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Abstract 

 Magnetoelectric (ME) effect is defined as the change in dielectric polarization (P) of a 

material under an applied magnetic field (H) or an induced magnetization (M) under an 

external electric field (E). ME materials have attracted number of investigators due to their 

potential for improving applications such as magnetic field sensors, filters, transformers, 

memory devices and energy harvesters. It has been shown both experimentally and 

theoretically that the composite structures consisting of piezoelectric and magnetostrictive 

phases possess stronger ME coupling in comparison to that of single phase materials. Giant 

magnetoelectric effect has been reported in variety of composites consisting of bulk-sized 

ME composites and thin film ME nanostructures. In this dissertation, novel ME composite 

systems are proposed, synthesized and characterized in both bulk and thin films to address 

the existing challenges in meeting the needs of practical applications. Two applications were 

the focused upon in this study, tunable transformer and dual phase energy harvester, where 

requirements can be summarized as: high ME coefficient under both on-resonance and 

off-resonance conditions, broad bandwidth, and low applied DC bias. 

 In the first chapter, three challenges related to the conventional ME behavior in bulk ME 

composites have been addressed (1) The optimized ME coefficient can be achieved without 

external DC magnetic field by using a self-biased ME composite with a homogenous
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magnetostrictive material. The mechanism of such effect and its tunability are studied; (2) A 

near-flat ME response regardless of external magnetic field is obtained in a self-biased ME 

composite with geometry gradient structure; (3) By optimizing interfacial coupling with 

co-firing techniques, the ME coefficient can be dramatically enhanced. Theses co-fired ME 

laminates not only exhibit high coupling coefficient due to direct bonding, but also illustrate a 

self-biased effect due to the built-in stress during co-sintering process. These results present 

significant advancement toward the development of multifunctional ME devices since it 

eliminates the need for DC bias, expands the working bandwidth and enhances the ME 

voltage coefficient. 

 Next, magnetoelectric nanocomposites were developed for understanding the nature of 

the growth of anisotropic thin film structures. In this chapter following aspects were 

addressed: (1) Controlled growth of nanostructures with well-defined morphology was 

obtained. Microstructure and surface morphology evolution of the piezoelectric BaTiO3 films 

was systematically analyzed. A growth model was proposed by considering the anisotropy of 

surface energy and the formation of twin lamellae structure within the frame work of 

Structure Zone Model (SZM) and Dynamic Scaling Theory (DST). In parallel to BaTiO3 

films, well-ordered nanocomposite arrays [Pb1.1(Zr0.6Ti0.4)O3/CoFe2O4] with controlled grain 

orientation were developed and investigated by a novel hybrid deposition method. The 

influence of the pre-deposited template film orientation on the growth of ME composite array 

was studied. (2) PZT/CFO/PZT thick composite film and BTO/CFO thin film were 

synthesized using sol-gel deposition (SGD) and pulsed laser deposition (PLD) techniques, 

respectively. The HRTEM analysis revealed local microstructure at the interface of 
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consecutive constituents. The interfacial property variation of these films was found to affect 

the coupling coefficient of corresponding ME nanocomposites. Subsequently, a novel 

complex three-dimensional ME composite with highly anisotropic structure was developed 

using a hybrid synthesis method. The influence of growth condition on the microstructure and 

property of the grown complex composites was studied. The film with highly anisotropic 

structure was found to possess tailored ferroelectric response indicating the promise of this 

synthesis method and microstructure. 

 Based on the laminated ME composites, three types of ME tunable transformer designs 

were designed and fabricated. The goal was to develop a novel ME transformer with tunable 

performance (voltage gain and/or working resonance frequency) under applied DC magnetic 

field. Conventional ME transformers need either winding coil or large external magnetic field 

to achieve the tunable feature. Considering the high ME coupling of ME laminate, two ME 

transformers were developed by epoxy bonding Metglas with transversely/longitudinally 

poled piezoelectric ceramic transformer. The influence of different operation modes toward 

magnetoelectric tunability was analyzed. In addressing the concern of the epoxy bonding 

interface, a co-fired ME transformer with unique piezoelectric transformer/magnetostrictive 

layer/piezoelectric transformer trilayer structure was designed. The design and development 

strategy of thin film ME transformer was discussed to illustrate the potential for ME 

transformer miniaturization and on-chip integration. 

 Lastly, motivated by the increasing demand of energy harvesting (EH) systems to support 

self-powered sensor nodes in structural health monitoring system, a magnetoelectric 

composite based energy harvester was developed. The development and design concept of the 
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magnetoelectric energy harvester was systematically discussed. In particular, the first 

dual-phase self-biased ME energy harvester was designed which can simultaneously harness 

both vibration and stray magnetic field (Hac) in the absence of DC magnetic field. Strain 

distribution of the EH was simulated using the finite element model (FEM) at the first three 

resonance frequencies. Additionally, the potential of transferring this simple EH structure 

into MEMS scalable components was mentioned. These results provide significant 

advancement toward high energy density multimode energy harvesting system. 
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1. Introduction  

1.1 Multiferroic  &  Magnetoelectric materials 

Multiferroic (MF) magnetoelectric (ME) materials have attracted great interest due to 

their technological importance in various applications such as magnetic field sensors, filter, 

transformer, information storage devices and energy harvesters.
1
 In general, ferroic materials, 

including ferroelectric, ferromagnetic, and ferroelastic materials etc., exhibit hysteretic 

behavior between physical parameters (magnetization M, polarization P, strain Ů) and their 

conjugate external stimuli (magnetic field H, electric field E, external stress ů).
2
 The term 

ñmultiferroicò is used for the materials having more than one ferroic orders in a single phase.
3
 

The multiferroic coupling allows tuning of two or more physical parameters under external 

stimuli, as shown in Figure 1.1(a).
2
 Out of various interesting phenomenon, one of the most 

appealing property of the multiferroic is the magnetoelectric coupling, which results in 

magnetoelectricity, as shown in Figure 1.1(b).
4
 It is a product property of piezoelectricity and 

magnetoelasticity, where a large variation in spontaneous polarization can be obtained under 

external magnetic field or a change in magnetization can be obtained by applying electric 

field. The magnitude of ME coupling in naturally occurring single phase compounds (BiFeO3, 

Cr2O3, YMnO3) is extremely small at room temperature.
5,6,7

 Therefore, to obtain larger ME 

coupling at room temperature, ME composites consisting of magnetostrictive and 

piezoelectric materials have been developed. In ME composites, the magnetic-field-induced 

strain (magnetostriction) in magnetostrictive phase is transferred to piezoelectric component 

through elastic coupling, and consequently generating electrical charges and vice versa. 
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Figure 1.1 (a) The relationship between multiferroic and magnetoelectric materials. Notice 

that only small group of materials are both multiferroic and magnetoelectric. (b) Schematic 

diagram illustrating different physical relationships present in ferroic materials. (Adapted 

from [
4
]) 
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Based upon the external stimuli, this magnetoelectric interaction can be described as:
1
  

Direct magnetoelectric (DME) effect         (1-1) 

Converse Magnetoelectric (CME) effect        (1-2) 

 In DME effect, the ME coupling coefficient is characterized by the ratio of applied AC 

magnetic field (Hac) and induced AC electric field (Eac) ‌ . In CME effect, it is 

described as field conversion ratio between applied AC electric field and induced AC 

magnetic field, ‌ . This coupling is tightly related to the intrinsic properties of each 

constituents and the effectiveness of elastic coupling between the two. Efforts have been 

addressed to enhance the ME voltage coefficient through various materials combination and 

configurations. 
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1.2 Magnetoelectric composite 

Magnetoelectric composite can be realized through the interactions between the 

magnetostrictive and piezoelectric materials.
8
 The transfer of magnetic field induced strain 

(magnetostriction) from the magnetostrictive phase to the piezoelectric phase occurs through 

the elastic coupling. Prior research on ME materials shows that composites exhibit much 

higher magnitude of ME coefficient than single-phase materials.
1,8,9, 

In addition, the design 

and synthesis of ME composites offer more flexibility in cost-effectiveness and freedom in 

meeting the shape and size constraints. In the past decade, ME composites with diverse set of 

material, connectivity and microstructure have been developed through a variety of 

processing techniques.
1,10,11,12

 

1.2.1 Classification 

In general, ME composites can be categorized into different groups based upon phase 

connectivity, materials selection, operation mode and synthesis method, as listed in Table 1.1. 

