 for BTO-rich samples and 1:1:1:1:2:120:20 for MZF-

rich ones. Here, NaCl serves as a reaction media during solid state reaction. To prevent Mn and Zn 

loss during process, I batched the sample stoichiometry with extra MnO and ZnO (10% in weight). 

The mixture was milled (25 min), and sonicated (10 min) to make it uniform, then annealed at 

850°C for 5 hrs.  After cooling to room temperature, the powders were washed with distilled (DI) 

water, and a magnet was used to help separate the product from any remains reactors. The powders 

were dried in an oven overnight at 80oC. NP-30 was used as a nonionic surfactant to help with 

uniform mixing and NaCl is solid solution. The final compositions of the two phase materials 

corresponded to: (BaTiO3)2-Mn0.5Zn0.5Fe2O4 (designated here as B2M1) and BaTiO3- 

(Mn0.5Zn0.5Fe2O4)2 (designated here as B1M2). Pure MZF nanoparticles were found to have a cubic 

spinel structure (Fd3m) (see Fig.3.5b), whereas pure BTO nanoparticles exhibited cubic perovskite 

structure (see Fig.3.5h).  
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    Scanning electron microscopy (SEM) images and X-ray Energy Dispersive Spectrometer 

(EDS) data were obtained by using a LEO (Zeiss) 1550 high-performance Schottky field-emission 

SEM which has Oxford INCA Energy E2H X-ray Energy Dispersive Spectrometer system with 

Silicon Drifted detector. The two phase equilibrium of the particles was first confirmed to be spinel-

perovskite by x-ray diffraction using a Philips MPD system. Next, the composition was determined 

using a PHI Quantera SXM scanning photo electron spectrometer. A Philips EM420 Scanning 

Transmission Electron Microscope (TEM) was used to obtain bright- and dark-field images, and 

electron diffraction patterns. A FEI Titan 300 high-resolution transmission electron microscope was 

used to obtain lattice images. 

 

3.2.3 Results  

In Figure 3.5, I show grain morphologies for (a, b) pure MZF; (c, d) B1M2; (e, f) B2M1; and 

(g, h) pure BTO. These images were taken by scanning electron microscopy (SEM). The grains of 

BTO-rich samples had a rod-like morphology with a high aspect ratio and were approximately 

200nm in diameter, whereas the grains of the MZF-rich samples were octahedral-like and also 

approximately 200nm in size. Both nanorods and nanoparticles had smooth surfaces as can be seen 

in Fig. 3.5. The images in the left column of Fig.3.5 were taken at low magnification and illustrate 

the ability to make such nanoparticles in larger quantities by solid state reaction. The images in the 

right column were obtained under much higher magnification and better illustrate how the grain 

geometries varied with change in composition. The grains of B1M2 had eight faces on each 

hemisphere, whereas that of pure MZF had only four: as illustrated in the insets of Figs. 3.5b & d. 

The cross-sections of the BTO nanorods were smooth and hemispherical, similar to that previously 

reported by Mao et al., whereas that for B2M1 was octahedral: as schematically illustrated in the 
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inserts of Figs.3.5f and h. Clearly, introduction of MZF into BTO changes the cross-sectional 

geometry, and alters the nanoparticles and nanorods’ facets.  

Little information is available on the phase diagrams for perovskite BaTiO3 – 

magnetostrictive spinel binary systems. Kramer et al. reported that NiFe2O4-BaTiO3 (NFO-BTO) 

was not a pseudo-binary system, but rather showed a minima in the liquidus curve near 1350˚C for 

47-48%NFO. Later, Boomgaard et al. reported the presence of an eutectic in this system. In both 

cases, the samples were sintered below the liquidus in the range of 1000-1350˚C for fairly long time 

(>24 hrs), and showed the presence of only spinel and perovskite phases. Based on these results, it is 

plausible that the analogous ternary system BaTiO3 – MnFe2O4 – ZnFe2O4 or BTO-MZF has a finite 

solid solubility. In that case, thermal process conducted at high temperatures and subsequent cooling 

could result in the formation of 2nd phase precipitates within a single grain matrix. In the early 

stages of this process, the precipitates are fully coherent (G. P. zone), adopting the grain geometry of 

the matrix phase. The equilibrium geometry of a two-phase grain will be controlled by minimization 

of the surface energy of the particle and the relaxation of elastic strain generated by the inclusion of 

a second phase particle (with different lattice parameters) within a primary phase matrix.  
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Figure 3-5 Scanning electron microscopy (SEM) images of (a, b) pure MZF nanoparticles, (c, 
d) BTO1-MZF2 nanoparticles, (e, f) BTO2-MZF1 nanorods and (g, h) pure BTO nanorods. 
The inserts show schematics of the particle structures (b & d) and the cross sectional 
geometries of the rods in images (f & h). (i) The XRD pattern measured from B1M2.  
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   The atomic ratios were then determined by EDX. The elemental ratios of Ti: Fe were close 

to 1:4 for B1M2, and close to 1:1  for B2M1which confirm that the two phase compositions of our 

samples are quite close to the cation stoichiometry that I had proportioned during solution 

processing. Other elements ratios such as Ba: Ti and Mn: Zn: Fe are close to designed stoichiometry 

(Table 3.1). The minor changes in chemistry could also be related to defects at the surfaces or loss 

during processing.  

Table 3-1 EDS element ratio from two nanocomposites 

atomic% O Ti Mn Fe Zn Ba 

 B2M1 55.14 13.16 3.23 12.37 3.19 12.91 

B1M2 57.35 5.19 5.41 21.59 5.34 5.12 

 

Figure 3.6 shows XPS spectrums for (a) B1M2, and (b) B2M1. By comparing these three 

XPS spectra, I can see that the intensity of the Fe-O bond at 531.4eV increased notably with 

increasing concentration of MZF: for pure BTO, no such peak was found (data not shown). Please 

note that the peak positions shifted slightly towards higher binding energies for the nanorod type 

geometry, possibly because rods require more surface area than particles, and hence the 

coordination might be expected to be different for these two cases. I next obtained XPS spectra of Ti 

for BTO, B2M1 and B1M2 as shown in Fig. 3.6c. All three samples yielded similar spectra. No 

additional peaks were found and the bond energy of Ti 2p1/2 and 2p3/2 shifted only slightly 

towards lower energy with increasing Fe content. These results show that Ti has nearly the same 

chemical environment in the BaTiO3 phase of all three samples, and that the Ti-O bond is only 

slightly weakened by being placed in an environment rich in a 2nd phase containing a high 

concentration of Fe-O bonds.  
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Figure 3-6 XPS spectrums of O1s on (a) B1M2 spinel particles (b) B2M1 nanorods and (c) 
Ti2p scan on three samples. Here BTO (BaTiO3) used as control sample. 

 



50 
 

 

Next, I performed elemental mapping of Fe and Ti, in order to prove that the B2M1 and 

B1M2 particles contained both Ti and Fe. Figs. 3.7a and b show Fe- and Ti-contrasts for B2M1 rods 

respectively. Both elements can be seen to be well-distributed across the entire rod. Similar results 

were found for B1M2 sample (Fig.3.7c & d). These results indicate that individual B2M1 and 

B1M2 particles consist of both spinel and perovskite phases distributed within there. 

To confirm that two phases coexist within a single grain, I performed transmission electron 

microscopy (TEM) investigations, as shown in Figure 3.8. Part (a) shows a bright-field image. This 

image identifies a region containing a single nanorod. The insert shows selected area electron 

diffraction (SAED) pattern obtained from this nanorod. Part (b) of this figure shows as an 

enlargement of the SAED pattern. Two sets of reflections can be seen, as identified by red (or A) 

and white (or B) parallel spots. I then obtained dark-field images from both sets of reflections. Parts 

(c) and (d) show dark-field images obtained from spots A and B, respectively. A dark-field image 

for a perfect single crystal would be entirely dark or entirely bright; however, our images revealed 

dark-white fringes. There are three possible causes for such fringing, which are (i) different crystal 

structures, reflecting a distribution of two phases within a nanorod; (ii) a thickness difference from 

the center to the edges of the nanorods; and (iii) atomic density fluctuations across the sample. 
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Figure 3-7 (a) Fe element map and (b) Ti element map of B2M1 sample. (c) Fe element map 
and (d) Ti element map of B1M2 sample. Insert in (a) and (c) are SEM images of element 
analysis focused area.  
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Figure 3-8  (a) Bright-field TEM image of a single nanorod, where the insert is a SAED of this 
rod. (b) Enlargement of the center portion of the SAED pattern given in the inset of (a), where 
two different types of reflections are designated as M and B. (c) Dark-field TEM image taken 
from spot M. (d) Dark-field TEM image taken from spot B.  
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I next obtained high-resolution TEM images, which demonstrated a two phase distribution 

within our nanorod, as shown in Figure 3.9. Part (a) of this figure shows a HRTEM image taken at a 

lower magnification. Contrast, indicative of the co-existence of two phases, can be seen. I obtained a 

power spectrum from the Fourier transform of the area boxed-off in this lattice image, as shown in 

Figure 3.9(b). The power spectrum clearly reveals the presence of two sets of reflections, similar to 

that observed in the SAED pattern of Figure 3.8. A HRTEM image was then taken at a higher 

magnification, as shown in Figure 3.9(c). At this higher magnification, I can see two regions, 

separated by a buffer zone, approximately 1nm in thickness, as marked in the figure. A BTO phase 

region is identified whose inter-planar spacing was smaller than that of a MZF one. The lattice 

planes of the two phases were coherent, but yet in part elastically relaxed by the buffer zone. I 

obtained power spectrums from both the BTO and MZF phase regions of the lattice image, as shown 

in the inserts of Fig.3.9c. Unlike that in Figure 3.9(b), these spectra each contained a single set of 

reflections, demonstrating that they were single phase BTO and MZF regions.  
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Figure 3-9   (a) High resolution TEM image of our BTO2-MZF1 nanorod; (b) power spectrum 
taken from a selected area of lattice image given in (a); and (c) lattice image of higher 
resolution, demonstrating a buffer zone between phases, where the insets show power 
spectrums taken from the BTO and MZF areas, respectively. 
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A natural question to ask is how could two phases with dissimilar structures grow as a single 

crystal? First, the lattice parameters of these two materials are relatively close: only a 5% mismatch 

(i.e., (0.843-2*0.403)/0.843=0.044). During phase separation, this strain could be accommodated by 

creating misfit dislocations on one side of interphase interfaces. Figure 3.10a indeed shows regions 

of dislocation within the nanorods that were observed in bright-field image, as marked. From the 

HRTEM image in Fig.3.10b, I found that dislocations were confined within the BTO phase. From 

the SAED pattern in Figure 6c, which was obtained from Fig. 3.10b, I found two sets of similar 

reflections that were slightly tilted with respect to each other. Seemingly, additional misfit 

dislocations adjust the crystal lattice planes within the BTO matrix phase, relaxing the internal 

elastic energy. I found similar dislocations in the HRTEM images for MZF-rich B1M2, and only 

discuss the B2M1 nanorods as a representative example. Second, the elastic energy generated by 

this modest lattice mismatch between phases can also be relaxed by the buffer zones (see Fig.3.9c) 

which have the orientation relationships (001) MZF // (001) BTO or (100) MZF // (100) BTO.  

After measuring the M-H loops of BTO-MZF nanoparticles, I can the magnetization is different due 

to the different MZF amount in each samples (Fig.3.11), the remnant magnetization of B1M2 is 

about 7.5 emu/g and that of B2M1 is about 6 emu/g. The coercive field also decreased.  
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Figure 3-10 (a) Bright-field TEM image of a B2M1 nanorod shows the presence of a large 
growth dislocation. (b) High resolution TEM image of a dislocation area, please note that this 
dislocation was in the BTO matrix. (c) SAED pattern taken from image (b).   
 

 

Figure 3-11 Magnetic hysteresis loops measured from B1M2 and B2M1 samples, respectively. 
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3.2.4 Summary 

Our results demonstrate that BTO and MZF phases coexist within one grain: i.e., the grain is 

a single crystal self-assembling nanocomposite. Please note that formation occurs by a solid state 

growth mechanism, which is amendable to growing larger crystals and/or large quantities of 

material. Self-assembly may be driven by the minimization of internal elastic strain energy 

generated by crystal lattice mismatch between ferrite and perovskite phases. Minimization of this 

energy can be reached by particular phase distributions along certain crystallographic orientations 

that achieve elastic accommodation, and by lattice relaxations introduced by dislocations or buffer 

zones that achieve partial incoherency. Our further work is to measure the magnetic property, 

piezoelectric property and ME coefficient from these nanocomposite. 

 

3.3 Phases distribution of BTO-MZF nanocomposite 

Shape and grain morphology controllable nanocomposites offer a unique approach to the 

design of nanostructures. Besides controlling the nano-scale geometries by changing the chemical 

prescription, I have also controlled it via introducing different oriented substrates. Here, I choose the 

BTO-rich prescription and SrTiO3 (STO) single crystal substrates for different orientations, simply 

as a demonstration. The experimental process was quite similar to that described above: after mixing 

the starting materials uniformly, they were annealed at 850°C for 2hrs on STO single crystal 

substrates: (001), (011) and (111) oriented substrates were used.  A short time ultrasonic cleaning 

process was used to remove the residual reactors.  
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3.3.1 Introduction 

Nanomaterials are a rapidly developing area of research, with novel physical and chemical 

properties that are different from their corresponding bulk crystals[37]. An important topic in this 

field is the class of engineered nanocomposites where two phases coexist with controlled phase 

distribution at the nanometer level. These two-phase composites can result in unique product tensor 

properties that neither of the phases individually shows. Such phenomena are novel means to 

engineer multifunctionality in composite materials comprising two or more well-known compounds 

with various properties [38]. An important goal of our research is to develop unique multifunctional 

materials with advanced properties where the phase distribution is controlled in size, shape, and 

location with nanometer precision.  

To build a nanostructure, there are two different approaches: top-down and bottom-up. The top-

down is simply to “cut big into small,” for example, by micro-machining; whereas, the bottom-up is 

to “assemble tiny into larger,” for example, by colloidal self-assembly. Epitaxial film growth is a 

typical bottom-up approach. Further, there are two different nucleation approaches that can be used 

to control the microstructural evolution in a two-phase epitaxial thin film. Using different wetting 

conditions of a material on a substrate, one can achieve either “layer by layer films” or “island 

growth.” Zheng et al. have reported self-assembling multiferroic thin films by pulsed laser 

deposition (PLD) which is a type of “island self-assembly” approach using thermodynamically 

driven decomposition[39]. Three-dimensional island growth can also occur from the two-

dimensional epitaxial film through Stranski-Krastanow mechanism. 

As a typical example of an “island growth” film, two-phase epitaxial thin films have been 

made by an island growth process using PLD. Initially, a poorly crystallized mixed layer consisting 

of cations of both phases was deposited from the plasma onto a substrate. On cooling, phase 
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separation occurred from the mixture, forming nanorods of various morphologies buried into a 

second phase matrix. These nanocomposites consisted of a perovskite phase embedded in a spinel 

matrix, or vice versa a spinel phase embedded in a perovskite matrix. The perovskite and spinel 

phases are piezoelectric and magnetostrictive, respectively.   

Integration of magnetostrictive and piezoelectric phases results in realization of a 

magnetoelectric (ME) exchange that neither phase possesses individually. On the nanoscale, ME 

coupling is generated by the transfer of strain from one phase to another, via lattice matching. 

Accordingly, a larger interface area/volume ratio, and a better lattice registry at the interface, should 

help transfer strain from one phase to another more efficiently, and thus increase the ME coupling 

coefficient. This increase has importance to potential performance of device: e.g. the sensitivity of 

ME sensors.  

In this study, I have synthesized a new type of self-assembled piezoelectric perovskite and 

magnetic spinel based nanocomposite, via solid state reaction technique. I selected BaTiO3 (BTO) 

and Mn0.5Zn0.5Fe2O4 (MZF) as the perovskite and spinel phases, respectively. Our two-phase 

composites were single grain particles that were approximately 200nm in size. The particles had 

extra facets compared to single-phase BTO or MZF ones, where the two phases self-assemble into 

periodical alternate layers of approximately 5nm in thickness. This self-assembly of two phases in 

our new nanocomposites has a well-developed orientation relationship, both between the phases 

themselves and with the substrate. Compared with thin layers prepared by vapor phase deposition 

methods and those methods based on solution processes which employed, in most cases, extremely 

toxic and unstable organometallic precursors, our solid state reaction has some advantages, such as 

being inexpensive, environment friendly and potentially of much higher yield.  
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3.3.2 Experiment 

Barium acetate, TiO2, MnO, ZnO, Fe2O3, NaCl and NP-30 (nonylphenyl ether) were mixed 

with corresponding ratios of 4:4:1:1:2:120:20, milled (25 min), and ultrasonically treated (10 min) 

to make the mixture uniform. NaCl was a reaction media and NP-30 was used as a nonionic 

surfactant to help with uniform mixing. The mixed powders were placed carefully on a SrTiO3 

(STO whose lattice parameter is 0.392nm) single crystal sliced for controlling the growth direction, 

or directly placed in a ceramic boat for free randomly accumulating rods. STO with three different 

orientations was used as the substrate: (001), (011) and (111). The mixture was annealed at 850°C 

for 2-5 hrs. After cooling to room temperature, the samples were washed with distilled (DI) water 

and dried in an oven overnight at 80°C. The final composition of the two phase materials 

corresponded to: (BaTiO3)2- Mn0.5Zn0.5Fe2O4, designated here as BM. I used MZF, as it can be 

expected that Mn and Zn substituent will increase the resistance of the spinel phase, relative to 

CoFe2O4. The higher resistance will decrease the leakage current, and improve the ability to induce 

polarization in the BTO phase under electric field.  Pure MZF nanoparticles had a cubic spinel 

structure (Fd3m), whereas pure BTO ones had a cubic perovskite structure.  

Scanning electron microscopy (SEM) images and energy dispersive spectrums (EDS) were 

obtained using a LEO (Zeiss) 1550 high-performance Schottky field-emission SEM. A FEI Helios 

600 NanoLab Focused ion beam SEM (FIB) was used to prepare and lift-out TEM samples. A 

Philips EM420 Scanning Transmission Electron Microscope (TEM) was used to obtain selected 

area electron diffraction (SAED) patterns, and a FEI Titan 300 high-resolution transmission electron 

microscope (HRTEM) was used to obtain lattice images and high-resolution energy dispersive 

spectrums. Atomic force (AFM) and magnetic force (MFM) microscopy images were obtained by a 

Veeco Dimension 3100 Nanoman AFM. 
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3.3.3 Results  

Growth of nanoparticles in a solid-state reaction on an oriented substrate is expected to occur 

by the formation of steps (due to atomic scale roughness on the substrate) which develops into 

facets through atomic rearrangements. The facets are defined by the anisotropy of the surface-

energy and can be predicted by Wulff construction. It is expected that the surface energy will 

change with orientation of the substrate due to variation in atomic arrangements. Thus, the resulting 

particle shape is polyhedral, composed of planes that minimize the surface and interfacial energies 

between the individual components and substrates and between the components. The interfacial 

energy between the components will be minimized if the particles exist as a single crystal, that is, if 

the two phases are epitaxial to each other across the interphase interfaces (lattice parameter for MZF 

is 0.834nm and BTO is 0.403nm). 

A variety of morphologies were found for nanoparticles grown on differently oriented 

substrates are shown in Figure 3.12. Compared with pure BTO or MZF, extra facets appeared for 

BM. On (111) substrates, the particle morphology was triangular, similar to BTO perovskite when 

viewed along [111] (Fig. 3.12a) with (100), (001) and (010) facets. However, in our BM sample, 

three extra facets appear on the particles that were not present on BTO grains. These are (101), 

(110) and (011) (Fig. 3.12b). In the larger BM particles, a seventh facet was also found along (111) 

as shown in Fig. 3.12c. On (011) substrates, three extra facets were also found, in addition to the 

regular BTO facets (Fig.3.12e): these are (01 ī), (0 ī 1) and (011) as shown Figs.3.12f-h. On (001) 

substrates, BM particles were again found to have three additional facets: these are (ī 12), (112) and 

(001) as shown in Figs.3.12j-l. Note that these additional facets are similar to those of MZF grains 

which have a pyramidal morphology with facets along (ī 01), (0 ī 1), (101) and (011). As can be 
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seen in Figure 1i, these extra facets change the pyramidal morphology to an octahedron one with 

increasing reaction time, as the extra facets became increasingly well formed.    
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Figure 3-12 SEM images of BM nanoparticle and single phase samples. Same row is on same 
oriented STO substrates and same column is in same reaction condition. Following is the 
detailed information of each image: (a, e) are pure BTO nanostructures on (111) and (011) 
substrates; (i) is pure MZF on (001) substrate; (b, f and j) are BM samples on (111), (011) and 
(001) substrates with short reaction time (2h), respectively; (c, g and k) are these BM samples 
made by increasing reaction time (5h) on different substrates. All the scales are 200nm. (d, h 
and l) are schematics of marked facets of corresponding orientations in each row.    
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To better understand why these extra facets form, I performed HRTEM investigations. I first 

lifted-out thin slices using FIB. I focused our investigations on nanoparticles grown on (011) 

substrates because (1) the cross-section is simple as all phases are perpendicular; (2) after lift-out, 

the composition of a typical cross-section was uniform; (3) after lift-out the cross-section was a half 

rod that could be compared to nanorods grown without a substrate; and (4) I wanted to study 

perovskite-rich compositions, where the grain morphology of (011) BM is similar to (011) BTO.  

Before our HRTEM study, I tilted our sample by 45°, so that I could observe the (0 ī 1) zone, 

which is right below the (001) plane. The morphology of the lift-out area is shown in Figure 3.13: 

part (a) for 45° tilt to further obverse the side face, which I could not obverse from a top view.  

Figure 3.13b shows a HRTEM image of the lift-out region where the dotted lines in parts (a) and (b) 

schematically illustrate the phase distribution of the grains that were lifted-out. Part (c) is a selected 

area electron diffraction (SAED) pattern, taken from the area of Fig. 3.13b. I identified reflections 

from BTO, MZF, STO substrate, and the Pt coated layer for the FIB lift-out process to protect the 

surface. The diffuse ring is amorphous Pt, and the bright reflections belong to STO, which are much 

more intense than those of either BTO or MZF. Note that I can observe a two-fold splitting of the 

weaker spots near the STO ones, corresponding to an intimate two phase mixture in our BM layer: 

BTO and MZF. These findings indicate that two phase of the nanocomposite grow epitaxial on each 

other.  
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Figure 3-13 (a) 45° tilted SEM image of the nanocomposites grown on (011) oriented STO 
substrate. Dotted lines show schematically the FIB lifted out area. (b) HRTEM image of the 
FIB lifted out area. Dotted lines are the schematic diagram corresponding to dotted line in (a). 
(c) SAED pattern taken from area shown in b. (d and e) are HRTEM images of corresponding 
areas marked in light squares from the previous magnifications. “BTO” here means only 
BaTiO3 lattice area; “MIX” means BaTiO3 and Mn0.5Zn0.5Fe2O4 mixture area. Inserts in 
(e) are the power spectrum taken from two coexisted phases of (e).   
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  Parts (d) and (e) show lattice images of increasingly higher magnification, where I zoom in 

from the light squares of the preceding images. In part (d), I can see some parallel streaks forming at 

135° (45°) with the substrate in the left (bottom) side, which are vertically parallel to the streaks in 

the center of the particle. In part (e), I focus on one of these streaks. I can see that the parallel streaks 

in (d) are actually transition layers. Inspection of Fig. 3.13e reveals that the atomic columns are 

different across these transition layers, i.e., there are changes in stacking. The atomic columns in the 

thicker layers are closer and more densely packed than in the thinner ones. Our SAED pattern 

(Fig.3.13c) revealed that BTO and MZF phases coexist in this area. Here, a high resolution image 

and these two lattices power spectra further prove this coexistence and epitaxial growth. The inserts 

given in Fig. 3.13e show two individual power-spectra of the lattice images from each single phase: 

BTO and MZF. A high resolution EDX elemental diagnosis demonstrated a regular amount of 

change on Fe concentration in the “MIX” area, supports our conclusion.  

I can next provide a hypothesis to explain the relationship between these novel phase 

structures (Fig. 3.14) and the additional facets in our perovskite-spinel nanocomposite grains. In 

addition, I will discuss a possible growth mechanism. The grain morphology and structure shown in 

Fig.3.12 are similar to that of free-standing rods prepared without substrates, as shown in Fig. 3.14a, 

which had an octahedral cross-section.  
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Figure 3-14 (a) SEM images of substrate free grown BM rod-like nanocomposite, (b) are 
schematic of the octagonal cross-section area (left) and a top-view schematic of phase 
distribution in the rod (right). Marked areas correspond to BTO and MIX structure. Mixture 
(MIX) areas are two-phase distributions that form the extra facets upon replenishing another 
hemisphere from fig.2c.  (c) Conventional bright filed TEM image of the rod nanocomposite 
and its dark field image (d). (e) and (f) are AFM and MFM images of a rod nanocomposite 
laying on Si wafer. MFM signal comes from two sides and AFM height signal comes from 
highest parts of rod.  The insert arrows imply the width of rod is approximately 90nm. 
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  A hypothesis for internal phase distribution is schematically illustrated in Fig. 3.14b, bases 

on the phase information obtained from what I discussed above. The additional facets are shown to 

form due to BTO-MZF mixed structures, which may relax the surface/elastic energy. Bright and 

dark field TEM images of a single nanorod (Fig.3.14c and d) were obtained to understand the phase 

distribution inside of the rods. The dark filed image revealed dark and white fringes. One possible 

cause for such fringing is different crystal structures, reflecting a distribution of two phases within a 

nanorod.  To further prove such a distribution of phases, I ultrasonically dispersed free-standing 

nanorods, and then placed them onto a smooth surface such as a Si wafer before obtaining images. 

The strongest electric signal was obtained from the apex of a rod lying in-plane (AFM image in Fig. 

3.14e), and the strongest magnetic signal was obtained from the two sides of a rod (MFM image in 

Fig. 3.14f), The strong magnetic signal was obtained from the bright area in the MFM image, 

whereas that for the low/non magnetic signal was from the dark color areas of the image such as the 

center of the rod and substrate. These two images prove that there is one non-magnetic phase 

existing between two regions of a magnetic phase in the top view of a single rod.  

  

3.3.4 Possible growth mechanism  

Based on above results, I will try to explain the growth mechanization. There are two 

different growth mechanization in nanoscale (small grain) and large scale (large grain).  

First, phase separation is different in the two cases. Phase separation can occur at the 

nanoscale as well as in bulk materials, but the driving forces are different. The phase separation 

process in bulk materials is well understood. These processes include spinodal decomposition, 

lamellar growth, and second phase coarsening. The phase separation process in nanoscale is more 

complicated because atomic transport occurs preferentially along the surface. Therefore, phase 
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separation in nanoscale is directed by surface diffusion. In bulk, diffusion is in general negligible, 

since other facts are more important. The shape and phase distraction of particle is controlled by 

diffusion in nanoscale, but determined by spinodal decomposition and other facts in large size. That 

is why in different scales, we have different shapes: same particle shape hard to maintain.   

Second, two different growth modes: Ostwald ripening mechanism and oriented attachment 

mechanism. Ostwald ripening is usually happening on single phase. If it grows a two phases via this 

process, there would be no clear phase distribution (both two phases form solid solution). In our 

case, based on the microstructure study via TEM, we can see the different phases are assembling 

together and have some specific an arrangement. Fig.3-13 shows an image taken from BTO rich rod 

composite, so we have more BTO phase in schematic at Fig.3-14. BTO phase contact to MZF phase 

one by one, and finally to minimize the total energy, the ending one connect to starting phase form a 

close rod.  Once these rods and particle have formed, it is hard to proportionally increase each facet 

and enlarge it while retaining the same shape. An easier way is by developing form facets, as shown 

in Fig.3-15c; the particle stops growing but starts to grow extra phases (triangular shape zone 

formed on the original octahedron). Oriented attachment growth is a growth method for nanocrystal, 

it hardly happens in large size. At nanoscale, many atoms are on the surface, the surface energy and 

diffusion on surface are important to minimize the surface area. It is easy to form integrated particle 

with geometry. This is a low energy state surface or the low energy state in nanoscale. If the same 

shape extends into large scale, it becomes quasi-stability or non-stability.   

     Regular single phase particle growth happens via Ostwald ripening, so it is easy to grow large; 

but in our case, there are two phases inside, following oriented attachment growth. The growth 

mechanism is limited to the particle growth large with same shape. In this current method, it is 



70 
 

impossible to grow a very large grain which has the same phase distribution and via same growth 

mechanism.  