Connectivity is a critical parameter in composites and was described first for 

piezoelectric composite structure proposed by Newnham et al.
13

 The connectivity in general 

can be given by
Ȧ

ȦȦ
, where n is number of phases. For a two phase system, there are ten 

types of connectivity, as shown in Figure 1.2. 
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 Table 1-1 Classification of magnetoelectric composites 

Characterization Classes 

Applied input DME CME  

Connectivity 0-3 2-2 1-3 

Operation mode L-T/ T-L T-T L-L 

Material All ceramics Ceramic-Metal Polymer-Metal 

Synthesis Bonding Co-fired Thin/Thick film 

 

 

 

Figure 1.2 Different types of connectivity of the two phase composite system. Reprinted with 

permission from [
13

], Copyright 1978, Elsevier. 
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Considering the phase connectivity, two-phase ME composite system is typically 

classified into three common groups
1
, as shown in Figure 1.3: (i) 0-3 type particulate 

composite, where the first number denotes the magnetic phase (0 dimension particles) 

embedded in the matrix of piezoelectric phase (3 dimension), (ii) 2-2 type laminate, where 

the layer-by-layer architecture consists of alternate magnetic and piezoelectric phase, and (iii) 

1-3 type cylinder-matrix composite, where nano/micro-rods of magnetic phase are embedded 

in the piezoelectric matrix.
9
 The 2-2 type ME laminate structures preserve the physical 

characteristics of individual phases, minimize the interfacial damping, and exhibit negligible 

leakage, thereby resulting in higher ME coupling. A sandwich type configuration with two 

distinct phases is a commonly utilized structure in this category.
8
 The 1-3 type composites 

were mainly explored at the micro and nanoscale where they can be easily synthesized 

through the self-assembly process.
14

 The 2-2 type laminates have been widely investigated 

due to the ease of fabrication and design flexibility.
8,9

 The most common configurations for 

the 2-2 type laminates are magnetostrictive/piezoelectric (MP) bilayer structure and 

magnetostrictive/ piezoelectric/magnetostrictive (MPM) trilayer structure. 
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Figure 1.3 Schematic diagram of ME composites with three different connectivity: (a) 0-3 

type particulate composite, (b) 2-2 type laminate composite, and (c) 1-3 type cylinder-matrix 

composite. 

 

 

Figure 1.4 Schematic illustration of ME composite with four basic operation modes: (a) L-L; 

(b) T-L; (c) L-T; (d) T-T. M represent magnetization direction, P represent polarization 

direction. 
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Basing on different combination of poling and magnetization direction, we can identify 

four basic operation modes as L-T/T-L, T-T, L-L, where the first letter represents 

magnetization orientation, the second letter denotes polarization direction, ñLò stands for 

longitudinal, and ñTò for transverse, as shown in Figure 1.4. All these modes can be easily 

realized by fabricating structures through epoxy bonding of layers with different 

magnetization/poling conditions. Both theoretical calculation and experiments demonstrated 

that the magnitude of ME voltage coefficient for laminates follows the order 

(L-L)>(L-T/T-L)>(T-T).
8
 Generally, the ME voltage coefficient of L-L mode structure is 

nearly an order of magnitude higher than those of L-T type laminates.
15

 This is due to the 

efficient stress transfer (d33>2d31 since Poissonôs ratio is smaller than 0.5) when the 

piezoelectric layer is longitudinally poled. The small value of (T-T) mode is a result of the 

demagnetization effect of the magnetostricitive phase. It is also important to mention here 

that other more complex modes such as composites in form of bimorph, unimorph, ring, and 

cylindrical structures have also been developed as alternative choices towards designing 

suitable energy harvesters.
16,17,18

 

1.2.2 Materials selection 

A suitable selection of piezoelectric and magnetostrictive materials is an essential step 

towards high performance ME composite. Srinivasan et al. have proposed the variation of 

ME coefficient with piezoelectric coefficient, piezomagnetic coefficient and elastic 

compliance of piezoelectric and magnetostrictive materials. For 2-2 type laminate composites, 

the ME coefficient are given as:
19
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Ὁ‏

Ὄ‏

ςὨ ή ὺ

ί ί ‐ὺ ί ί ‐ὺ ςὨ ὺ
 

(1-3) 

Ὁ‏

Ὄ‏

ςὨ ή ὺ

ί ί ‐ὺ ί ί ‐ὺ ςὨ ὺ
 

(1-4) 

where Ek and Hk are vector components of the electric and magnetic field; v denotes the 

volume; Sij is an compliance coefficient; dki is a piezoelectric coefficient; qki is a 

piezomagnetic coefficient; Ůkn is an permittivity. The superscripts ñmò and ñpò represent the 

magnetostrictive and piezoelectric phase respectively. Clearly, the piezoelectric phase 

(Ὠ ȟίȟίȟ‐ ) and magnetostrictive phase (ή ȟή ȟίȟί ) play an important role toward 

large magnetoelectric response. 

1.2.2.1 Piezoelectric materials 

Generally, for piezoelectric materials, high piezoelectric voltage constant (g=d/Ů), low 

dielectric and piezoelectric losses are desired. As shown in Table 1.2, there are multiple 

groups of piezoelectric materials such as random ceramics, textured ceramics, single crystals 

and polymers, where d33 is the longitudinal piezoelectric constant, d31 is the transverse 

piezoelectric constant, Ůr is the relative dielectric constant, k33 is the longitudinal 

electromechanical coupling coefficient, and Tc is the Curie temperature. Selection depends on 

composite processing techniques such as mixed oxide ceramic processing, hot-pressing, 

lamination, co-firing, injection molding and extrusion. 
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Table 1-2 List of typical piezoelectric materials. 
9,8,20,21

 

 Materials d33(pC/N) d31(pC/N) Ůr(1kHz) k33 Tc(
o
C) 

Random 

ceramics 

BaTiO3 190 -78 1700 0.49 120 

PZT-5 400 -175 1750 0.72 360 

APC 855 

(soft PZT) 

630 -276 3300 0.76 250 

APC 840 

(hardPZT) 

290 -125 1250 0.72 325 

Textured 

ceramics 

NBT-BT 322   0.57 90 

PMN-PZT 1100  2310 0.84(kp) 204 

Single 

crystal 

PMN-PZT 1530  4850 0.93 211 

Polymer PVDF  -28 6 0.2(kt) 170 
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One of the first ME composite was developed by using BaTiO3 (BTO) as the 

piezoelectric phase.
22

 To further enhance the ME coupling, Pb(Zr,Ti)O3 (PZT) based 

compositions have replaced BTO as the piezoelectric phase for its larger electromechanical 

coefficients. With the development of relaxor-based single crystals such as Pb(Zn1/3Nb2/3)O3ï

PbTiO3 (PZN-PT) and Pb(Mg1/3Nb2/3)O3ïPbTiO3 (PMN-PT), the performance of ME 

composite can be dramatically enhanced based on their ultra-high electromechanical 

properties ( d33>2000 pC/N and k33>92%).
9
 However, the low Curie temperature and high 

cost hinder their application for ME composites. In addressing this challenge, alternative 

strategy of texturing ceramics was proposed. Yan et al. have demonstrated template grain 

growth (TGG) technique that yields microsctructure with <001> preferred grain orientation 

resulting in high d and g value comparable to that of single crystal 
21

. By utilizing this 

textured ceramics as the piezoelectric layer in the ME composites, a 3.4 times improvement 

of ŬME was realized as compared to that of random ceramics.
21

 Lead-free random and 

textured ceramics  was also considered for fabricating ME composites.
20

 Other than these 

ceramic materials, polymeric piezoelectric compositions such as polyvinylidene difluoride 

(PVDF) have been utilized for developing highly flexible ME devices.
12,23

 

1.2.2.2 Magnetostrictive materials 

 Magnetostrictive materials are defined as materials that undergo a change in shape due 

to the variation of the magnetization states under external magnetic field. Similar to 

ferroelectric, the mechanism of magnetostriction can be related to the motion of magnetic 

domains. The magnetic domains are randomly oriented initially, leading to a 
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zero-net-magnetization. However, upon application of the magnetic field, these domains can 

be reoriented along the direction of the applied external magnetic field, giving rise to a 

dimension change, as illustrated in Figure 1.5. The material deformation can be quantified 

through magnetostriction (ɚ) coefficient with saturation value (ɚs). Table 1.3 provides a list of 

commonly used magnetostrictive materials for ME composites. 