      

 

Figure 3-15 Scheme of nanocrystal growth controlled by: (a) Ostwald ripening mechanism; (b) 
oriented attachment mechanism. (c) SEM image to show extra phase develop on original 
octahedron.  
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3.3.5 Summary 

Our results demonstrate that two-phase nanocomposites were formed by an “island growth” 

mechanism, via a solid state reaction with and without a substrate. Although the fundamental basis 

of facets selectivity and phase distribution for this composite system is still under study, it is likely 

that these different shapes are kinetically dissimilar. Similar growth mechanism involves the 

formation of initial nuclei of different forms and different initial surface energies for the differently 

oriented substrates. The lattice parameters of these two materials are relatively close: only a 5% 

mismatch which is easy be accommodated in such nano-scale materials. Island growth occurs 

during solid state reaction, where a second phase grows into a primary phase at nanometer scales. 

Such small-sized regions are unstable when isolated; rather, they grow and merge into the primary 

phase. Lattice imaging demonstrates a structurally mixed state at the nanometer level, which 

consists of a stacking along the <110>. This symmetrical distribution (i.e, quasi-modulation) of two 

phases produces grains with extra facets. This distribution presumably achieves partial compatibility 

between the lattice parameter of the two phases, relaxing the excess elastic energy. This is reflected 

macroscopically in the grain structure by extra facets. This intimate nano-scale two-phase mixture of 

perovskite and spinel structures in single grains offers a new and inexpensive way to fabricate 

perovskite-spinel nanocomposites which will allow the ME coupling at the nanoscale.  

 

3.4  BTO-CFO self-assembled thin film 

3.4.1 Introduction 
Nanocomposites are important materials, where two or more constituent materials can be 

engineered together with different physical or chemical properties at the nanoscale to achieve new 

applications. If I can epitaxially grow two phases, one is piezoelectric phase and another one is 
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magnetostrictive, the enhanced stain transfer between phases might occur, enabling improved 

magnetoelectricity (ME). These structures are built by solid state reaction approach could help 

achieve this: in fact, Mn0.5Zn0.5Fe2O4-BaTiO3 (MZF-BTO) two-phase nanocomposites have recently 

been synthesized by this method. Compared with perovskite-spinel self-assembled nanocomposite 

layers, or with layer-by-layer heteroepitaxial thin films, solid state reactions have the potential for 

high output, ease of synthesis, and low cost; while offering the potential to integrate multiferroic 

materials at small length scales. Furthermore, the approach is not limited to only ferrites and 

perovskites, but could also be used to synthesize other material couples.  

3.4.2 Experiment 
PLD process: A KrF laser of wavelength 248 nm (Lambda Physik 305i) was focused to a 

spot size of 10 mm2 and was incident on the surface of a target using an energy density of 1.6 J/cm2. 

The target mixes 60 mol% BTO and 40 mol% CFO with the diameter is 1 inch. The SrTiO3 or STO 

single crystal with three different orientations: (001) (011) (111), used as substrates. Deposition was 

done at a vacuum of 13.3 Pa using a laser pulse frequency of 10 Hz for 50 min at a temperature of 

750 °C, 850 °C and 950 °C. A 50 nm-thick SRO buffer layer was first deposited at 650 °C using an 

oxygen pressure of 20 Pa, which was used as a bottom electrode for piezoelectric hysteresis loop 

measurements. 

Characterization: Scanning electron microscopy (SEM) images and X-ray energy dispersive 

spectrums (EDS) were obtained using a LEO 1550 high-performance Schottky field-emission SEM, 

which had an Oxford INCA Energy E2H EDS system (Zeiss, Peabody, MA). The two phase 

equilibrium of the particles was confirmed by x-ray diffraction (XRD) using a Philips MPD system 

(Andover, MA). A FEI Titan 300 high-resolution TEM (HRTEM) with EDS detector was used to 

obtain lattice images and elements information in nanoscale (Hillsboro, OR). Magnetic force 
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microscopy (MFM) images were obtained by a Veeco Dimension 3100 Nanoman AFM (Camarillo, 

CA).  

3.4.3 Results  
It can be seen in the SEM images shown in Fig.3.15, I can build the relationship between the 

experiment conditions and the surface morphologies. The most important facts to determine surface 

morphology is deposition temperature and orientation of substrates. I deposited BTO-CFO films on 

(001) oriented substrate at different temperature to see the changes. At 750˚C (please see Fig.3.15a), 

the surface is unsmooth and these grains with different shapes and sizes accumulated to form the 

film. I did not see obverse phase separation from the image. At 850˚C (see Fig.3.15b), I can find 

some tiny “dots” in light color which is embedded in dark matrix. From XRD and TEM I can prove 

these areas with different colors are two phases: CFO embedded in BTO matrix. At 950˚C (see 

Fig.3.15c), the “light dots” increased to about 40nm. From these data, I can see higher temperature 

is good for the phase separation and self-assembling and only higher than 850˚C can find the phases 

separation. So I pick up 950˚C as the suitable temperature then deposited BTO-CFO films on 

different substrates.        
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Figure 3-16 SEM images of BTO-CFO thin films: (a-c) deposited under different 
temperatures on (001) oriented STO substrates; (d-f) deposited on different oriented 
substrates at 950˚C. The scales of all the figures are 400nm. 
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So, I pick 950˚C as the suitable temperature then deposited BTO-CFO films on different 

substrates. Because the different orientated STO substrates have different surface energies, the 

BTO-CFO thin films on different orientated substrates also have different wetting behavior. These 

areas in light color is higher than others, in (001) oriented substrate, the pyramid CFO particles 

embedded in BTO matrix, from the top view I can see the square; in (011) oriented substrate, the 

rectangle BTO embedded in CFO matrix; in (111) oriented substrate, the triangle BTO embedded in 

CFO matrix. In fact, “square” is the top view of CFO octahedron phase from (001) orientation, 

“rectangle, triangle” are top view of BTO hexahedron from (011) and (111) orientations.   

To further understand the epitaxial relationship between BTO and CFO phases, I used FIB to 

lift out a cross section from (011) oriented film as TEM samples. From Fig.3.16a I can see BTO is 

about 10nm higher than the CFO matrix. After zooming in a boundary area (see Fig.3.16b), I got a 

lattice image. It confirmed that there is a strong interaction between these two phases.    

I also measured current-voltage (I-V) curve from these three samples with different 

orientations (see Fig.3.17). I-V curve shown semiconductor features, and (001) film has lower 

resistance compared with (011) and (111) films. The main reason maybe because (001) film is CFO 

phase embedded in BTO phase, which is higher than the matrix. CFO phase has lower resistance 

compared to BTO phase.  And (011) and (111) films are BTO phases embedded in CFO phase. The 

reason is BTO tetragonal crystal can form (001) faces on the surface, CFO spinel usually has (111) 

faces on the surface. (001) in BTO and (111) in CFO are lowest energy faces.   
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Figure 3-17 TEM images of BTO-CFO thin films on (011) STO: (a-c) zoom in the boundary 
area between BTO and CFO phases; (d, e) Fourier transform patterns from left and right 
regions. 

 

 

Figure 3-18  I-V curve measured from these three samples on different orientations. 
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An ME coupling between phases should be set up and generate electrical charge across the 

piezoelectric phase in response to an applied magnetic field. Furthermore, this induced charge could 

possibly be used for a novel redox reaction process. Figure 3-19a shows a schematic diagram of a 

magneto-electro-chemical cell to study this possibility.  

It is also important to notice that the photochemical properties of ferroelectric materials have 

been reported, including BTO[40]. Surface photochemical reduction of Ag is known as reported by 

Giocondi et al[41]. To clarify the difference between: magnetoelectricity and photochemical effects, 

we designed a control experiment. We placed two (001) oriented BTO-CFO thin films in different 

containers of aqueous AgNO3 (2mM, one for each) solution, and treated one of them with an AC 

magnetic field (f=1kHz, Hac=1Oe) and DC magnetic field (Hdc=700Oe) for 15minutes. To avoid 

any photochemical effects, both containers were covered with aluminum foil. After magnetic field 

treatment, both samples were stored in the dark overnight. We then removed the foil and found that 

film exposed to the magnetic field was not as nearly transparent as the one without a field applied. 

Metal nanoparticles suspended in the solution affected the transparency of the water-based solution 

in the cell, as can be seen in Figure 3-19b. The metal nanoparticles on the surface of the thin films 

were found to be about 20nm in diameter by SEM. No such nanoparticles were found for the control 

BTO-CFO thin film placed that was not exposed to a magnetic field. Results show that the charges 

generated at the surface of the BTO-CFO two phase epitaxial layers by magnetic field were donated 

to the M+ species in solution, and that metal ions were then reduced to metal nanoparticles on the 

surface of the film. 
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Figure 3-19 (a) Schematic diagram of the metal deposition reaction process; (b) Picture of two 
solution samples with/without magnetic field. Insert is a SEM image taken from the thin film 
sample on the left bottle, and the scale bar is 200nm.   
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3.4.4 Summary 
 

Beside two-phase nanocomposites in particles form, I also can put them into thin film forms. 

The lattice parameters of these two materials are relatively close which is easy accommodated in 

such nano-scale materials. Similar structures have been found in the BiFeO3-CoFe2O4 system. These 

perovskite and spinel composites in thin films have typical semiconductor property.  
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CHAPTER 4  BTO-METAL COMPOSITES  

In this part, I will discuss deposition of BTO thin film on Au buffered single crystal 

substrates via single crystal substrates. The metal layer can affect the grain size and the orientation 

of BTO thin film. 

4.1  Au pre-deposited BTO thin film to control grain size 

4.1.1 Introduction 

Piezoelectric oxide materials and thin films are a current research thrust, due to their 

potential in many applications ranging from sensors to radio-frequency devices[42]. The 

piezoelectric properties depend on the polarization distribution of individual domains, which is 

affected by grain size and orientation [43-45]. Growth of piezoelectric thin films on particular 

substrates can enhance the utility of these materials for practical purposes due to the possibility for 

size and cost reduction, better compatibility, and improved device performance. Recent 

developments in thin film technologies offer the opportunity to control the grain size and 

distribution precisely, and to perform a detailed study of the dependence of the piezoelectric 

response on grain structures.  For practical on-chip applications, such films can be useful either as a 

continuous film or with well-defined patterns.   Patterns also can be made by, for example, focused 

ion beam which involves a tedious and expensive process.    

In addition to the need of a more direct and less expensive patterning process for practical 

applications, there has been a critical need for structured piezoelectric materials for magneto-electric 

(ME) composite thin films.  Piezoelectric materials embedded in a magnetostrictive matrix are 

expected to have significantly enhanced ME coupling that might enable a robust control of magnetic 

behavior with an applied electric field. Achievement of such magnetization control by electric field 
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is one of the novel goals for the research community that might have important potential for 

practical spintronic applications. 

Consider perovskite BTO thin films, for example, that exhibit good piezoelectric 

responses[46, 47]. Epitaxial BTO films can be deposited by PLD at a temperature of about 700°C or 

higher.  To make BTO nano-structures, one has to pattern the film layer post-deposition: since the 

deposition temperature is too high for a polymer photo-resist as normally used in lithography 

techniques.  

Here, I report a simple technique to pattern the BTO films directly during deposition on gold 

nanoparticle pre-deposited STO substrates.  The BTO grain size and shape are found to depend on 

the grain size of Au nanoparticles.  Note that, in addition to work as a patterned template, Au might 

be used for other purposes[48].  First, Au nanoparticles show ferromagnetism for particles smaller 

than 10 nm. Hence, the BTO-Au piezoelectric-ferromagnetic heterostructure has potential to show 

magneto-electric interactions which is an advantage to use Au compared with other local seeding 

pattern methods. Second, Au is a well-known electrode material, and thus may serve as embedded 

electrodes to apply electric voltage across piezoelectric materials. To build a metal-ceramic 

composite, and to study the interaction between metal and ceramic, will help us bring these 

advantages from each material to achieve a better performance[49].  

 

4.1.2 Experiment 

In this investigation, I used a TEM grid (300mesh copper grid from SPI) with hexagonal 

windows as a template to sputter Au thin layers onto (111) oriented STO single crystal substrates at 

room temperature for 20 second. The current used to sputter Argon was 45mA. The TEM grid was 

subsequently removed. A pulsed laser deposition system with a KrF laser of wavelength 248nm 
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(Lambda Physik 305i) was used to deposit a BTO film on the patterned Au-pre-deposited STO 

substrate. Deposition was done in a vacuum chamber at an oxygen pressure of 100 mTorr.  The 

distance between the substrate and target was 8 cm and the substrate was heated to 750°C.  A laser 

spot of 3 mm2 size and 1.2 J /cm2 energy density was rastered at a frequency of 10 Hz on a 

stoichiometric target surface for 40 min.  After deposition, the films were cooled under a 760 Torr 

oxygen pressure to room temperature.  For comparison purposes, I attached the same TEM grid to 

the STO substrate and directly deposited BTO films on the STO substrate at the same temperature. 

Scanning electron microscopy images and energy dispersive spectrums were obtained using 

a LEO (Zeiss) 1550 high-performance Schottky field-emission SEM. A FEI Helios 600 NanoLab 

FIB SEM was used to prepare and lift-out TEM samples. A FEI Titan 300 high-resolution TEM 

(HRTEM) was used to obtain lattice images and high-resolution EDS. Atomic force (AFM) and 

piezoelectric force (PFM) microscopy images were obtained by a Veeco Dimension 3100 Nanoman 

AFM. 

 

4.1.3 Results 

Figure 4.1 illustrates the SEM results.  Parts (a) and (b) show images for the patterned Au 

pre-deposited BTO films.  Parts (c) through (e) show images for BTO films deposited directly on 

the STO substrate with attached TEM grid.  Fig. 4.1(ashows that the BTO films have a hexagonal 

shaped pattern: which were the same pattern as the grid through which Au was sputtered. This 

indicates that the gird with hexagonal shape windows first helps to pattern the Au layer, and then the 

Au layer works as a positive template to pass this pattern to the BTO layer by controlling grain 

distribution.   
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Figure 4-1 SEM images of (a) patterned Au pre-deposited BTO; (b) higher magnification 
image of the boundary area as marked in (a), where the left side is Au pre-deposited and 
patterned area; (c) directly patterned BTO thin film on STO substrate; and (d, e) higher 
magnification images of uncovered and covered areas as marked in (c). 
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To study the boundary in more detail, I obtained SEM images of the positive/negative (pre-

deposited/exposed) areas (marked by two dots in Fig. 4.1(a)), as shown in Fig. 4.1(b). A dashed line 

is used to illustrate this boundary. A notable difference between the Au pre-deposited and the 

exposed areas can be found: the grain size in the positive patterned (i.e., Au pre-deposited) area was 

approximately 100 nm, whereas that in the negative patterned (exposed) area was approximately 

50nm.  Furthermore, one can see that both areas have pyramidal grain morphologies that are 

indicative of (111) oriented BTO grains.  A schematic diagram in Fig. 4.1(b) illustrates the BTO 

unit cell projected onto the (111) plane, representing the pyramidal shape.     