Among the magnetostrictive materials listed in Table 1.3, ferrites have larger electrical 

resistance in comparison to the metal/alloy magnetic materials but smaller magnetostriction. 

Ferrites are widely used in co-processing with piezoelectric ceramics due to their stability 

under high temperature. Magnetic alloy Terfenol-D exhibits large magnetostriction (1400ppm) 

with small permeability (Ū10). Terfenol-D is suitable for high performance ME laminate but 

requires large DC magnetic bias to reach the saturation magnetostriction. Metglas has 

extremely high relative permeability of >10000 and high piezomagnetic coefficient (q) but 

requires low processing temperatures. Metglas-based ME laminates require extremely small 

Hbias
15,24

. Both of these materials are quite attractive magnetostrictive phase for the 

fabrication of ME laminate composites. 
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Figure 1.5 Schematic of magnetic domain rotation. 

 

 

 

Table 1-3 List of typical magnetostrictive materials.
9,8

 

 Materials ɚs (ppm) 

 Fe3O4 40 

Ceramic NiFe2O4 -26 

 CoFe2O4 -110 

 Fe -9 

Metal Co -62 

 Ni -33 

 Terfenol-D (Tb1-xDyxFe2) 1400 

Alloy  Galfenol (Fe-Ga) 200 

 Metglas (Fe81Si3.5B13.5C2) 40 
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1.2.3 Synthesis of ME composite 

A variety of synthesis techniques have been used for fabricating ME composites, 

including epoxy bonding, co-firing, thick film printing and thin film deposition. 

1.2.3.1 Epoxy bonding 

Epoxy bonding is widely used for synthesizing ME laminates because of its easy  

fabrication process and low cost.
8
 Since this process does not require high temperature, most 

of the material combinations are suitable. Epoxy bonding reduces the misfit strain at the 

interface arising by the thermal expansion mismatch between the different layers. It also 

eliminates the atomic inter-diffusion and/or chemical reaction between the layers. Thus, it 

offers great design flexibility than conventional ceramic processing techniques. However, the 

epoxy layer with low mechanical strength dampens the generated strain, induces noise floor 

and therefore limits the ME response.
25

 Further, manual fabrication process presents another 

challenge in implementation of industrial manufacturing.
26,27

 

1.2.3.2 Co-firing  

To optimize the ME interface coupling, direct bonding that completely excludes the 

epoxy in the composite is necessary. Co-firing technique not only enhances the elastic 

coupling between phases, but also dramatically decreases the cost due to its compatibility 

with industrial production process that commonly used for multilayer capacitors. Considering 

the materials characterization, co-firing of piezoelectric ceramics and ferromagnetic ceramics 

process is developed.
28,29,9

 However, it is extremely challenging as a result of the large 
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difference in shrinkage rates and thermal expansion mismatch among different phases.  

1.2.3.3 Thin film deposition 

It has been widely accepted that strong interfacial bonding between two phases are 

required for a large ME response. However, either the low mechanical strength from the 

epoxy bonding or the possibility of inter-diffusion during the high temperature co-firing 

process may limit the bonding between the two phases. More importantly, these two methods 

result in another issue that the large sample size may limit its implementation for 

MEMS-scale functional ME devices. In addressing these issues, thin film deposition method 

has been widely employed in the development of ME composites.
4,6,14,4,30

 Nanostructure thin 

film composites including 0-3 type particular films, 2-2 type layered heterostuctures, and 1-3 

type vertical heterostructures have been investigated using either physical vapor deposition 

(PVD) methods (pulsed laser deposition, sputtering, molecular beam epitaxial) or chemical 

vapor deposition (CVD) methods (sol-gel spin coating, metal-organic chemical vapor 

deposition). By optimizing the deposition parameters and materials selection, ME composite 

thin films with coherent interfaces exhibiting various nanostructures were developed by 

precise control of the lattice mismatch and thickness between the two phases.
4,31

 

1.2.3.3 Thick film printing  

For practical applications, such as sensors or energy harvesting systems, the size effect 

limits the signal of ME voltage output, even though large ME coupling can be achieved in the 

thin film composites. For a film at 100 nm scale, the real ME voltage detected from the films 

might be negligibly small on the order of µV level.
11

 Therefore, to enhance the voltage output 
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of the ME films, thick films at micron scale are highly demanded. Ryu et al. demonstrated an 

efficient method for fabricating thick films using aerosol deposition (AD).
11,32,

 Piezoelectric 

and magnetostrictive nano-powders were sprayed on substrate through high pressure gas flow 

at room temperature. A high print rate with the magnitude of several microns/min can 

therefore be obtained. Composite films with various material phases, thickness and 

configuration can also be easily printed on metal/ceramic substrates with high density and 

good interfacial bonding strength.
32,33,34

 

1.2.4 Conventional ME composites: Bulk and thin film 

1.2.4.1 Particulate ME composite 

0-3 type particulate composites, as illustrated in Figure 1.3(a), can be fabricated by the 

combination of particulate magnetostrictive phase homogeneously dispersed in the 

piezoelectric matrix. In order to achieve significant ME performance, the synthesis 

requirements can be summarized as: (i) thermal and chemical equilibrium of individual 

phases at the synthesis temperature, (ii) small elastic mismatch between the grains of 

individual phases, (iii) high dielectric insulation and resistivity of the overall composite, and 

(iv) large magnetostriction and piezoelectric effects of the composite. The effect of 

composition, geometry, sintering process, and grain size was studied and it was shown that 

magnetoelectric coupling can be improved from 26 mV/cm.Oe to more than 400 mV/cm.Oe 

by optimizing these parameters. This magnitude is much higher than that of single phase ME 

materials
35

. However, the magnitude of ME coupling was still lower than theoretical 

prediction for these type of the elastically coupled systems. This is believed to be related to 
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the high leakage current through ferromagnetic particles
35

. Therefore controlling leakage 

current in 0-3 particulate composites helps in achieving superior ME coupling through 

sintering. 

1.2.4.2 Laminate ME Composite 

2-2 type ME laminates structures can overcome the leakage problem, preserve the 

physical characteristics of individual phases, minimize the interfacial damping and thus 

provide larger ME coupling. A sandwich type configuration with two distinct phases is 

commonly used structure in this category. Piezoelectric and magnetostrictive phases can be 

bonded together by using epoxy resin or could be co-fired to form the multilayer laminates. 

By selecting proper composition, piezoelectric vibration modes, magnetic field orientation 

and optimized dimensions, one can obtain high ME coefficient (100~1000 mV/cm.Oe). To 

exemplify, push-pull mode ME laminates consisting of PMN-PT fibers and Metglas were 

found to exhibit giant ME coefficient of 52 V/cm.Oe at 1kHz under optimal DC magnetic 

bias 8 Oe, which enabled detection of extremely low magnetic field on the order of 1pT.
26

 

1.2.4.3 Cylinder-Matrix ME composite 

1-3 composites have been mainly explored at the micro and nano-scale where they can 

be easily synthesized through the self-assembly processes. At bulk scale, 1-3 composites can 

be fabricated through the dice-and-fill procedure but have limitation with respect to the 

aspect ratio of the rods.
36

 To overcome this limitation, another process has been proposed 

where PZT rod is embedded in a Terfenol-D/epoxy mixture (TDE).
37

 The experiments have 

demonstrated that the coupling between the PZT rod and TDE medium can generate much 
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larger ME response (18.2 V/cm.Oe at 84 kHz at 1.5 kOe) than the other three-phase 

composite reported in literature at the time of publishing this result. 

1.2.4.4 Nanostructured composite thin films  

In comparison to bulk ME composite with various connectivity as discussed above, the 

nanostructured thin film composites provide potential for enhanced ME coupling due to the 

possibility of higher interlayer interaction.
1,38

 Motivated by the on-chip integration of 

magnetoelectric components, nanostructured composites of ferroelectric and magnetic oxides 

have been synthesized on lattice matching substrates with varying orientation and 

connectivity. The commonly experimented geometries are bilayers, heterostructures, 

self-assembled structures and nanowires. One early example of nanostructured composite is 

the 1-3 vertical heterostructure reported by Zheng et al. where arrays of magnetic CFO 

nano-pillars were embedded in a ferroelectric BTO matrix.
39

 In that work, it was 

demonstrated that the self-assembled composites can possess large ferroelectric and 

ferromagnetic response, however ME coupling in such structures is debatable. 