Next, I obtained images of the BTO morphology when deposited directly on STO without 

Au buffer layer as a control sample. In this case, I put the grid in the chamber and deposited BTO 

directly onto the STO substrate through it.  From Fig. 4.1(c), it can clearly be seen that the BTO film 

morphology appears circular instead of hexagonal, and that there is no clear boundary developed. I 

also obtained images under higher magnification of both uncovered and covered areas, as shown in 

Figs. 4.1(d) and (e).  Both areas had BTO films: the difference was that there was more BTO in the 

uncovered window areas. Note that the grain size and shape are nearly the same for both areas.  

Based on the above discussions, Au nanoparticles seem to play an important role in affecting 

the BTO grains. In order to understand how Au nanoparticles form from the Au thin films, I 

prepared a series of control samples. Figure 4.2a simply shows BTO films deposited directly on 

STO (without Au layer) under the same conditions, as mentioned above. Part (b) shows a SEM 

image taken from an as-prepared Au layer deposited by Argon sputtering at room temperature for 

20seconds, which has several holes that are tens of nanometers in size randomly distributed 

throughout the layer.  This layer is made by tiny Au particle. Part (c) is an image showing “hundreds 

nanometer large” Au nanoparticles after annealing at 750°C for 40mins in a vacuum chamber at an 
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oxygen pressure of 100 mTorr. Since this is a control experiment, the annealing process was 

performed in the same manner as the PLD deposition procedure, but without turning on the laser. 

From the image I can see numerous Au nanoparticles that are somewhat regularly spaced: some of 

which are circular in shape and others which are trilateral that maybe affected by epitaxy with the 

(111) oriented substrate. During annealing process Au particle grows up, coarsens and Ostwald 

Ripen[50]. Part (d) shows the final Au pre-deposited PLD-deposited BTO film morphology, which 

had larger grain sizes than the BTO film grown directly on STO (see Fig.4.2a). The findings for this 

control experiment in Figure 4.2 clearly demonstrate that the regularity of the Au-nanoparticles in 

the hexagonally-shaped regions (see Fig.4.1a) forms on heating the substrate, and indicate that this 

regularity is passed onto the BTO columns which subsequently grow on Au nanoparticles.  
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Figure 4-2 SEM images of (a) BTO thin film deposited directly onto a (111) oriented STO 
substrate by PLD; (b) Au film deposited by sputtering for 20 seconds at room temperature; (c) 
same sample shown in (b) after annealing at 750oC for 40minutes; and (d) Au pre-deposited 
BTO thin film showing larger grain sizes than when grown directly on STO (see Fig.2a).  
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I then used FIB to lift out a small cross sectional piece as a TEM sample. HRTEM images in 

Fig.4.3 provide more detailed information concerning the morphology and grain size of the BTO 

structure that was grown on the Au pre-deposited substrate. Figure 4.3(a) shows the Au 

nanoparticles and the BTO grains.  One can see that the Au formed nanoparticles of two different 

sizes: the dominant one was approximately 40-50 nm in size and was distributed more or less in a 

regular fashion, and the minor one was approximately 15 nm in size and was occasionally observed 

in the space between major particles. This indicates that the hexagonal shaped Au-layer internally 

breaks up to into near regularly spaced Au islands, possibly on heating the substrate[51]. From the 

image, I can then also see that the BTO nucleated and grew from the dominant Au nanoparticles, 

where each metal nanoparticle supports one BTO columnar grain: the regularity of the Au 

nanoparticle spacing seem to be passed onto the BTO columns. Two lines are drawn in the image to 

serve as a guide for the eyes to follow the BTO columnar grains grown on Au nanoparticles. The 

inset scanning TEM (STEM) image shows that there are notable gaps between the BTO grains.  
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Figure 4-3 TEM images (a, b) and HRTEM images (c, d) of BTO thin film to reveal the 
interphase interfacial areas with (a, c) and without (b, d) Au-buffer layer, respectively. Insert 
in (a) is a STEM image taken from the same area as that of the TEM image; inserts in (c) are 
power spectra taken from Au, amorphous BTO and BTO areas, respectively, where the 
corresponding areas from which these spectra were taken are marked in the TEM image, and 
the zone axis is insert in (d) is a power spectrum taken from the entire area shown in the 
image.  
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Figure 4.3(b) shows a HRTEM of the BTO film that was deposited directly on a STO 

substrate without buffer layer. Again, one can see columnar grain growth, as marked by two lines in 

the image.  There were two noticeable differences between the images of Figs. 4.3(a) and 4.3(b).  

First, the BTO grain size (the lateral distance between the lines) was about 90 nm for the Au pre-

deposited film (as determined by the distance between Au nanoparticles), whereas for the no Au 

pre-deposited area it was about 50nm.  This is in agreement with the SEM images shown in Fig. 4.1.  

Second, the BTO-STO interphase interfacial area for the film grown with Au was more ordered than 

that for the other film.  The BTO grain boundaries are quite visible just above the Au nanoparticle in 

Fig. 4.3(a), while in Fig. 4.3(b) the BTO columnar grains could be clearly seen at only about 100 nm 

above the substrate surface.  This demonstrates that the Au nanoparticles significantly reduce the 

interfacial stress in the BTO thus relaxing its lattice distortion.  Elemental analysis by EDS (attached 

to the Titan HRTEM system) confirmed that the areas discussed above were indeed BTO and Au.  

Figure 4.3(c) shows a higher magnification image of the grain boundary of Fig. 4.3(a). It can 

be seen that the BTO grains grown on the Au nanoparticles are single crystalline, which is marked 

by “BTO” in the image, as determined by power spectra to have the same orientation as the STO 

substrate. Between two oriented BTO grains, there was a small transition area that corresponded to 

an amorphous phase, which was marked as “gap” in the image. The Au nanoparticles were 

crystalline as evidenced by power spectra. Clearly, the BTO columnar grains nucleated and grew 

from the crystalline gold nanoparticles in an orderly manner.  However, a close look at the 

interphase interface of the BTO film shows that BTO is reasonably epitaxial with the STO substrate, 

as shown in Fig. 4.3(d).  The inset shows spot splitting in a power spectrum, which proves epitaxial 

growth from the STO.   
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The SEM and TEM images shown in Figs. 4.2 and 4.3, respectively, indicate that Au-buffer 

layers serve as nucleation sites for the formation of BTO grains. As evident from the images, 

without the buffer layer, the BTO interfacial region is notably stressed.  A compressive stress 

presumably comes from the 2.5% lattice mismatch between the BTO film and the STO substrate. 

The BTO nuclei crystallize on the STO substrate, and subsequently merge together during grain 

growth. To minimize interfacial energy between grains and the substrate, grains grow into a 

columnar morphology with increasing thickness. For BTO films deposited directly on STO 

substrates, elastic stress is relaxed with columnar grain growth, producing quite regular interfaces 

between BTO grains at film thickness above about 100 nm.  

For the case of Au pre-deposited BTO, the growth process is more complicated. The lattice 

parameter for cubic Au is about a=4.07Å, while for STO is about a=3.90Å. BTO is tetragonal, with 

lattice parameters of (at, ct)=(3.99 Å, 4.01 Å). Interestingly, the lattice parameters of BTO lie 

between those of Au and STO, which is a little closer to that of Au.  Using STO-Au as a substrate 

will fit the BTO lattice parameter better than only STO or Au substrates. Figure 4.3(c) shows that 

Au is epitaxial with the STO substrate, which would reduce the lattice parameter of Au 

nanoparticles by epitaxial stress to become even closer to that of BTO. This may be a reason for 

preferred BTO nucleation on Au nanoparticles, which helps to relax the stress imposed on BTO 

from the STO substrate. Accordingly, this would provide a way for better epitaxy, and the lattice 

mismatch is accommodated by the amorphous areas between BTO grains in the vicinity of Au 

nanoparticles. As a result, BTO grain boundaries are well formed at a much smaller distance from 

the substrate surface. From Figs. 4.3(a) and (c), it can clearly be seen that ordered BTO grains grow 

directly from the Au nanoparticles, and the grain size is determined by the distance between 

nucleation sites (i.e., Au nanoparticles) In the regions between Au nanoparticles with exposed STO 
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substrate surface, a triangular shaped small gap region of amorphous BTO existed that reduced the 

interfacial stress between gold, BTO, and STO. As the array of BTO grains on Au nanoparticles 

began to grow longer, this gap area is closed, leaving only a residual triangular amorphous region at 

the interfaces where all three phases were in close proximity, as shown in Fig. 4.3 (a).   

PFM was then used to investigate the ferroelectric domain structures in the Au pre-deposited 

BTO thin films in order to study the effect of grain size on the physical properties. For this purpose, 

the Au-buffer layer and BTO film was deposited on conducting Nb (0.5 wt %) doped STO 

substrates, which serve as the bottom electrode for the PFM measurements. The topographic AFM 

image is shown in Fig. 4.4(a) and the corresponding piezoresponse amplitude and phase images are 

listed in (b) and (c). As shown in Figs. 4.4(a), (b) and (c), the surface morphology and 

piezoresponse image was composed of two regions, indicated by white lines. The left side was 

smoother than the right side (Au pre-deposited), and had a lower degree of roughness and smaller 

grain size. The difference in height between these two regions was approximately 60 nm, indicating 

that BTO grains grow faster on Au nanoparticles, which also supports our observations from SEM 

and TEM images. The PR amplitude data is shown in bigger and darker triangles to indicate 

stronger piezoresponses, and PR phase signal is shown in darker colors to better reveal areas with 

stronger piezoresponses, as shown in Fig. 4.4(b) and (c). This image shows that the PR signal (both 

phase and amplitude) on the left side does not have significant contrast, indicating that the film is 

not strongly piezoelectric. However, on the right side of this image, the triangular BTO grains show 

pronounced contrast, especially at the top of the triangles. The size and density of dark regions on 

the right side of the image were both greater than on the left. The inset of Fig. 4.4(b) and (c) 

enlarges several grains. In this inset, I can see that the piezoresponse also had a uniform triangular 

shape, indicating that the PR in one triangular grain is from a single domain. These PFM images 
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show that the domain distribution of films grown on Au pre-deposited areas is much more like a 

single domain single crystal state than the areas grown directly on STO.  

  

 

Figure 4-4 AFM and PFM study of transition zone: (a) AFM topography image of an area of 
20 m 20 m, where the insert is an optical view of the scanned area; (b and c) the corresponding 
piezoresponse amplitude image and piezoresponse phase image, where the insert is the 
enlarged image of the area with three triangular grains grown on Au pre-deposited STO; and 
(d) and (e) are the local piezoelectric hysteresis loops measured in and out Au pre-deposited 
areas, respectively. 
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In order to get a better insight on the local piezoelectric properties of the two different 

regions, piezoelectric hysteresis loops were performed under the same Ac bias (3V, 20 kHz). The 

measurement was used a conductive cobalt coated cantilever with a spring constant of 0.0678 N/m. 

The results can be seen in Fig.4.4 (d) and (e). Voltage shift of loops toward the negative bias was 

observed and this kind of shift was attributed to the formation of space charges at the film/electrode 

interface[52]. The coercive voltage of the Au pre-deposited area (5V) is a little smaller than the 

other region (8V). The asymmetry shape of loops was observed and it results from the higher 

amount of polarization at the positive bias[53]. Meanwhile, the average amplitude of the Au pre-

deposited area and corresponding piezoelectric coefficient is also greater than the other region. The 

magnitude of d33 in Au pre-deposited area could reach up to 60 pm/V, however outside of Au pre-

deposited area, the peak value is about 30 pm/V. This indicates that the Au pre-deposited area with 

larger grain size in nanoscale owns better piezoelectric properties. I think that the increase of grain 

boundary on the region without Au would induce the degradation of piezoelectric properties for 

BTO film.  

 

4.1.4 Summary 

In summary, Au nanoparticles have been shown to be capable of controlling the grain size of 

BTO films, without change in the epitaxial growth conditions of the thin films. These findings will 

allow for enabling control of piezoelectric properties via domain engineering. Since Au has intrinsic 

ferromagnetism at the nanoscale[54-56], this finding also establishes a relationship between BTO 

and Au, which may allow for novel magnetoelectric interactions.  
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4.2 Au pre-deposited BTO thin film to control grain orientation 

4.2.1 Introduction 

My prior success at synthesizing hybrid MZF-BTO and CFO-BTO two phase single crystal 

grains inspires me to synthesize hybrid metal-BTO two phase ME composites, where the metal has 

high magnetostriction.  However, there are at least two main problems that need to be solved. These 

are: 

1. Oxidation. Metal is easy to be oxidized during heat treatment. Alternatively, a reducing 

environment will affect the oxygen stoichiometry of the BTO phase. Thus, it is important 

to find a suitable oxygen partial pressure POxygen condition under which to protect solid 

state reactions if a metal-ceramic system is to be studied. Studies as a function of POxygen 

in various reducing environments need to be performed including: N2, Ar and H2. 

2. Lattice mismatching. To build a strong coupling between two different (metal-ceramic) 

phases, I will need to get the lattice parameters of the two phases as close as possible to 

each other. For example, SrRuO3 (SRO) layers have been Sandwiched on between BTO 

substrates as an electrode and buffer layer, because the lattices parameter of SRO 

(a=b=c=0.394nm) are intermediate those of BTO (a=b=0.3944nm, c=4.034nm) and STO. 

However, the lattices parameter of Ni (a=b=c=0.3518nm) are quite different from those 

of BTO. Thus, it will be difficult to obtain coherent interfaces between Ni and BTO. 

There is one potential solution: this is a tilted Ni lattice. The d-space of the Ni (111)-

plane (d111=0.2034nm) is quite close to the BTO (200)-plane (d002=0.202nm), offer some 

hope.  

Another important issue in this metal-ceramic topic is to understand the metal-ceramic 

interface structure at the nanoscale, which is important to the controlled growth of metal-ceramic 
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nanocomposites and the optimization of their properties. To achieve this goal, I will use a metal that 

is resistant to oxidation. Gold is an ideal choice, because Au is very resistive to oxidation in air, or 

water, and furthermore gold oxide can reduce on heating.   

                                            2Au2O3 = 4Au + 3O2↑ 

Another benefit of Au is that its lattice parameters (a=b=c=0.4069nm) is close to those of BTO. This 

would be very helpful to building a smooth interface between Au and BTO.  

Ferroelectric materials have been of recent research interests due to their potential in future 

on-chip applications in sensors, memory, and communication devices. These materials generally 

possess a spontaneous polarization that can be reversed by application of electric field, where a 

remnant polarization state is retained after removal of the field.  Since electric-field-induced atomic 

movements give rise to the ferroelectric properties, they are quite sensitive to crystallographic 

orientation.  Accordingly, a controlled growth of ferroelectric materials that yields layers that 

simultaneously have various crystallographic orientations on a single substrate could offer unique 

multi-functionality for practical device applications.   

Pulsed laser deposition (PLD) is a well-known and widely utilized method by which to 

prepare ferroelectric oxide thin films.  PLD allows preparation of high quality stoichiometric thin 

films at relatively high deposition rates and temperatures, via controlling the deposition parameters.  

Control of the crystallographic orientation of thin films on substrates has been achieved by 

predepositing oxide seed layers: for example, some oxides such as SrRuO3 (SRO) have previously 

been used as seeds to control thin films prepared by metal organic chemical vapor deposition. 

Dotted patterns or seeds of a (001) SRO buffer layer have also been deposited on (111) 

Pt/Ti/SiO2/Si substrates: following which Pb(Zr,Ti)O3 or PZT was grown epitaxially on top of the 

structure.  The PZT areas grown on SRO dots were (001) oriented, whereas those grown on Pt were 
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(111) oriented. Depending on the point group symmetry and the property tensor rank, different 

orientations can be strongly anisotropic. For example, piezoelectric properties of (001) and (111) 

oriented PZT thin films are notably different. Accordingly, a patterned seed layer on a single crystal 

substrate could help to locate, control, and pattern different orientations of a layer of the same 

material, offering a unique type of controlled anisotropy for multi-functional properties. 

Here, I report a remarkable control of the orientation distribution of BaTiO3 (BTO) on 

patterned gold pre-deposited single crystal SrTiO3 (STO) substrates, via a PLD technique.  Barium 

titanate is an important ferroelectric, piezoelectric, and dielectric material that is useful for various 

applications. Our work shows that the portion of BTO films grown on the patterned gold regions 

have a (111) orientation, whereas that directly grown on (100)/(110) STO substrates has (100)/(110) 

orientation.  Our finding demonstrates the possibility of making controlled thin film structures with 

simultaneously two different useful orientations for multi-functional devices.    

Gold (Au) layers were deposited on (110) and (100) oriented STO single-crystal substrates 

by argon sputtering through a copper transmission electron microscope (TEM) grid.  This resulted in 

hexagonal or square patterned gold structures on STO substrates. I then deposited BTO on top of the 

patterned Au-STO substrates using PLD. To obtain high quality BTO films, deposition was done at 

750 °C in an ambient oxygen atmosphere.  There were several reasons to choose gold as the seed 

layer: (1) the lattice parameter for cubic gold is about a = 0.407 nm, which is close to that for 

tetragonal BTO with at = 0.399 nm and ct = 0.401 nm. (2) Gold is a very good conductor. Therefore 

the gold layer can serve as an electrode for applying electric fields across the BTO layer. (3) Gold 

has a very low oxygen affinity, and therefore can survive in an oxygen rich deposition environment 

which is the necessary condition to grow oxide films. Furthermore, recent investigations revealed 
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that gold nanoparticles affect epitaxial BTO grain growth.  Here, I attempt to use gold seed layers to 

control the deposition of two crystallographic orientations of BTO on one substrate.  

 

4.2.2 Experiment  

I used a TEM grid (copper grid from SPI) with hexagonal or square windows as a template 

by which to sputter Au layers (45 mA, 60 second) on (100) and (110) oriented STO single crystal 

substrates at room temperature. The patterned Au layers then served as a positive template. A KrF 

laser of wavelength 248 nm (Lambda Physik 305i) was focused to a spot size of 10 mm2 and was 

incident on the surface of a target using an energy density of 1.2 J/cm2 for BTO. Deposition was 

done at a vacuum of 13.3 Pa using a laser pulse frequency of 10 Hz for 50 min at a temperature of 

750 °C. Also, a 50 nm-thick SRO buffer layer was first deposited at 650 °C using an oxygen 

pressure of 20 Pa, which was used as a bottom electrode for piezoelectric hysteresis loop 

measurements. 

Scanning electron microscopy images were obtained using a LEO (Zeiss) 1550 high-

performance Schottky field-emission SEM at 5 kV. A FEI Helios 600 NanoLab focused ion beam 

SEM was used to prepare and lift-out TEM samples. A FEI Titan 300 high-resolution transmission 

electron microscope (operation under 200 kV) was used to obtain lattice images and high-resolution 

energy dispersive spectrums. Local piezoelectric hysteresis loops were obtained by a Veeco 

Dimension 3100 Nanoman atom force microscope with DDESP-10 tips. The x-ray diffraction 

studies were performed using a Philips MPD high resolution x-ray diffractometer equipped with a 

two-bounce hybrid monochromator and an open three-circle Eulerian cradle. The x-ray unit was 

operated at 45 kV and 40 mA with a wavelength of 1.5404 Å from Cu Kα. 
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4.2.3 Results  

Figure 4.5 shows SEM images and XRD results.  Parts (a) and (d) show BTO films with pre-

deposited patterned Au islands grown on (100) and (110) STO substrates, respectively.  One can see 

in these images the patterned Au nanoparticles beneath the BTO layer.  Parts (b) and (e) show a 

higher resolution image focused at the interface between the two BTO regions with different 

crystallographic orientations.  In these figures, one can clearly see a difference in grain growth (as 

evident from different shapes of grains based on Winterbottom constructions) for (100)/(110) and 

(111) orientations: this is in addition to a distinct boundary between the regions.  Figures 4.5(c) and 

(f) show XRD line scans for films grown on (100) and (110) STO substrates, respectively.  Intensity 

contributions from the (100) / (110) BTO planes along with that from corresponding STO peaks can 

clearly be seen.  Furthermore, one can also see (111) Au and BTO peaks.  These XRD results show 

that the Au-patterned layer is preferentially oriented along the (111) during high temperature 

deposition, which subsequently promotes BTO growth on top of it.   

Next, I used a focused ion beam to lift out a cross section from the sample area shown in Fig. 

4.5a. High resolution transmission electron microscopy was then used to perform an in-depth 

investigation of the interfacial area between these two different orientations. Figure 4.6(a) shows a 

HRTEM image of the boundary between these two different orientations of BTO, which were 

grown on top of Au-patterned (100) STO. Four different features can easily be seen in this image, as 

indicated. Figure 4.6(b) shows a higher resolution image taken from the BTO area that is identified 

by the rectangle in Fig. 4.6(a).  Four Fourier transform patterns taken from the different features in 

Fig. 4.6(a) are also shown in parts (c), (d), (e), and (f) of this figure.  
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Figure 4-5 SEM images of (a, d) patterned BTO thin film on Au pre-deposited (100) and (110) 
oriented STO substrates, respectively; (b, e) higher magnification images of these two 
different orientations taken near the boundary area, by zooming in from the areas shown in 
(a) and (d), respectively, where the marked (111) areas are Au pre-deposited and the others 
are directly on STO; (c, f) XRD line scans measured from these films where (c) was measured 
from the sample in (a) and (f) from the sample in (d). 
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In Fig.4.6a, I can see that (100) oriented BTO grows directly on the STO substrate.  The 

BTO and STO lattice parameters, and oxygen co-ordinations, match closely to each other. This is 

supported by the fact that the Fourier transform patterns in Figs. 4.6(c) and (d) had similar patterns. 

The BTO regions that grew on top of the Au-patterned nanoparticles had a (111) orientation: better 

yet maybe I should say a tilted (100) orientation, as close inspection of the boundary region in Fig. 

4.6(b) will reveal the presence of a (111) plane that is tilted to left by 35° away from the (100) BTO 

plane. Please note that this is very close to the value expected for the angle between the (100) and 

(111) planes of the tetragonal BTO unit cell. The BTO Fourier transform patterns shown in Figs. 

4.6(e) and (f) also confirm a tilting of the planes. In part (b), I can also see a clear transition layer 

(marked by a broken line) that is about a dozen lattices in width, which is sandwiched between 

(100) and (111) BTO grains. The close match between the BTO and STO Fourier transform patterns 

in Figs.4.6(d) and (e) confirm the epitaxial nature of the growth of (100) BTO grains on (100) STO. 

Please note that the distance between the reflections in Fig. 4.6(d) is smaller than that between those 

in Fig. 4.6(e), which is consistent the facts that the BTO lattice parameters are larger than those of 

STO. The Fourier transform pattern of the Au nanoparticles in Fig. 4.6(c) was more complex. This 

is because it contained intensity contributions from the two similar patterns for (111) and (100) BTO 

regions. To obtain a better view and understanding of the epitaxial relationship between each layer, I 

also obtained HRTEM images from other areas (please see Fig.4.6g without Au, and Fig.4.6h with 

Au).  Fig.4.6h shows the BTO lattices titled about 35˚ to the right compared with Fig.4.6g. At the 

deposition temperature, BTO has a cubic structure, similar to that of STO and face centered cubic 

Au. The thermal expansion coefficients of STO, BTO and Au, are 30, 13, and 16 (10-6/K) 

respectively.   The lattice parameters of all three of these materials (STO, BTO, and Au) are close to 

each other at higher temperature. When Au grows on STO substrates, reduction of the lattice 
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parameter of Au by epitaxial stress from the substrate could make the lattice parameters of Au even 

closer to those of BTO.  Fig. 4.6(i) shows an elemental analysis by energy dispersive spectrums 

(EDS, attached to the Titan HRTEM), which confirmed that the discussed area above was indeed 

Au. 

To further understand the role of the Au seed layer on BTO growth, I studied the base of the 

film after lifting it off from the substrate by focus ion beam. I used the same sample shown in Fig. 

4.5b, where the STO substrate was (110) oriented. I then obtained SEM images of the cross-section. 

These images are given in Figure 4.7.  
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Figure 4-6 HRTEM images taken from the sample shown in Fig.1a: (a) HRTEM image taken 
from a boundary between (100) and (111) oriented BTO (I used “BTO” and “BTO*” to stand 
for same (100) and (111) oriented BTO regions mentioned in Fig.1a, respectively.); (b) 
HRTEM image zoomed in on the rectangular area selected in part (a); (c-f) are four Fourier 
transform patterns taken from the four different regions marked in (a), respectively; (g) and 
(h) are HRTEM images to show the interaction between each layer in two cases: without Au 
(g) and with Au (h); and (i) EDS spectrum taken from the area marked as “Au” in (a). 
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From the SEM cross-sections (see Figs. 4.7 a and b), I can see that the Au nanoparticles play 

an important role in affecting the BTO grains. Figure 4.7a is a cross-section image of the Au seeded 

(111) oriented BTO area. This image shows that BTO grains form a “bud” like structure which is 

quite different from those directly grown on STO. It appears that the Au nanoparticle seeds act as an 

active nucleation site, where BTO grains heterogeneously nucleate and subsequently grow out in a 

branched or “bud” morphology. Figure 4.7b shows an area where the BTO film was deposited 

directly on to (110) STO (i.e., without Au seed).  In this figure, I can see that the BTO grains grow 

vertically from the substrate. Since these BTO grains nucleate uniformly on the substrate, a 

homogeneous grain growth occurs throughout the thin film. The thickness of the film was about 

500nm, and the thickness of Au was about 17nm. The grain structure of [111] BTO has a relatively 

large grain size of ~200 nm, whereas [110] BTO is about 70 nm.   

I also measured the local piezoelectric hysteresis loops on Au-patterned BTO epitaxial films, 

which were deposited on SrRuO3 (SRO) buffered STO (110) substrates. Figures 4.7 (c) and (d) 

show the longitudinal piezoelectric d33 curves for BTO areas with and without Au seed islands, 

respectively.  A notable difference was that for the Au seeded regions the value of d33 reached 

45pm/V, whereas for the areas grown directly on SRO/STO the maximum value of d33 was 20 

pm/V. In addition, a significant difference in coercive fields or Ec was found: where in the Au 

seeded regions Ec≌1V, whereas directly on SRO/STO it was 5 V. Clearly, the BTO regions on top 

of the Au patterned seeds displayed improved piezoelectric properties, relative to those grown 

directly on SRO/STO.  
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Figure 4-7 SEM images of the cross-section of BTO thin films grown on Au pre-deposited 
(110) STO (top-view shown in the inset of Fig.3d): (a) with Au seeded area; (b) without Au 
seeded area; (c) and (d) two local piezoelectric hysteresis loops measured with and without Au 
pre-deposited areas respectively, where measurements were made from the regions marked by 
“c” and “d” in the inset of (d). Inset in (d) is a SEM image of the boundary between (111) and 
(110) grains, where the scale of the inset is 300 nm.  
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The piezoelectric distortion of the films has contributions from the various oriented layers; 

and thus, it is natural to consider that the average d33 value would depend on size and orientation 

distribution of the various regions. In this case, preferred grain orientations of [111] BTO on Au, 

relative to [110] BTO on STO, may result in a higher d33: this is consistent with prior studies of 

BTO crystals, where (111)-poled crystals have been shown to have much higher d33 values than 

other orientations. Also, the regions of multiple orientations of BTO on a single layer may be under 

notably different epitaxial constraints induced by substrate clamping. This could result in relatively 

smaller d33 values for layers relative to bulk values.  

 

4.2.4 Conclusions 

In summary, I have demonstrated the ability to grow multi-orientation patterned BTO films 

using an Au seed layer. BTO regions grown on Au islands were (111) oriented, whereas those 

grown directly on (110) or (100) STO had the same orientation as the substrate. Because the 

properties of BTO are anisotropic, I can control the property distribution (such as the d33 value) in 

an engineered manner with particular patterns. Please note that this method is not limited to BTO 

films on STO, but could be applied to a wide range of other oxides. 