Nanocomposite thin films have been explored via variety of synthesis techniques including 

physical deposition techniques (e.g. pulsed laser deposition, sputtering), chemical solution 

processing (sol-gel spin-coating) and chemical vapor deposition. However, the ME response 

of the nanostructure still remains a challenge. In 1-3 type structure, high leakage current due 

to continuous path of low resistance ferrite pillars limits the ME response. In 2-2 type layered 

geometry, the ME coupling was dramatically affected by clamping effect from the substrate. 

Owing to these challenges, it has been difficult to detect a significant ME charge from these 
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nanostructures. Indirect measurement method has been proposed by measuring the change of 

magnetization at Curie temperature, as shown in Figure 1.6.
39

 This finding opens the 

possibility that ME coefficient might be measured in ultra-thin multiferroic composite thin 

films. 

 

Figure 1.6 Magnetization versus temperature curve measured at H=100 Oe, which shows a 

distinct drop in magnetization at the ferroelectric Curie temperature for the vertically 

self-assembled nanostructure (red curve); the multilayered nanostructure (black curve) shows 

negligible change in magnetization. Reprinted with permission from [
39

], Copyright 2004, 

AAAS. 
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1.3 Characterization of magnetoelectric coupling 

It can be seen from the above discussion that the possibilities are numerous for designing 

magnetoelectric composites (materials, connectivity, operation mode, synthesis method and 

so on). To better understand these composites, investigation of their working behavior would 

be important in illustrating the effect of specific variables associated with the performance. In 

the following section, the characteristic behavior of some representative conventional 

magnetoelectric composites is described. 

1.3.1 DC magnetic field dependent response (ME vs Hdc) 

In magnetoelectric composites, the measured direct magnetoelectric coupling coefficient 

is the field conversion ratio between applied Hac and induced Eac under Hdc, ŬME=ŭEac/ŭHac. 

In general, under a constant AC magnetic field, the ME coupling coefficient first increases 

with increasing Hdc, reaching a maximum at an optimized DC bias (Hbias), and then decreases 

with further increasing Hdc. This peak behavior in response to varying Hdc can be further 

explained by using the relationship as given below:
40

 

‌ ȿ ȿ  ,                    (1-5) 

where S is the mechanical strain, T is the mechanical stress, D is the electric displacement, E 

is the electric field, and H is the magnetic field. Since the first part of the above expression is 

a non-magnetic factor, one can re-write Eq. (1-5) as: 

‌ ᶿ ή,                        (1-6) 

which indicates that the ME coefficient is directly related to the nature of ferromagnetic 

phase (ɚ: magnetostriction, q: piezomagnetic coefficient) and the effectiveness of elastic 
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coupling between the two phases. The dependence of ŬME on q indicates the requirement for 

additional Hdc. In summary, typical behavior of the ŬME, ɚ, q and their relationship as a 

function of Hdc can be illustrated as shown in Figure 1.7. 

From the above discussion, one can clearly notice that the ME coupling coefficient 

essentially tracks the variation of q, which is proportional to the rate of change in ɚ. 

Depending on the optimum magnetic DC bias, ME composites can exhibit maximum ME 

coefficient. Therefore, based upon the composition and shape of ferromagnetic phase, one 

can tune the magnitude of optimum DC bias ranging from 5 Oe to 6.8 kOe.
1,10,41

 Each of 

these ME composites has different ME behavior due to the difference in coercive field, 

permeability and magnetization. The volume fraction of magnetostrictive phase also affect 

the ME character including Hbias. 
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Figure 1.7 Typical magnetoelectric behavior as a function of DC magnetic field. 
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1.3.2 AC frequency dependent response (ME vs fac) 

Another important phenomenon of the ME composite is the ME coupling as a function of 

applied AC magnetic field (ME vs fac). When an AC magnetic field is applied at frequency 

corresponding to electromechanical resonance (EMR) for the piezoelectric phase or 

ferromagnetic resonance (FMR) for the magnetic phase in the ME composite, the ME voltage 

coefficient shows a peak behavior with the magnitude increased by a factor of up to 100X.
8,10

 

Bichurin et al. proposed a theoretical model for bilayer NFO-PZT laminates, which showed 

40 times increase in aME,33 at electromechanical resonance compared to that of 

off-resonance.
42

 Similar theories have been developed for the ME effect at ferromagnetic and 

magnetoacoustic resonance in the composites.
43

,
44

 Cho et al. analyzed the direct and converse 

magnetoelectric effect in laminate composites and found that DME is maximized at fa while 

the CME is maximized at fr, as shown in Figure 1.8.
40

 This phenomenon can be further 

explained by using piezoelectric constitutive equations and combining it with frequency 

dependent capacitance of piezoelectric layer. 

Generally, for application of ME composite in EMR range, the fundamental resonance 

frequency can be tuned by the length of the laminates (l) where the first longitudinal 

resonance is given as fL=1/(2l ”ί ) (ɟ is the laminate density, s11 is the elastic compliance 

of the laminate).
8
 However, for practical use of the composites at low frequency, the 

corresponding composite dimension would be prohibitively large. Therefore, a model was 

developed for bilayer ME composite working at bending mode, which shows enhanced 

coupling at low frequency in a unimorph configuration.
45

 Al ternative approaches which 

utilize unique laminate configurations have been proposed to achieve low resonance 

http://www.jukuu.com/show-prohibitively-0.html
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frequency within limited size of the components. Using these approaches, resonance 

enhancement of the ME coefficient has been achieved in the frequency range of 100Hz, using 

cm-long laminates. 

 

 

Figure 1.8 Impedance, capacitance and ME voltage coefficient as a function AC frequency. 

Reprinted with permission from [
40

], Copyright 2011, AIP Publishing LLC. 
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1.3.3 Configuration effect (ME vs Configuration) 

It is known that ME response as a function of DC magnetic field is tightly related with 

the nature of magnetostrictive materials. Thus, there are lots of studies on shapes (disk, 

cylinder, plate, toroid, sphere, and so on) and sizes (numbers of layers, layer thickness, length 

and width) of the magnetostrictive material.
1
 It is widely accepted that ME composite with 

rectangular shape having large length/width aspect ratio, small thickness and optimized 

volume ratio will generate higher ME voltage coefficient.
8
 To better understand this ME vs. 

configuration relationship, the size-induced demagnetization effect was taken into 

consideration. For ferromagnetic materials, the demagnetization field is directly proportional 

to demagnetization factor (Nd), Hd=MNd (M is the magnetization), where Nd is dependent on 

the dimension and geometry. Thus, the internal effective magnetic field (Heff) in the magnetic 

phase can be written as Heff=Hbias-Hd, where Hbias is the induced external magnetic field. 

Therefore, in order to achieve same magnitude of Heff, one needs to apply larger Hbias when 

Hd is larger and vice-versa.
46

 Furthermore, this can also be co-related with the magnetic flux 

concentration (Beff) in magnetic phase:  

Beff = ɛ0(Heff+M) = ɛ0(Hbias+M)-ɛ0MNd,                 (1-7) 

where a smaller Nd results in a stronger Beff. It is also noticed that high magnetic flux 

concentration in magnetic phase has positive effect on the magnetoelectric response of ME 

laminates.
47,48

 Thus some researchers use the enlarged magnetic layer to boost the effective 

magnetic flux density along the piezo/magnetic interface for larger ME coefficient. 
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1.3.4 Self-biased ME effect 

Considering the composition gradient and geometry, one can tune the optimum DC bias 

to as low as several Oe. However, it is still necessary to use permanent magnet or 

electromagnet to provide DC magnetic bias, which in turn hinders their implementation on 

thick or thin film platform. Thus, a novel design is desired if one needs to develop a ME 

composite with large tunable ŬME in the absence of DC magnetic field. This will pave the way 

for on-chip devices utilizing magnetoelectric phenomenon such as energy harvesters, AC 

magnetic field sensors and high frequency circuit components. 