 

4.3 BTO-Ni two phase single grain nanorods 

Magnetic metals such as Ni and Co have magnetostriction comparable to ferrites such as 

MnFe2O4. For example, Ni has an anisotropic magnetostriction of λ111=-25*10-6 and λ100=-46*10-6.  

Co also has large magnetization, with the higher Curie temperature of 1130°C compare to Ni’s 

360°C. Another advantage of metals such as Nickel is its high electrical conductivity which means 

that it also can serve as an electrode to collect charge across BTO. 
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4.3.1 Introduction  

One-dimensional (1D) nanomaterials, such as nanorods and nanotubes, are an important 

class of materials in nanoscience and nanotechnology[57]. Because of their high aspect ratios, these 

1D nanomaterials have strongly orientation dependent properties[58]. Applications of such 1D 

materials are diverse: for example, carbon nanotubes offer an anisotropic adhesive force[59]. 

Nanocomposites are important materials, where two or more constituent materials can be 

engineered together with different physical or chemical properties at the nanoscale[60]. For 

example, by coating aligned carbon nanotubes (ACNT) with TiO2 via electrophoresis, ACNT-TiO2 

coaxial nanorods can be synthesized that increase the surface area of TiO2 and enhance its photo-

catalytic properties. More complex structures, such as BaTiO3(BTO)-CoFe2O4(CFO)-ACNT coaxial 

nanorods, have also been fabricated by pulsed laser deposition. One disadvantage of such coaxial 

nanorod structures is that both the BTO and CFO layers are polycrystalline. If epitaxial growth of 

such nanorods could be achieved, enhanced stain transfer between phases might occur, enabling 

improved product tensor properties such as magnetoelectricity (ME). A solid state reaction approach 

could help achieve this: in fact, Mn0.5Zn0.5Fe2O4 -BaTiO3 (MZF-BTO) two-phase nanocomposites 

have recently been synthesized by this method. Compared with perovskite-spinel self-assembled 

nanocomposite layers, or with layer-by-layer heteroepitaxial thin films, solid state reactions have the 

potential for high output, ease of synthesis, and low cost; while offering the potential to integrate 

multiferroic materials at small length scales. Furthermore, the approach is not limited to only ferrites 

and perovskites, but could also be used to synthesize other material couples.  

Metallic nanoparticles are also of much interest for applications including catalysts, fuel 

cells, hydrogen storage, and drug delivery and conducting pastes. Composites of metal and ceramic 

offer to bring the advantages of both types of materials together into novel hybrids with unique 
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engineered properties. For example, Ni nanoparticles improve the ferromagnetic and fracture 

toughness properties of alumina, i.e., Ni-Al2O3 nanocomposites; Cu nanoparticles embedded in 

alumina result in ultrafast optical switching devices; and Pt-TiO2 nanocomposite thin films have a 

novel optical property because their band gaps are less than that of TiO2. There are many good 

examples of metal-ceramic composite films but not of metal-ceramic grains or nanorods. If one 

could synthesize such metal-ceramic composite nanorods, then unique anisotropic properties with 

combinations of both metal and ceramic characteristics might be achieved in a material that could 

potentially be made in bulk form.    

Here, beginning from a synthesis approach for ceramic-ceramic (CFO-BTO) composite 

nanorods, I report the synthesis of hybrid metal-ceramic nanorods of Ni-BTO. I used a similar 

preparation method for these metal-ceramic nanocomposites as for CFO-BTO ones, and which had 

previously been reported for MZF-BTO: the only difference in the preparation method of Ni-BTO 

nanocomposites was the required use of hydrogen gas as a reducing environment. Our metal-

ceramic composites offer the potential to integrate highly diverse material systems and properties 

into heteroepitaxial two phase grain structures. 

 

4.3.2 Experiment 

Preparation of Ni-BTO nanorods: Barium acetate, TiO2, Ni metal powder, NaCl and NP-30 

were mixed with the corresponding molar ratios of 1:1:4:10:3 (Aldrich, St. Louis, MO). The average 

particle sizes of titanium oxide and Ni were 40nm and 90nm, respectively. The mixture was milled, 

and then annealed at 850ºC for 2 hour under H2 flowing gas in a tube furnace to avoid Ni 

oxidization.  After cooling to room temperature, the powders were rinsed and a magnet was used to 

separate the product from the residual reactants.  
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Characterization: Scanning electron microscopy (SEM) images and X-ray energy dispersive 

spectrums (EDS) were obtained using a LEO 1550 high-performance Schottky field-emission SEM, 

which had an Oxford INCA Energy E2H EDS system (Zeiss, Peabody, MA). The two phase 

equilibrium of the particles was confirmed by x-ray diffraction (XRD) using a Philips MPD system 

(Andover, MA). A FEI Titan 300 high-resolution TEM (HRTEM) with EDS detector was used to 

obtain lattice images and elements information in nanoscale (Hillsboro, OR). Magnetic force 

microscopy (MFM) images were obtained by a Veeco Dimension 3100 Nanoman AFM (Camarillo, 

CA). Magnetic hysteresis loops were measured by a vibrating sample magnetometer (VSM 7304, 

Lake Shore Cryotronics, Westerville, OH). 

 

4.3.3 Results  

The ceramic-ceramic two-phase nanorods gave us inspiration to prepare metal-ceramic two-

phase nanorods, via a similar process. I used magnetic metal powders to make the metal-ceramic 

nanocomposites: i.e., magnetostrictive metal and ceramic two-phase nanorods. There are three well 

known magnetostrictive metals: Ni, Co and Fe. Both Ni and Co are good choices. This is because 

their magnetostrictions are much larger than that of Fe, and both have very low electrical 

resistivities. Since Co has a higher chemical activity than Ni, pure Ni metal will be more stable. In a 

control experiment (data not shown), I found it difficult to keep Co as a simple metallic phase when 

forming nanostructures with BTO by solid state reaction. Accordingly, Ni was chosen as the 

magnetostrictive metal phase for more detailed studies.  
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Figure 4-8 (a) SEM image of a single Ni-BTO nanorod. Insert is the Ni-BTO nanoparticle 
obtained from a starting ratio of barium acetate: titania: Ni =1:1:1. The scale in the insert is 
the same at that in (a); (b) XRD line scan of Ni-BTO nanorods; (c-f) elemental mapping of a 
single nanorod where (c) is a SEM image of the nanorod studied, (d) is an oxygen element 
mapping, (e) is a barium elemental mapping, and (f) is a Ni element mapping. The scale in 
these images is the same at that in (c).  
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To prevent Ni from oxidizing, I used a hydrogen gas atmosphere during the reaction process 

and also chose a high metal-ceramic ratio in the starting materials (i.e., barium acetate: titania: Ni 

=1:1:4). After reaction, I also determined the elemental ratio of the products of the Ni-BTO 

nanorods. In Table 4.1, I can see that the elemental ratio between Ni, Ti, and Ba in the nanorods was 

close to 1:1:0.75. However, in control experiments, if I chose a Ti: Ni ratio of 1:1 as the starting 

material, then I could not obtain a nanorod structure in the final morphology after solid state 

reaction (see inset of Fig.4.8a), and the Ni peaks in the XRD line scan were very weak (data not 

shown). Excess Ni in the starting materials was important to the obtainment of the rod morphology. 

One possible reason is that excess Ni metal can play two important roles: reducer and catalyzer. Ni 

is easily oxidized at the reaction temperature. Excess Ni can help maintain a reducing environment, 

and thus Ni can form in the rod with BTO. On the other hand, metal nanoparticles already have been 

reported to work as catalyzers to assistant in the growth of inorganic nanorods and nanotubes. Here, 

Ni may play a similar role. I can grow CFO-BTO nanorods under air without Ni. But a reducing 

environment is not good for forming oxides: a catalyzer may promote rod growth.     

 

Table 4-1 EDS Element ratio (atomic%) from Ni-BTO nanorod 

 

 

From the SEM and TEM images in Fig.4.8a (ratio 1:4), a nanorod morphology can be seen 

with a diameter close to 150nm. XRD line scan (Fig.4.8b) confirmed the presence of both BTO and 

Ni phases. Several lower intensity peaks were also found indicating small volume fractions of TiO2. 

The reducing atmosphere prevented the complete reaction of   
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                                             TiO2 +Ba(CH3COO)2     BaTiO3.  

In Figure 4.8(c)-(f), I show oxygen, barium, and nickel elemental mappings across a single nanorod 

grain. In the contrast of these figures, I can see that the Ni and Ba contents are both distributed 

throughout the nanorod. This, in conjunction with the XRD line scan, conclusively shows that BTO 

and Ni phases coexist throughout individual nanorod grains.  

Figure 4.9a shows a TEM image for a single Ni-BTO nanorod. The selected area electron 

diffraction pattern taken from this rod is also shown in the insert of this figure. The BTO phase was 

clearly identifiable in the diffraction pattern. In addition to intense BTO zones, I also found an 

additional zone illustrated by an arrow which did not belong to BTO, but rather belonged to a 

second phase.  To further understanding, I performed high resolution TEM of these nanorods. A 

lattice image is shown in Fig.4.9b, which demonstrates that two phases coexisted in this nanorod. 

The top portion of this image is a BTO phase region, which has a larger inter-planar spacing. The 

bottom portion is a Ni phase region. Between the BTO and Ni phases, a buffer zone of about 4nm in 

width can be seen, across which the two phases contacted each other.  

Due to limited resolution, our EDS mapping in Fig.4.8 can only confirm that Ni and Ba 

elements existed in the nanorods, as this method does not have the capability to determine the phase 

distribution in the rods. Energy dispersive analysis which was attached on the Titan STEM was used 

to measure the elemental line profile, helping us determine the Ni and BTO phase distribution inside 

the nanorods. Figure 4.9c shows a TEM image taken by the Titan to reveal the location that I 

determined the element distribution. Figures 4.9e and 3f are two example spectra that I obtained 

from different regions. By putting these spectra together, I can draw elemental line profiles in Figure 

4.9d. The concentration of Ni can be seen to be different at various locations: its concentration at the 

edge was higher than at the center (please see detail spectra in Fig.4.9e and f). Analysis also 
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revealed that the intensity of Ba was lower at the edge, but higher at the center. Based on these EDS 

data, I can propose that the distribution of Ni is dominantly on the surface and encloses the BTO 

phase at the center: a core-shell nanorod structure (inside core: BTO, outside shell: Ni) formed in 

these nanorods.    

During solid state reaction, NaCl was the reaction medium, and this was in a melt state. The 

starting materials for solid state reaction were nanoparticles of Ni (90nm) and TiO2 (40nm): this is 

important to note, as diffusion rates can be notably increased to lower temperatures by reduction of 

particle sizes to nm scales. During the solid state reaction, I believe that BTO regions may nucleate 

as isolated regions within a mixture of surrounding Ni nanoparticles. Please note that the reducing 

environment will create oxygen vacancies in the BTO, preferentially at the grain boundaries. A high 

volume fraction of BTO and Ni grain boundaries with a high concentration of vacancies in BTO 

boundaries will reduce the surface energy of the BTO-Ni boundaries: this may play an important 

role in stabilizing metal-ceramic coexistence. This would also help explain why I found the Ni 

concentration higher on the edge of the nanorods. The lattice parameters of BTO (atetragonal=3.94Å, 

ctetragonal=4.03 Å) and Ni (acubic=3.52Å) are not similar, however the d-spacing of several planes (i.e., 

dNi(111) =2.03Å and dBTO(002) =2.02Å) are quite close. These two phases could elastically 

accommodate each other at the nanoscale if they are oriented along these directions with respect to 

each other. The two phases could then coarsen and sinter together, forming hybrid two-phase grains. 

The shape anisotropy of the nanorods may also help in achieving partial stress compatibility 

between the two phases.  
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Figure 4-9 (a) TEM image and diffraction pattern of a single Ni-BTO nanorod. Insert is a 
selected area electron diffraction pattern from this nanorod; (b) lattice image illustrates two 
phase coexist in a Ni-BTO nanorod, where the broken lines indicate the buffer area between 
the two phases and the solid line try to make the lattices directions more clear; (c) and (d) are 
HRTEM image and elemental atomic ratio line profile from the marked line in (c). (e) and (f) 
are EDS spectra taken from the edge (location 1) and center (location 3) of the rod. After put 
five spectra together (taken from cyclical spots in (c) with same distance: 85nm), I obtain line 
profile shown in (d).      



114 
 

 
I next studied the magnetic properties of our Ni-BTO nanorods. Figures 4.10a and b show 

AFM and MFM images measured from a single nanorod on a Si wafer. The strongest signal 

intensity of the height scan was located in the center of the rod (see Fig.4.10a), which was the apex 

of a rod lying in-plane. However, the strongest magnetic signal was obtained from the edge of the 

same rod (see arrows in Fig.4.10b). These images indicate that the magnetic phase is preferentially 

disturbed at the edge of the nanorods. By comparing this image to the EDS line scan of Ni which 

had a higher concentration at the edge of the nanorods (Fig.4.9d), I can conclude that the magnetic 

phase giving the strongest magnetic signal in the MFM image is Ni. Figure 4.10c shows a magnetic 

hysteresis loop for both Ni-BTO nanorods and pure Ni foil. A slim loop M-H curve can be seen with 

a saturation magnetization of ~50emu/g: this value is that after considering the weight fraction of Ni 

in the nanorods, and is nearly the same as that for pure Ni foil. The saturation field was quite 

different between these two cases: Ni foil reached saturation magnetization under magnetic fields of 

700G, whereas the Ni-BTO nanorods required 3000G. The remnant magnetization of the nanorods 

was decreased compared with Ni foil, as shown in the inert of Fig.4.10c. The slim loop nature of the 

M-H curve indicates the possibility of superparamagnetism, due to the small size of the Ni phase 

regions.  

4.3.4 Summary  

  In this work, I have successfully fabricated two different types of two phase nanorods via 

solid state reaction. These two phases coexisted with a nanorod grain morphology and had good 

magnetic properties. Considering that the second phase was BTO, I believe that such magnetic 1D 

piezoelectric-magnetic nanorods could offer a cost-effective approach to the synthesis of 

multiferroic nanocomposites. Our future work will focus on measurement of the ME coefficients of 

these nanorods.     