In order to address the requirement for DC magnetic sources, efforts to reduce Hbias have 

been emphasized. Researchers were able to tune the magnitude of optimum DC bias ranging 

from 6.8 kOe to 5 Oe by optimizing the composition and geometry of magnetostrictive 

phase.1,10,15 However, the requirement for the DC bias still hinders their implementation in 

miniaturized devices. The self-biased effect could be an effective answer to this issue. As a 

result, magnetoelectric composites with large non-zero aME in the absence of DC magnetic 

field, namely ñSelf-biased ME effectò, have been developed in various configurations using 

different strategy. Figure 1.9 illustrates the schematic of self-biased ME composites in 

comparison to that of conventional ME composites. 

The highlights in the development of self-biased ME composites can be summarized in 

Figure 1.10. Observation of self-biased ME effect was first reported by Srinivasan et al. in 

2002 as they found hysteresis and remanence of aME as a function of Hbias in co-fired 

LSMO-PZT laminates.
29

 Similar behavior was also found in other laminates.
49

 However, this 

phenomenon did not attract much attention in the following decade and most of the efforts 
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were focused on optimizing materials, structures and working mode to enhance the ME 

voltage coefficient and sensitivity.
1
,
8
 

 

 

Figure 1.9 Schematic of conventional ME effect behavior and self-biased ME behavior. 

 

 

 

 
Figure 1.10 Milestones for the development of self-biased magnetoelectric composites. 
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In 2010, Mandal et al. demonstrated a compositionally graded ferrite/PZT laminate 

structure which produced non-zero ME voltage at zero DC magnetic bias.
50

 They first 

correlated this non-zero ME behavior with the presence of flexural deformation and grading 

induced out-of-plane internal magnetic field in the ferrite. Subsequently, Yang et al. presented 

a methodology that regular ME laminate composites can possess self-biased ME response by 

changing vibration mode through electrical connections.
51

 Soon after that, Srinivasan et al. 

systematically investigated the hysteresis and remanence in magnetoelectric coefficient in 

functionally graded magnetostrictive-piezoelectric layered composites and proposed a 

theoretical model for the self-biased graded composites.
52,53,54

 In their work, Yang et al. first 

analytically studied the lead-free based self-biased laminates and proposed an electrically 

controlled core-free magnetic flux control devices by using the self-biased converse 

magnetoelectric effect.
51,55,56

 Meanwhile, alternative approaches have been suggested for the 

case of thin films that rely on the angular dependence of exchange bias field from a 

multicomponent magnetic system to provide a non-zero piezomagnetic coefficient at zero 

bias.
57,58

  

This discovery is technically important for applications such as magnetic field sensors, 

core-free magnetic flux control devices and electrically controlled magnetic memory 

devices.
56,59,60

 However, practical implementation of these structure into MEMS scale devices 

is difficult due to the complex synthesis process of heterogeneous graded structure. Further, 

the self-biased effect due to the magnetization grading induced build-in field lacks the 

feasibility for tunability. Thus, even though these structures are intriguing their 

implementation for realization of on-chip components and tunable devices will be limited. 
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1.4 Applications 

 Several promising applications have been studied in literature including magnetic field 

sensors, transformers, tunable devices, filters, oscillators, memory devices, energy harvesters, 

etc. Among these, three applications were focus of this study and are briefly described below. 

1.4.1 Magnetic sensors 

As the variation of magnetoelectric voltage coefficient is dependent on the magnetic field 

input, thus by monitoring the change of ME voltage output, one can detect the change of 

either AC magnetic field or DC magnetic bias. The working mechanism can be explained as 

follows: on application of a magnetic field on the composite a strain will be induced and 

transferred to piezoelectric phase resulting in a proportional charge. The input magnetic field 

on ME composite consists of an AC magnetic field with a DC magnetic bias. Either of these 

two can be detected by providing the other component. Thus, one can use the ME composite 

as AC/DC magnetic field sensor.
26,61

 By selecting high performance piezoelectric and 

magnetostrictive materials and combining them with a suitable structure, it is possible to 

detect small magnetic fields as low as about 1 pT at a frequency of only several Hz.
26

  

1.4.2 Transformers and tunable devices 

ME transformers have important application as voltage gain devices. High voltage gain 

has been reported in ME laminates consisting of Terfenol-D and PZT.
62,63

 The working 

mechanism can be described as following: an AC magnetic field is induced in the ME 

laminate through a solenoid with n turns wrapped around the laminate. When this AC field is 
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at the resonance frequency of the laminates, a giant magnetoelectric voltage output can be 

obtained through ME coupling effect, offering potential for high voltage miniature 

transformer application. ME transformer has the advantage of high voltage gain and wider 

working bandwidth than the conventional piezoelectric transformer and does not require 

secondary coils with a high-turn ratio than the conventional electromagnetic transformer.  

ME composites have the potential as dual electric and magnetic field tunable devices. 

For example - in the case of ME transformer, induced strain in the magnetic layer is tightly 

related to the applied magnetic field. Since the magnetic field is coupled to the piezoelectric 

layer, change of magnetic field can lead to a large shift in the working resonance and voltage 

output, providing the basis for a magnetic-field-tunable device
64

. On the other hand, 

mechanical stress in the piezoelectric layer induced by the applied electric field is coupled to 

the ferrite layer which in return provides shift in the magnitude of generated magnetic field, 

thereby working as an electric-field-tunable device
65

. 

1.4.3 Energy harvesting system 

Magnetoelectrics can be used to generate power from stray magnetic field in an industrial 

environment. An oscillating magnetic field present in the surrounding of industrial facilities 

like large induction motor will induce an AC stress on the piezoelectric layer through 

magnetostriction. This stress can be further converted into electric charge through direct 

piezoelectric effect, acting as a magnetic field energy harvester. Magnetoelectrics can also be 

used to convert vibration energy into electricity though piezoelectric layer, acting as a 

dual-phase energy harvester which can simultaneously capture energy from mechanical 
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vibration and stray magnetic field.
66

 This dual-phase harvester is expected to enhance energy 

collection and conversion efficiency. 

1.5 Chapter summary 

Although ME composites have been investigated for several decades, there are still 

several fundamental challenges in realization of high performance ME composites and 

functional devices. The performance of ME functional devices is tightly related to the 

materials selection, structure, processing method, operating mode, size effect and other 

dynamic parameters. Table 1-4 summarized a list of factors to be considered in the 

development of ME composites and devices, including an overview of the features, 

challenges as well as the suggested fabrication methods. Comprehensive understanding of 

these factors provides guidance towards the design of high performance magnetoelectric 

composites and devices. 
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Table 1-4 List of factors to be considered in the design of magnetoelectric energy harvester 

Design factors Features Challenges Realization 

Materials 

Piezoelectric 

ŬME 

Appropriate 

combination Magnetostrictive 

Synthesis 

Epoxy bonding Low coupling Co-firing 

Thin film deposition Low power Thick film printing 

Characterizations 

ME vs Hdc 

Hbias Self-biased ME 

Narrow bandwidth Wideband 

ME vs fac 

fr Low frequency 

Narrow bandwidth Broadband 

ME vs Configuration 

Volume ratio Demagnetization 

Size effect Thin film device 
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2. Motivation, Objective and Plan of research 

Magnetoelectric materials possess the capability of inducing electrical polarization by 

applied magnetic field, and/or magnetization variation by applied electric field, which 

provides great potential for development of multifunctional devices. In order to fulfill  this 

potential, the focus in this thesis was on understanding the science of magnetoelectric 

behavior and apply this understanding to develop novel functional devices. The objective of 

this research is to design, synthesize and characterize magnetoelectric composites with 

enhanced functional performance, understand their structure-property relationship, and 

develop functional devices based on the ME composites. Specifically, the following topics 

are covered in the chapters of this thesis. 

(1) Bulk magnetoelectric composites 

For ME bulk structures, great potential still exists if one can further increase the ME 

coupling by (a) overcoming the requirement of magnetic DC bias, (b) expanding the working 

bandwidth in terms of magnetic field response, and (c) modifying the interfacial contacts of 

the composites. 

(a) Eliminating the need for DC bias: Previous investigations have found that ME composites 

consisting of magnetostrictive and piezoelectric phases have maximum ME voltage 

coefficient under applied AC magnetic field with optimum DC magnetic biases. However, the 

requirement of DC magnetic source (permanent magnet or coil) hinders their way towards 

device miniaturization and on-chip application. Thus, it would be extremely beneficial if a 

large ME voltage coefficient can be achieved in the absence of DC bias with a simple ME 
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laminate structure. In this thesis, bilayer Ni/PZT laminate was investigated that exhibits 

self-biased phenomenon. An in-depth understanding of the self-biased effect of Ni based 

laminate was developed by conducting systematic experiments and numerical modeling. This 

novel phenomenon opens great possibility in developing next generation energy harvesting 

systems, portable magnetic field sensors and ME composite based on-chip devices. 

(b) Increasing the working bandwidth: Both experimental and theoretical calculation 

demonstrated peak ME coupling coefficient in response to varying DC magnetic field under a 

constant AC magnetic field. Thus, upon slight variations of the applied Hdc, the magnitude of 

ŬME may decrease dramatically, leading to an unstable ME response. In addressing this issue, 

a stable ME response with respect to varying DC magnetic bias was demonstrated in 

geometry gradient self-biased ME composites. The ME response of the gradient composites 

was found to be almost independent of Hdc in the range of 0~260 Oe, which is almost 6.5~38 

times larger than that of conventional ME composites. This is significant advancement in the 

field of ME composites opening the pathways for high stability ME applications. 

(c) Improving ME coupling: It is well-known that large ME coupling in bulk ME composite 

is desired for practical device applications. Most of the prior studies have utilized epoxy 

bonding to achieve laminate structure, which has the drawback of reduced strain transfer. 

Co-fired structures provide the opportunity of interfacial engineering to obtain the optimum 

strain transfer from two phases. However, phases with dissimilar crystal structure/ thermal 

expansion coefficient and inter-diffusion during high temperature sintering hinders the 

development of co-fired ME composites. In this study, a suitable process was developed that 

is able to overcome these challenges and provide fundamental understanding of self-biased 
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phenomenon in co-fired laminates with single phase magnetic material. 

(2) Magnetoelectric nanostructures 

ME nanostructures are interesting but it is difficult  to control the growth of desired ME 

nanostructure morphology with good coupling. In this thesis, two aspects were addressed: (a) 

controlled growth of nanostructure, and (b) manipulating the nanocomposite interface to 

modulate the piezoelectric and ME characteristics. 

(a) Controlled growth of nanostructure: To better understand the growth of heterostructured 

ME thin film composite, it is necessary to study the microstructural changes (nucleation & 

growth, effect of crystal orientation) for piezoelectric and magnetostrictive phases. 

Specifically, piezoelectric materials are important since they generate charges in the ME 

composite. It is well-known that piezoelectric properties depend on the polarization 

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

orientation. Synthesis of nanoscale structures such as nano-pillar, nano-belt and star-like 

morphology has the potential towards achieving better compatibility or improved 

performance. BaTiO3 was chosen as an archetype model piezoelectric system. In parallel to 

pulsed laser deposition (PLD), a hybrid deposition method was developed to control the film 

growth orientation via a pre-deposited well-ordered buffer layer. Thin film nanocomposites 

(CFO/PZT) of highly textured crystallization and well-ordered multi-orientation arrays were 

used for further scanning probe microscopy studies. 

(b) Manipulation of the nanocomposite interface: The 2-2 type sandwich ME composites 

with selected high performance piezoelectric/magnetostrictive compositions are known to 

exhibit high magnetoelectric response. Effective elastic coupling through coherent interfaces 
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has been considered to be an important factor resulting in enhanced magnetoelectric response. 

Accordingly, in this thesis, investigation of the nanocomposite interface was conducted 

through comparative analyses of HRTEM and electrical data that explains the origin of high 

ME response in 2-2 type ME nanocomposites. The deposited film endures large in-plane 

constraint from the substrate, hindering further improvement in the magnitude of the ME 

coupling. In order to reduce the limitation of clamping effect, a complex three-dimensional 

ME composite was developed to understand the potential of the highly anisotropic structure 

synthesized by a hybrid deposition process. 

(3) Magnetoelectric tunable transformers 

Most of the published work on ME applications has focused on sensors with enhanced 

coupling effect. However, there has been limited work in the area of fully functional ME 

devices. Considering the magnetic/electric field controlled polarization in ME materials, it is 

interesting to study the tunability feature. Therefore, different types of ME transformers were 

developed in this thesis that exhibited good frequency tunability under external DC magnetic 

field and they were arranged from three different aspects: (a) Epoxy bonded ME transformer; 

(b) Co-fired ME transformer; (c) Thin film ME transformer.  

(a) Epoxy bonded ME transformer: Considering the working mode of ME composites, 

two ME transformer structures were synthesized by epoxy bonding magnetostrictive 

materials with the unipoled/long-type piezoelectric transformer in a laminate configuration. 

The ME transformer consists of transversely poled piezoelectric transformer working under 

longitudinal DC magnetic field (Hdc) was first investigated, namely L-T mode ME 

transformer. A tunable feature was observed in the magnitude of the voltage gain and working 
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resonance frequency with applied external magnetic field. However, the requirement of large 

Hdc with low tunability presents another concern. Alternatively, an attempt was made at 

bonding the Metglas with a longitudinally poled piezoelectric transformer. In this structure, 

the strain transfer is more efficient under longitudinal Hdc, leading to a dramatic enhancement 

in the frequency tunability at low magnetic bias. 

(b) Co-fired ME transformer: Although the epoxy bonded ME transformer exhibited 

good ME coupling and magnetic field induced tunablity, the bonding operation and low 

mechanical strength of the epoxy layer is still a concern. In order to eliminate the need of 

using epoxy, a novel structure consisting of two unipoled piezoelectric transformers and a 

magnetostrictive layer was synthesized using low temperature co-firing ceramic technique 

(LTCC) in a laminate configuration. This cost-effective composite with excellent magnetic 

tunablity feature opens the possibility of developing on-chip miniaturized ME transformers. 

(c) Thin film ME transformer: To meet the requirement of device miniaturization, the 

development of thin film ME transformer was explored. A simple ME transformer consisting 

of a layer of magnetostrictive material deposited in the center of a ring-dot type unipoled 

piezoelectric thin film transformer was designed. Alternatively, a new magnetostrictive 

substrate based ME thin film transformer was proposed and is briefly discussed. 

(4) Magnetoelectric energy harvester 

Advances in integrated circuits, sensors, and actuators have led to decreased power 

consumption to a point where energy harvesting (EH) systems can be used to supply 

sufficient power to these circuits and wireless devices. Specifically, in a structural health 

monitoring system, there is an increasing interest in developing self-powered sensor nodes 
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with smart architecture that utilize all the environmental resources available to meet the 

dynamic power requirement. Unused power can be tapped from environment in the form of 

structural vibrations (including strain and acceleration) and magnetic field available from 

industrial machines, transportation vehicles, human activity, and buildings. Energy harvesting 

systems can be broadly classified based on the voltage generation mechanism such as 

piezoelectric, electromagnetic, magnetoelectric, dielectric elastomers and electrets. 

Among them, magnetoelectric energy harvesting is a relatively new concept with limited 

number of investigations on quantifying the variety of harvester architectures. The voltage 

can be induced in a magnetoelectric composite through external magnetic and vibrations. 

Various devices and structures around us generate stray magnetic fields as a result of the 

components inherent to their operation. In addition, magnetoelectric energy harvester can be 

made to work as a vibration energy harvester to create an additive voltage effect. In this thesis, 

a detailed study was conducted on the magnetoelectric energy harvesters. A novel self-biased 

ME energy harvester that generates voltage in the absence of DC bias is proposed and 

discussed in detail. Principles behind the design to harvest energy from mechanical vibrations 

and magnetic fields individually or simultaneously are illustrated. This dual-phase ME energy 

harvester design not only dramatically enhanced the power density of the current ME EH 

systems, but also provides great potential toward implementing MEMS-scalable energy 

harvesters. 
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3. Bulk Magnetoelectric composites 

ME materials provide opportunity towards developing new applications such as tunable 

transformers, filters, resonators, and dual-phase energy harvesters.
1,67

 Prior research on ME 

materials has shown that bulk piezoelectric/magnetostrictive composites exhibit much 

stronger response than single-phase materials. In the past decade, bulk ME composites with 

various connectivity and structures have been developed in order to improve the ME 

coefficient and sensitivity.
9,8

 These experimental investigations have been complimented by 

the theoretical modeling which has led to the understanding of the role of various material 

and structural parameters.
1,10

 

However, there are still several challenges of conventional ME composites which have 

not been addressed, including (1) need of optimized DC bias for high ME coupling; (2) 

narrow working bandwidth around the optimal magnetic DC bias; and (3) limited ME voltage 

coefficient using epoxy bonding techniques.
 