115 
 

 

 

Figure 4-10 MFM image of one nanorod on a Si wafer: (a) height and (b) magnetic phase 
scans; (c) magnetic hysteresis loop measured for Ni-BTO nanorods (solid line) and Ni foil 
(dash line). Insert of (c) magnifies the centre area near H=0 to illustrate the remnant 
magnetizations. 
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4.4  BTO thin film on Ni foil  

As an important and widely used electrode in the electronics industry, Ni foil was selected as 

a metal substrate on which to deposit BTO thin films by PLD. To decrease metal foil oxidization, 

we deposited first 6000 pulses at a vacuum of 0.01mTorr, and remnant deposited at 100mTorr 

oxygen. From the SEM image of the cross section (please see Figure4.11a) we can see the BTO film 

is round 700nm in thick.  Do not like epitaxial grown BTO films on STO and Pt buffered Si have 

grains perpendicular grow out from the substrates, this polycrystalline BTO film is accumulated by 

small BTO grains. And the Ni surface is not as smooth as STO surface after heating to high 

temperature. Although we already deposited the first 6000 pulses at a vacuum, the NiO still existed 

in the film (please see Figure4.11b). The strongest peak of NiO at 43.3º is weaker than the strongest 

peak of BTO at 31.4º. A NiO layer can serve as an important buffer layer to prevent the Ni to further 

oxidize. There are only Ni, BTO and NiO phases existed in the system form the XRD line scan 

(Figure4.11).   

A PE loop shows saturation polarization value is about 6µC/cm2 and remnant polarization is 

about 5µC/cm2. Both are significantly decreased compared to BTO film that grew on STO substrate. 

The open loop indicates there is some loss due to the use of metal as substrate. From the H-M loop 

shown in Figure4.11d, we can see that a saturation magnetization about 47emu/g can be achieved by 

this film. Compared with a pure Ni foil with a saturation magnetization higher than 50emu/g, while 

we can see it decreased because of the oxidization, it still owns a good magnetization. 
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Figure 4-11 (a) cross section view SEM images of BaTiO3 film on Ni foil; (b) is the XRD line 
scan and (c) is P-E loop from this film, and (d) H-M loop measured from a pure Ni foil and Ni 
foil after depositing BTO layer.    
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The oxidization of metal is an important problem when we put metal and ceramic together. 

To avoid Ni oxidization and NiO form in the process, we need to form BTO crystal at low 

temperature. A new process was developed to decrease the BTO crystalize temperature via pre-treat 

BTO sol by hydrothermal process. There are three steps to prepare BTO crystalized thin film via 

solution-based thin film technology: 1), prepare BTO sol; 2), use hydrothermal reactor to treat to sol; 

and 3)3, spin coat pre-treated sol on substrates and anneal it. To compare the effect of the 

hydrothermal process, we also prepared a control sample without the second step, hydrothermal 

treatment. Results can be found in Fig.4.12 and 4.13: from XRD line scan (Fig.4.12), we can see 

that there is no BTO peak in regular sol-gel process; but after hydrothermally treating BTO sol, then 

annealing it at 600˚C, we can get BTO crystals.  The SEM (Fig.4.13) showed the thin film prepared 

by hydrothermal process has some tiny light color particles distributing randomly inside the thin 

film. These tiny particles are BTO nano-crystals.  Materials made via regular sol-gel process only 

can find smooth surface.  

 

  



119 
 

 

 

Figure 4-12 XRD of BTO thin film made by regular sol (top), hydrothermal treated sol 
(bottom) and annealed at 600˚C. The blue lines indicate the stander BTO pattern.   
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Figure 4-13 SEM of BTO thin film made by spin coating: (a) regular sol; and (b) 
hydrothermal treated sol. Both films are annealed at 600˚C. 
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CHAPTER 5 MAGNETOELECTRIC APPLICATIONS  

After obtaining these interesting nanocomposites, it is time to think about designing BTO -

based devices. Good devices can transfer these novel properties to real applications. Beside single 

phase application, such as capacitance, multiphase composites can bring more interesting 

applications including the gyrator[61] and the memristor[62].   

 
5. 1 Gyrator 

 
The gyrator, also named “positive impedance inverter,” can make a capacitive circuit behave 

inductively (a circuit of gyrator is shown in Fig. 5.1).   

Based on the definition of a gyrator, the I-V relationship can be shown as: 

   1 2

2 1

u ri

u ri

= −


=
 or 1 2

2 1

i gu

i gu

=


= −
                                                                (5.1) 

where, r is the resistor of gyrator and g is gyrator coefficient.  The following formula  is 

derived:  

                        22 1 1
1 2 ( )

du di di
u ri r C r C L

dt dt dt
= − = − − = =                                                     (5.2) 

I can build a relationship, 2
L r C= , that indicates one typical application of a gyrator which is to 

transform from an inductor into a capacitor. 
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Figure 5-1  Circuit of a Gyrator 
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The gyrator can be realized by ME composite, for example, Terfenol-D/PZT/Terfenol-D 

laminates with a wrapped coil gyrator already reported by Zhai. The previously study already show 

the performance of this [63, 64].  

An ME gyrator had some gyrator properties including: (i) the nonreciprocal electrical 

element, (ii) the significant non-dissipative I-V converter near the electromechanical resonance 

frequency, and (iii) the unidirectional gyrator. These findings gave us a hint to build a gyrator via 

our metal-ceramic nanocomposites base on similar principle.  

Besides using as a gyrator, Terfenol-D/PZT/Terfenol-D laminates can work as resonance 

tunable device. I found some interesting phenomenon that resonance frequency can be shifted under 

a magnetic field (Fig.5.2). When I apply 300Oe magnetic field on the laminate, the resonance 

frequency can shift from 26.2 kHz to 27.7 kHz. If I only see the resistance at 26.2 kHz, due to this 

shift, the resistance drops from 15.9 kOhm to 9 kOhm, so I can change the resistance locally via 

shift the resonance frequency.     
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Figure 5-2 The impedance and capacitance curves of a metglas-PZT laminate under magnetic 
fields: (a) and (b) are under DC magnetic field; (c) and (d) are under AC magnetic field. 
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5. 2 Memristor 
 

The Memristor is believed to be the fourth fundamental element in circuits [65]. Compared 

with other elements which are widely used in our daily life (the resistor, the capacitor, and the 

inductor, see Fig.5.2), the memristor is mysterious. Let me simply introduce the memristor based on 

mathematics. Each memristor is characterized by its “memristance,” which is a function of the 

change in magnetic flux with electrical charge. Please see the equation (5.3):  

( ) md
M q

dq

Φ
=                                                                   (5.3) 

Based on Faraday’s law, this formula can be rewritten as  

( ) ( ( )) ( )V t M q t I t=                                                               (5.4) 

This equation tells us that memristance defines a relationship between current and voltage, similar 

as a resistor. I can see that if I(t) = 0, then V(t) = 0 and M(t) is a constant. In this relationship, what 

is different about a memristor relative to a resistor is the memory: i.e., the mem- in memristor.  The 

variable resistance will demine by voltage. 

In 2008, scientists from HP lab developed TiO2 memristors at the nanoscale [65]. One 

explanation of the working principle was that oxygen vacancies formed a “filament” to change the 

resistivity. Based on similar structures, I can fabricate a BTO based memristor. People have already 

reported at a piezoelectric domain wall that the resistance is quite different from other areas. If I can 

control the domain growth in a BTO thin film then I might build a memristor; where the electrical 

field switching of domains creates domain walls, the density of domain walls then determines the 

resistance.  
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Figure 5-3 relationship between resistor, capacitor, inductor and memristor 
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Although the memristor is not well-known, we still can find out several properties. For 

example, we can use other three elements to express it. 

*
L

M
C R

=  

Based on the definitions of all four elements, we can build a relationship between these four 

elements: to use inductor, capacitor and resistor to express the memristor, M. Please see the formula 

(5.5).   And we also can find out the SI unit of memristor via a simple calculate and get the unit of 

memristance is same as resistance, ohm.  

The original definition of memristance was given by the relationship between change of 

magnetic flux and change of electrical charge. Please note that this is quite similar to the ME 

coefficient that I discussed through this dissertation. To understand memristor from an essential 

aspect, we need directly build a relationship between magnetic and electric filed. Since memristor is 

describing the relationship between magnetic flux and electric charge, we can try to measure M (or 

inverse of M) from the magnetoelectric materials: 

( / )
( / )

d d area dB
M

dq d q area dD

Φ Φ
= = =  

where B is the magnetic field and D is the electric displacement field. In a ferroelectric 

material system, we have  

0
1 ( )dD d E P

dBM dB

ε +
= =  

Here, we use Metglas/PZT/Metglas three layers laminate as an example to show how to 

directly measure the memristor, M. 

(5.5) 

(5.6) 

(5.7) 
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We know the definition of D, electric displacement field and P, )/( 2
0 mCED rεε= ，

EP r 0)1( εε −=  for the PZT sample we have 
rε is about 1850，we have further have PD ≅  (this 

formula can apply to these materials have large relative dielectric constant>>1).  

1
*

dD dP dP dE

M dB dB dE dB
= = =

 

ME

dP

dE

dE

dH

ε

α

=

=

 

This formula told us M is the inverse of product of the ME coefficient and the permittivity.  

1
* ME

M
ε α

=  

Actually, in 1894, Pierre Curie mentioned the magnetoelectric effect as P G Bα αβ β= . Here G 

is the ME coupling coefficient, which is same as the inverse of M. 

From the definition of memristor, the probable units of memristance are Wb/C. I readily 

know the interrelationships of the following units: T*m2=Wb, A/m*H/m=Wb/m2 (base on equation 

H µ =B), (250/π)A/m=1Oe. Through simple unit calculations I can thus change the units of Wb/C 

into m*Oe/C, as shown below 

                          Wb/C= π*m*H*Oe/(250*C) = (π *H/250)*(m*Oe/C).  

The ME charge coefficient of a BTO-CFO composite has the units of C/(m*Oe). This is the 

reciprocal of that of the memristor of m*Oe/C. Here Henry (H) is the unit of inductance, which 

comes from the formula A/m*H/m=Wb/m2 (Hµ =B). If I know the permeability (µ) of a material, 

then I can get the following simpler formula 

                                                         2/ /Wb C m Oe C≈                                                 (5.9) 

(5.8) 
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Based on above unit calculations, I have evidence that memristance is related to the ME 

charge coefficient. Using a BTO based memristor, both single BTO and BTO-ferrite, BTO-metal 

phases I will build factual evidence to further understand the inter-relationship between the 

principles of memristors and magnetoelectricity.  

There are many potential applications of memristors. One of them is resistive random-access 

memory. Such memories could keep the data even other we turn off the power; thus, we would no 

longer need flash drives.   

I also can see there is a non-ignorable close relationship between a memristor and a gyrator. 

When I use inductance as basic element and a capacitance as control element in a gyrator and only 

use two terminals of the gyrator in the circuit (the coil or the capacitor, meanwhile the next two 

terminals can be used for control) then I can obtain that memristor effect. The difference is I get the 

variable inductance or the capacitance in gyrator but the memristor has the variable resistor.  

 

5. 3 ME sensor 
 

Metglas is a very useful material as it is used as a magnetostrictive layer that can fibrate ME 

sensor with high sensitivity. To directly grow BTO film on the top of Metglas is a simple idea to 

make a BTO based ME sensor. However, before the Metglas is put into the PLD chamber, we must 

understand how heat treatment affects the metglas.  

5.3.1. Introduction 

Magnetoelectric (ME) composites consist of magnetostrictive and piezoelectric phases 

elastically bonded together[66]. The highest ME voltage coefficient αME reported to date for a 

laminate heterostructure is about αME=22 V/cm-Oe at low frequencies, and αME ≤ 750 V/cm-Oe at 

the electromechanical resonance frequency (EMR) conditions[11]. These laminates were 
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constructed by Metglas layers epoxied together with a (1-3) Pb(Zr, Ti)O3 (PZT) fiber layer, 

resulting in a net (2-1) phase connectivity. Energy harvesters[67], transformers[68], gyrators[64], 

sensors[69, 70], and tunable filters[71] have been constructed using these ME laminates with giant 

ME coefficients. In particular, interests have focused on magnetic sensor applications, due to the 

ability to achieve low noise floors and high sensitivity using a simple operational amplifier detection 

method. Such ME detection units offer high sensitivity, low noise floors, very low power-

consumption, and low cost. 

There are numerous prior reports of different magnetostricitve layers being incorporated into 

ME laminated composites to enhance αME. There are four magnetostrictive metallic alloys that have 

been used to fabricate laminates: Metglas[72], Terenol-D[73], Fe-Ga[17], and permendur[74]. 

Terenol-D has the highest magnetostriction (1400 ppm), but a low magnetic permeability (µ r=6); 

whereas, Metglas has µ r = 40000, but a low magnetostriction of 27 ppm. Even though its 

magnetostriction is not the largest, the maxiumum value of the dc-biased effective linear 

piezomagnetic coefficient of Metglas is 4 times larger than that of Terfenol-D. Alternatively, Fe-Ga 

has properties in between Metglas and Terfenol-D, with µ r=20 and a magnetostriction of 200 ppm 

[11].  

Metglas foils are metalloids made near their eutectic concentration[75]. Rapid solidification 

combined with rolling convert such alloys into amorphous foils[76]. Since Metglas has an 

amorphous structure, it can be made with properties that are more uniform than conventional alloys. 

In the amorphous state, diffusion occurs at a lower temperature than in the crystalline one: this is an 

effect of free volume, allowing diffusion to occur more easily. Metglas has a number of unique 

properties such as flexibility, ductility and high permeability[77]. Maintaining the amorphous 

structure is key to preserving these unique properties. However, the temperature stability range of 
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the amorphous phase is quite limited[78], working or treated foils above about 400˚C will begin to 

result in crystallization.  

The use of annealing or heat treatment to change the properties of various magnetic alloys 

including Metglas is well known. The annealing temperature and method of Metglas affects its 

relative permeability, coercive field, and magnetic loss for example, the coercive field and magnetic 

loss both decrease with increasing annealing temperature[79]. The properties of Metglas are known 

to have relatively higher stress sensitivity, after annealing, compared to quenched foils [80]. A 

notable change in coercitivity and magnetomechanical coupling coefficient occurs on annealing 

Fe64Ni10Nb3Cu1Si13B9 alloys [81]. The reason that a heat treatment can affect the properties of 

Magnetic is the nanocrystal grow during anneal. When the nanocrystallization process fully 

develops, and coercitivity of the sample increases is found in Fe64Ni10Nb3Cu1Si13B9 alloys[81]. 