In this chapter, in addressing these challenges, I will discuss the working principle of the 

tunable self-biased magnetoelectric composites, illustrate their application toward near-flat 

ME response in terms of DC bias and demonstrate a co-firing method to enhance the 

interfacial coupling between consecutive phases. 
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3.1 Tunable self-biased ME composite in homogenous laminates*  

In direct ME effect, the measured coupling coefficient is the field conversion ratio 

between the applied AC magnetic field (Hac) and the induced AC electric field (Eac), 

ŬME=ŭEac/ŭHac,

 

which is directly related to effectiveness of elastic coupling between two 

phases and piezomagnetic coefficient (q=dɚ/dH, ɚ: magnetostriction) of magnetostrictive 

phase. The dependence of ŬME on q indicates the requirement for additional DC magnetic bias 

(Hbias).
41

 Depending upon the composition and shape of magnetostrictive phase, one can tune 

the magnitude of optimum DC bias ranging from 5 Oe to 6.8 kOe.
 1,10,41

 However, these 

composites then require permanent magnet or coil as DC magnetic bias source, which hinders 

their implementation on thick or thin film platform. In this section, a homogenous two-phase 

magnetostrictive (ferromagnetic)-piezoelectric composite structure with a large tunable ŬME 

in the absence of DC magnetic field was presented. This structure opens the possibility for 

designing MEMS-scalable energy harvesting components. 

3.1.1 Experimental 

0.8[Pb(Zr0.52Ti0.48)O3]-0.2[Pb(Zn1/3Nb2/3)O3] + 2 mol%MnO2 (PMT) were synthesized by 

conventional mixed oxide method and shaped into plates of dimension 10³5³0.3 mm
3
. After 

poling, 0.15-mm-thick Metglas sheet (4 layers, 2605SA1, Metglas Inc., USA) or ñnò layers of 

0.15-mm-thick Ni foil (McMaster -Carr, USA) with different lateral dimension were 

laminated on the PMT plate by using epoxy resin (West System, USA) to form the bilayer 

laminates. The ME effect was measured in L-T mode (longitudinally magnetized and  

*Reprinted with permission from [46], Copyright 2012, AIP Publishing LLC. 
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transversely poled) configuration with sample located in the center of the Helmholtz coil (Hac) 

which itself was located in the center of large electromagnet (Hdc). The induced voltage was 

monitored using a lock-in amplifier. The magnetization of the ferromagnetic layer was 

measured by using vibrating sample magnetometer (VSM 7340, Lake Shore Cryotronics). 

The magnetic domain structure was observed by magnetic force microscopy (Dimension Icon 

AFM, Bruker) in the tapping-lift mode. Magnetostriction was measured by using the strain 

gauge and Wheatstone bridge. Impedance spectrum of the laminate was measured by an LCR 

meter (HP4194A, USA). 

3.1.2 Working Mechanism of Self-biased ME behavior 

The magnetoelectric properties of the Ni-PMT and Metglas-PMT bilayer laminates was 

first characterized as a function of DC magnetic field Hdc at 1 kHz with Hac=1Oe, as shown in 

Figure 3.1. The ŬME of Metglas-PMT bilayer structure shows non-hysteretic cyclic response 

as a function of Hdc, with maximum occurring at 68 Oe. Most of the ferromagnetic materials 

exhibit zero piezomagnetic coefficient when Hdc = 0 and consequently negligible ŬME near 

zero bias. In comparison, it is noticed that the ŬME of Ni-PMT bilayer shows a hysteretic 

behavior during Hdc sweep (anticlockwise direction), with a large response of ~±63.3 mV 

cm
-1
 Oe

-1
 at zero DC magnetic bias, ~72.5% of its maximum ŬME value (87.3 mV cm

-1
 Oe

-1
). 

It should be further noted here that this laminate system does not have magnetic gradient 

structure. Considering the intrinsic relationship for ŬME of composites ȿ ȿ , 

where first part is non-magnetic factor, one can derive ‌ ᶿ ή. The effective ɚ 

was estimated by integrating ŬME with respect to the Hdc as shown in the inset of Figure 3.1. 
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Metglas-PMT shows symmetrical ɚ-behavior with respect to Hdc while the tendency of ɚ for 

Ni-PMT was asymmetric. Thus, the hysteretic behavior is related to the nature of 

magnetostrictive materials.  
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Figure 3.1 ME coefficients (‌ ) of Ni-PMT and Metglas-PMT bilayer laminates as function 

of DC magnetic field (Hdc). Inset shows integral values of ME coefficient with respect to 

magnetic field. 
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In order to further elucidate the reason for self-biased hysteretic behavior, magnetization 

(M) of Ni and Metglas were measured as a function of Hdc in longitudinal direction (in-plane) 

as shown in Figure 3.2(a). The hysteretic behavior of magnetization for Ni in the range of 

±300 Oe can be immediately noticed in comparison with Metglas. This phenomenon could be 

attributed to the change in the structure of magnetic domains in both materials. Magnetic 

force microscopy (MFM) was conducted on Ni and Metglas surface to understand the 

differences in magnetic domain structure as shown in inset image of Figure 3.2(a). Nanosized 

striped domains in Metglas can be easily aligned in the direction of applied H-field exhibiting 

small coercive field and high reversibility. The absence of grain boundary in amorphous 

metglas contributes towards the lower coercive field. However, nickel foil was found to 

possess macrosized domains with long range ordering which resulted in larger coercive field 

than that of Metglas. Once the magnetic domains were reoriented, it required higher field to 

achieve the random state resulting in larger hysteresis in the magnetization curve. This 

difference in the hysteretic behavior originating from the differences in the crystallinity and 

domain structure is reflected in the magnetization response. This magnetization behavior can 

be also correlated with magnetostriction through the relation given as: 
68,69

 

 or ,                      (3-1) 

where ű is the angle of magnetic moments, K and ů are the anisotropy constant and stress, 

respectively. As shown in Figure 3.2(b), M
2
-H curves indicate that there was no obvious 

hysteresis in Metglas, while large hysteresis occurs in Ni. Using Equation (3-1), and 

considering ‌ ᶿή Ä‗ȾÄὌ, the relationship of ‌ ᶿÄὓ ȾÄὌ can be obtained. 

Hence, the magnitude of Äὓ ȾÄὌ can be used to predict the behavior of ME composites 
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with respect to applied magnetic field. It was found that the Äὓ ȾÄὌ -H behavior of 

Metglas and Ni based laminates matched well with experimental data shown in Figure 3.1 

Note that Figure 3.2(b) shows only the qualitative nature of effective ɚ, q behavior of 

magnetostrictive layer and not quantitative values. Therefore, it is believed that difference 

in the domain and microstructure of Metglas and Ni as observed by MFM and resultant 

different behavior of ὓ -H and Äὓ ȾÄὌ -H behavior are the origin of the self-biased 

ME response. Based on this hypothesis, the in-plane magnetostriction (ɚ11) was measured 

as a function of applied Hdc. It can be clearly seen from Figure 3.2(c) that the behavior of 

l11 was similar to that of M
2
-H curve. Using l11 curves, the q11 curves were calculated as 

shown in Figure 3.2(d). These measurements confirmed that Ni has hysteretic behavior in 

comparison to Metglas.  
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Figure 3.2 (a) Magnetization-magnetic field (M-H) response. Inset shows magnetic domain 

images on the surface of Metglas and Ni scanned by MFM; (b) square 

magnetization-magnetic field (M
2
-H) and differential of square magnetization-magnetic field 

[(dM
2
/dH)-H]; (c) DC magnetic field (Hdc) dependence of the magnetostriction (ɚ11); (d) DC 

magnetic field (Hdc) dependence of piezomagnetic coefficients (q11) for Ni and Metglas. 
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3.1.4 Geometry and Demagnetization effect 

From the point of view of functional ME devices, it is important to control the 

magnitude of self-biased ME voltage coefficient. Thus, I investigated the effect of 

geometry on tunability of self-biased response. Firstly, N layers (1, 2, 4) of Ni sheets with 

same dimension (10³5³0.15mm
3
) were laminated on to the PMT plates. As shown in 

Figure 3.3(a), the variation in aME exhibited similar trend as function of Hdc under varying 

thickness ratio (tm/p). In all cases, aME shows hysteretic loop with anticlockwise direction 

sweep. The values of increasing-field maximum (aH1) and decreasing-field maximum (aH2) 

with thicker Ni layer were notably higher than that for thinner ones, while also requiring 

larger magnetic biases (increasing-field optimum, H1 and decreasing-field optimum, H2). 