These studies focused on how heat treatment affects the magnetic properties and 

magnetomechancial of the alloy. In this current study, we reported the uses of an annealing process 

for Metglas by which to increase the value of αME of a ME laminate. 

      

 5.3.2 Experimental Method 

Metglas foils of 25 µm in thickness were obtained (Metglas® Alloy 2605SA1, Metglas Inc., 

Conway, SC) that had a saturation magnetostriction of about 27ppm. They were cut to a width of 

1cm and a length of 8cm before annealing. A study of the effect of annealing was then performed. A 

small furnace was used to anneal the Metglas at different temperatures for 1hour. Scanning electron 

microscopy (SEM) images and energy dispersive spectrums (EDS) were obtained using a LEO 

(Zeiss) 1550 high-performance Schottky field-emission SEM. Magnetic force (MFM) microscopy 
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images were obtained by a Veeco Dimension 3100 Nanoman microscope. Phase information was 

confirmed by x-ray diffraction (XRD) using a Philips MPD diffract-meter system. 

We then fabricated ME lamiate composites using these annealed Metglas layers. Thin 

polymer insulating films with interdigitated copper electrodes (ID) were attached to both top and 

bottom of five 200 µm thick commercial PZT fibers （CTS Wireless, Albuquerque, NM） with 

epoxy resin to obtain the push-pull geometry after polarizing[82]. The dimension of each PZT fiber 

was 0.2x4.2cm2 and the distance between the electrodes was 850µm. Then annealed Metglas layers 

were attached to both top and bottom sides of these PZT fiber and electrodes by epoxy resin, and 

were pressed by a hydraulic press to minimize the epoxy thickness in the laminate. The voltages 

induced across the ID electrodes of the PZT fibers of the ME laminates by an applied magnetic field 

were then measured using a lock-in amplifier (SR-850) method as a function of dc magnetic field 

Hdc. A Helmholtz coil driven using an ac field of Hac=1Oe at a frequency f=1kHz was used. Both the 

dc and ac fields were applied along the length of the laminate. Magnetic M-H hysteresis loops and 

the saturation magnetization were also measured using a VSM 7304 (Lake Shore Cryotronics).  

 

            5.3.3 Results and Discussion  

    First, we performed hysteresis loop measurements to study the effect of annealing on the M-

H loops and saturation magnetization. The crystallization temperature of Metglas® (Alloy 2605 

SA1) is 508˚C. Annealing above this temperature results to brittle Metglas. The temperatures we 

chose for annealing were in the range of 150-650˚C. This range of temperatures then allowed us to 

compare annealing effects below, near, and above the crystallization temperature. In the temperature 

range of 150-300˚C, there was little effect of annealing on either the M-H loop or on the 

saturation/remnant magnetizations (as can be seen in Figure 5.4). In each case, the value of the 
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saturation magnetization was about 160 emu/g, and the saturation magnetostriction was unchanged 

at a value of 27ppm (data not shown). However, after annealing at 400˚C, notable changes in the M-

H carves were found. In particular, the saturation magnetization was found to be decreased to about 

110emu/g. Furthermore, we found that the hysteresis in the M-H loops was increased after 

annealing at temperature above 450˚C: as can be seen in Figure 1b, which shows an enlargement of 

the region near the origin at H=0. Clearly, with increased annealing above 450˚C, the magnetization 

of Metglas is compromised and its hysteretic losses enhanced. 
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Figure 5-4 (a) M-H loops measured from the metglas samples annealed under different 
temperatures. (b) Zoom in the central part to show the remnant magnetizations.  
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To better understand the reason for the increased hysteresis, we studied changes in surface 

morphology by SEM. The SEM images shown in Figures 5.5 (a) and (b) were taken from Metglas 

foils after annealing at 350ºC and 400ºC, respectively. One notable change is that the surface 

became rougher after higher temperature annealing. The image in Fig.2b revealed nanoparticles that 

were smaller than about 100nm in size and that were clustered together after annealing at 400˚C. 

Whereas, after annealing at 350ºC, the surface topology was featureless and smooth. Next we 

obtained MFM images for both foils, as shown in Figure 5.5 (c) and (d) respectively. The MFM 

images for the sample annealed at 400˚C had the same cluster-like features as observed by SEM; 

this confirms that clusters are indeed magnetic. Such magnetic clusters would have higher energy 

losses on reversal of the magnetic field then amorphous layers.   
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Figure 5-5 Surface SEM images of metglas layers annealed under different temperature: (a) 
350ºC; and (b) 400ºC. Insert are high magnification images with 100nm scale. MFM images of 
these two samples: (c) 350ºC; and (d) 400ºC. 
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Next, we obtained XRD line scans (as shown in Figure 5.6a) to help identify any structural 

changes that occur on annealing. Metglas in the as-obtained condition is an amorphous metal alloy. 

We designated this original condition as “without anneal.” Inspection of the line scan will reveal a 

very broad peak centered between 40˚≤ 2θ ≤ 47˚. In addition, the insert in the figure will reveal a 

notably sharper peak near 2θ=29˚. These structural features were characteristic of the “without 

anneal” condition. They show the presence of a primary structural ordering with an interplanar 

spacing of 3.02Å. For samples that were annealed at 300˚C, the intensity of the peak near 2θ =29˚ 

was dramatically decreased and shifted to higher angles, and offer annealing at 350˚C no peak was 

apparent at 2θ =29˚. In addition, after annealing the broad peak between 40˚≤ 2θ ≤ 47˚ becomes 

notably more intense and even broader extending to angles of 53˚. Over this range of angles from 

40˚≤ 2θ ≤ 53˚, evidence of internal peaks within the broad peak became apparent.  

We also performed elemental analysis by energy dispersive spectroscopy (EDS) on samples 

annealed at 350ºC and 400ºC. It was found that oxidation was promoted significantly with increased 

annealing temperature between 350 and 400ºC, as can see in Figs. 5.6b-c. Annealing below 350ºC 

resulted in the same oxygen content as the “without anneal” condition, whereas after annealing at 

400ºC, the oxygen content was more than doubled. Annealing at 400ºC favors oxidization, diffusion 

and recrystallization but does not notably affect the properties.  
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Figure 5-6 (a) XRD line scans from the samples annealed under different temperatures. Insert 
is zooming in the strongest peak at 29º. (b) and (c) EDX Element molar ratio from metglas 
layers annealed under different temperatures.  
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These results show unique changes that occur on annealing near 350ºC. At this temperature, 

there is short range structural changes that have developed with respect to the “without anneal” 

condition, but yet either enhanced oxidation or magnetic cluster formation have occurred. Inspire of 

the structural changes, the saturation and remnant magnetizations are unchanged. These unique 

changes in the annealing range of 350ºC are important to note because Kabacoff has previously 

reported that Metglas annealed near 385ºC had a maximum in its magnetomechanical coupling 

coefficient of K33=0.85[83]. Comparison of these prior results with our findings above suggest that 

structural changes occur in Metglas on annealing near 350ºC that do not decrease magnetization, but 

yet may enhance the magetostriction without enhancing hysteretic losses.  

Such enhanced magnetostriction could result in a corresponding enhancement in the ME 

coefficient of laminate composites of Metglas/PZT, as αME is linearly proportional to the effective 

linear poiezomagnetic coefficient. Accordingly, we have fabricated Metglas-PZT laminates with 

Metglas layers annealed at three different temperatures of 300˚C, 350˚C and 400˚C. We then tested 

their capabilities as magnetic sensors, measuring their magnetoelectric voltage coefficient and 

sensitivities to small magnetic field. In Fig.5.7a, we can see that the laminate sensor with Metglas 

layers annealed at 350ºC had the largest ME output voltage. The frequency dependence of αME was 

then measured ever the range of 1<f<100kHz using a lock-in amplifier method, as shown in 

Fig.5.7b. The enhancement in αME at the electromechanical resonance was largest for the laminate 

with Metglas layers annealed at 350 ºC. 

Next, the magnetic field sensitivity and output noise measurements for the three laminates were 

measured using a home-built low-noise charge amplifier detection circuit of gain 1V/pC over the 

frequency range 0.16 to 10Hz. A small ac magnetic field Hac along the longitudinal axis of the 

structure was applied with a pair of Helmholtz coils at a frequency of 1Hz.  Permanent magnets 
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were used to apply a HDC along the longitudinal axis of the structure. The dc field, Hdc used for each 

laminate was that which save the maxiumum value of αME optimized following Fig.5.7a:  this 

allowed us to achieve the highest sensitivity to a small magnetic field variation.  The output voltage 

and the noise level for three laminate was then directly measured using an oscilloscope.  The voltage 

noise of the charge amplifier detection circuit was about 7mV.  The Hac applied was varied in order 

to keep the peak-to-peak output voltage constant at about 15mV, maintaining a constant signal to 

noise ratio of SNR>2.  This then allowed us to compare the field sensitivities measured under 

constant SNR for the different laminates. Figure 5.7c shows that the ME sensor with Metglas layers 

annealed at 350ºC had the largest magnetic-field sensitivity. It is nearly 1.4x larger than the one with 

layers annealed at 300ºC, and 1.5x larger than one for 400ºC. Furthermore, the output voltage and 

magnetic field sensitivity of the laminate with Metglas layers in the “without annealed” condition 

are similar to the one with layers annealed at 300 ºC.  
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Figure 5-7 (a) ME voltage coefficient a as a function of the static dc magnetic field Hdc for 
various PZT fiber-metglas laminate composites after heat treated with metglas layer. (b) 
Frequency dependence voltage coefficient curves and (c) Lowest detectable magnetic field for 
the PZT fiber-metglas laminate composites as a function of the different annealed 
temperature of metglas layer to show the sensitivity of laminate. 
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5.3.4 Summary 

    We annealed magnetostrictive metglas layers at different temperatures, and studied their 

structure, microstructure, and properties. Annealing at temperatures of less than 300˚C did not result 

in any changes in structure, composition, morphology, or properties. Anneal at temperatures greater 

than 400˚C resulted in partial recrystallization, oxidation, magnetic cluster formation, and increased 

and a reduction in magnetization. However, annealing at 350˚C resulted in partial crystallization, 

without oxidation and magnetic cluster formation, while yet not having reduced magnetization or 

increased M-H hysteresis losses. 

We then fabricated ME laminate composites using these annealed Metglas layers. It was found 

that annealing at 350˚C resulted increased sensitivities to small magnetic field vitiates by a factor of 

1.4x, relative to higher or lower annealing temperatures. Our findings indicate an optimum 

annealing temperature at which the magnetostrictive, and thus magnetoelectric properties can be 

enhanced.   

This work also gives us a direction to select a suitable temperature do the BTO deposition in 

PLD process[84]. Directly deposit at high temperature is not a good idea, deposit below 400˚C and 

pre-deposit a Pt layer then do the fast annealing is a better way. 
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CHAPTER 6 CONCLUSION 
 

6.1  Conclusion 

In this dissertation, I performed a systematic study of the formation of BaTiO3 based 

composite including: fabrication of nanorods, nanoparticles, thin film and characterization of their 

ferroelectric and magnetic properties.  

Different methods were used to achieve novel nanostructures including: pulsed laser 

deposition, solid state reaction, and sol-gel process.  Solid state reaction is an inexpensive method to 

create nanomaterials in large scale. Novel two-phase nanoparticles and nanorods were prepared by 

this method. To identify these two phases TEM, EDS, XRD, HRTEM were used to analysis the 

phase’s distribution. This method not only limit to ceramic-ceramic composite, but also good for 

metal-ceramic composite. Under H2 protect, we can obtain BTO-Ni nanorods via similar process. 

Our EDS analyses show that nanorod is a core-shell structure.   

Unlike solid state reaction, pulsed laser deposition is good for controlling the epitaxial 

growth of oxides. After intruding Au pre-deposited layer, we can control the grain size and 

orientation of the oxide film. This is a very simple and useful process to manage thin films, and can 

even grow epitaxially on these substrates whose lattice’s parameter do not match the thin films.  

New applications are one of the motivations in my research. After discussion, the fabrication 

and structures, some applications based on these nanocomposites also reported. For example: 

memristor. I used I-V curve to study the resistor of BTO, BTO-CFO thin films. 

BTO-based composites demonstrated these approaches to form self-assembled ferroelectric 

and magnetic nanostructures that can be applied to other similar spinel-perovskite systems to and 

from novel nanostructures, such as BiFeO3- NiFe2O4, PbTiO3-MnFe2O4, etc.  
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6.2  Future work 

Further work could be carried out in three areas on thin film engineering, patterning, and 

novel coupling effect:  

1. Form highly ordered BaTiO3-CoFe2O4 nanostructured thin film, for example, the “chess 

broad” structure. Ordered nanostructures are important for device fabrications. One good device 

application for the ME thin film is memory.  Currently, the hard drive disk uses magnetic process to 

write and read information. The ideal would be if we can use electric process to write information, 

but use magnetic process to read, which will increase the respond speed. The ordered piezoelectric 

and magnetic phase can easy identify the physics location to record information.  

There are two possible approaches to make ordered nanostructures: (1) one way is to use 

patterned substrate which includes positive and negative pattern technology; (2) another way is to 

choose these materials have suitable lattice parameters they can form chess broad structure via self-

assemble. Several scholarly work reported that some materials can form chess broad structures[85, 

86]. Following these previously studies, it will be possible to make ordered multiferroic film and 

fabricate devices.  

2. Ultrathin single phase multiferroic thin film. No double ME composites have yet obtained 

great success in different applications; but single phase multiferroic materials have shown few 

applications that deal with low ME property. Thin film engineering, especially ultrathin film 

engineering on very smooth single crystal substrates give out a chance to enhance the ME property 

in single phase multiferroic materials. BiFeO3 thin layer was reported can generate an effective 

strain of 1.2%, which is close to the highest strains reported from relaxor ferroelectrics [87]. We 

hope other materials also can enhance their own properties via similar mechanism, including ME 

coefficient. 
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3. Measure the different properties from these nanocomposites and find new interactions 

between them: i.e., pyroelectricity property, optical properties, microwave properties, etc. The 

concept of ME coupling is using an interior stain connects both magnetic and electric phase. Based 

on the same idea, I believe other properties can be connected and can also give novel applications. It 

is very important to not be limited in the Magnetic-electric area the concept of multifunction 

materials can be applied into several fields.   
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