The magnitude of self-biased point (aH0) slightly decreases as thickness ratio increases as 

shown in Figure 3.3(c). The maximum self-biased ME response was achieved at tm/p= 0.5. 

Next, we fixed the thickness ratio at tm/p=0.5 and varied the lateral dimension as shown in 

Figure 3.3(b). It can be seen in this figure that the magnitude of aH0~H2 increased 

dramatically as lateral ratio (Lm/p) increased from 0.5 to 2. Notably, a giant self-bias 

coefficient (aH0/aH2) of 97% was achieved at Lm/p=2, compared to 34.4% and 72.5% at 

Lm/p=0.5 and 1, as shown in Figure 3.3(d). The hysteresis loop was tilted toward y-axis as 

the optimum magnetic bias (H1 and H2) decreased. Based upon these results, one can 

obtain and tune the self-bias coefficient by selecting suitable magnetic phase with proper 

geometry and dimension. 
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Figure 3.3 (a) ME voltage coefficient (‌ ) of Ni-PMT laminates with varied thickness ratio; 

(b) ME voltage coefficient (‌ ) of Ni-PMT laminates with varied lateral dimension; (c) ME 

voltage coefficient values of self-biased point (aH0), increase-field maximum (aH1, H1), 

decrease-field maximum (aH2, H2) and self-bias coefficient (aH0/ aH2) as function of thickness 

ratio; (d) ME voltage coefficient values of self-biased point(aH0), increase-field maximum 

(aH1, H1), decrease-field maximum (aH2, H2) and self-bias coefficient (aH0/ aH2) as function 

of lateral dimension. 
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The ME response of Ni-PMT laminate can be explained by taking into account the 

constitutive piezoelectric and piezomagnetic behavior. Figure of merit for the ME 

composite in L-T mode is given as:
 70

 

ὥȟ ,                    (3-2) 

where Ek and Hk are vector components of the electric and magnetic field, n is the volume 

fraction of magnetic phase n= 
m
v/(

p
v+

m
v), v denotes the volume, q11 is piezomagnetic 

coefficient, g31 is piezoelectric voltage coefficient, Sij is compliance coefficient, and k31 is 

electromechanical coupling coefficient. The superscripts ñmò and ñpò represent the 

magnetostrictive and piezoelectric phase respectively. This relationship clearly reflects the 

important role of material parameters of piezoelectric phase (g31, Ὓ ) and magnetostrictive 

phase (q11, Ὓ ) towards achieving large magnetoelectric response. At specific bias magnetic 

field, the magnitude of piezomagnetic coefficient is fixed. For a given piezoelectric phase, the 

ME voltage coefficient in the laminated composite is mainly determined by the magnetic 

phase ratio n, aMEśn. By fixing the piezoelectric layer dimensions, as we increase the 

magnetic phase thickness ratio or lateral dimension, the volume ratio n will increase. In this 

study, for volume ratio of less than ~0.67, the maximum aME (aH1 and aH2) increased with 

increasing n at an optimum bias field, which is consistent with the prediction based upon 

Equation (3-2). However under zero-bias condition, it is found that the value of aME (aH0) 

decreased with increasing thickness ratio, which is contradictory to the prediction by 

Equation (3-2). Moreover, there are some questions in Figure 3.3 that need to addressed as 

listed here: (i) For same magnetic phase volume ratio, why aME under zero-bias condition 

shows different value and tendency as a function of thickness and lateral dimension? and (ii) 
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Why Hbias shifts back and forth as a function of sample shape and size?  

 To better explain above questions and the tunable nature of self-biased ME response, 

the size-induced demagnetization effect was taken into consideration.
71

 For ferromagnetic 

materials, the demagnetization field is directly proportional to demagnetization factor (Nd), 

Hd =MNd (M is the magnetization), where Nd is dependent on the dimension and geometry. 

Thus, the internal effective magnetic field (Heff) in the magnetic phase can be written as: 

Ὄ Ὄ Ὄ ,                           (3-3) 

where Hbias is the induced external magnetic field. For a finite, non-spherical ferromagnet, a 

good approximation to Nd can be found from the general ellipsoid solution of Osborn
72

: 

ὔ ύὸὰϳ ÌÎτὰ ύ ὸϳ ρ,                   (3-4) 

where l is length, w is width and t is thickness. Figure 3.4(a) shows the variation of Nd as a 

function of magnetic phase ratio. Clearly, a smaller Nd will result in a lower Hd, and thus a 

more effective Heff. Therefore, in order to achieve same magnitude of Heff, one need to apply 

larger Hbias when Hd is larger and vice-versa, which is also compatible with experimental data 

shown in Figure 3.3(c) and 3.3(d). However, it is difficult to determine how the 

magnetization of a material varies with the external magnetic field due to shape/location 

induced anisotropy. Therefore using Equation 3-3 and considering the magnetization 

relationship B=ɛ0(H+M), the effective magnetic induction can be found as: 

Beff = ɛ0(Heff+M) = ɛ0(Hbias+M)-ɛ0MNd,                 (3-5) 

Again, it can be seen that a smaller Nd will result in a stronger Beff. Further, it has been shown 

that high magnetic flux concentration in magnetic phase has positive effect on the 

magnetoelectric response of ME laminates. 
48,47

 Thus, there should be correlation between the 
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tunable feature of self-biased ME response and the variation of magnetic flux concentration 

of magnetic phase with geometry. 

To find this correlation, finite element simulation using ANSYS multiphysics (version 

14) was conducted for Ni sheets with dimensions similar to those used in the experiments. 

The magnetostatic modeling assumed the nickel is in air and has relative permeability of 600 

and coercive force (in the axial length direction) of 0.7 Oe.
73

 A parallel flux boundary 

condition was applied around the magnet. For each simulation, the magnet was meshed 

between 10,000 - 100,000 points and the simulations were within 0.01% accuracy. Figure 

3.4(b) shows that laminates with thicker magnetic phase sheet possess weaker magnetic 

induction, which will further result in decrease in ME coupling. The laminates with longer 

magnetic phase sheets produced a much stronger magnetic induction as shown in Figure 

3.4(c), and a resultant large increase in ME coupling. By using the results shown in Figure 

3.4(b) and 3.4(c), I can further compute line scans of the magnitude of magnetic flux density 

along the axial center-line of the Ni sheets with different geometry in Figure 3.4(d), which is 

also compatible with the results obtained from Figure 3.4(a) and Equation 3-5. These results 

match well with the experimental data in Figure 3.3 and imply that tunable self-biased ME 

effect was obtained due to magnetic flux concentration variation occurring due to 

size-induced demagnetization effect. 

  



52 
 

 

Figure 3.4 (a) Demagnetization factor variation as function of sample thickness/lateral ratio; 

(b) In-plane magnetic field strength along the center plane of Ni sheets for variation in 

thickness, with fixed in-plane size, in response to zero DC bias field, as simulated by ANSYS; 

(c) In-plane magnetic field strength along the center plane of Ni sheets for variation in length, 

with fixed thickness, in response to zero DC bias field; (d) Line scan traces of magnetic flux 

density along the axial centerline of Ni for variation in thickness and length. 
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3.1.6 Resonance Enhanced ME response 

To achieve the best ME performance, working at electromechanical resonance of 

piezoelectric phase is necessary.
42

 Therefore, I investigated the frequency dependence of 

self-biased ME response in optimized Ni-PMT laminate (Lm/p=2). Figure 3.5(a) shows the 

impedance spectrum and ME response under varying Hdc condition. The frequency 

dependence of aME shows resonance peaks corresponding to bending modes. It can be 

noticed that even though there is no Hdc, self-biased ME response follows the same trend 

and has similar magnitude of voltage coefficient as to that of sample in biased conditions. 

Figure 3.5(b) shows the effect of magnetic field strength (Hac) under zero bias (Hdc=0 Oe) 

condition at different frequency. Linear increase in ME voltage was observed with 

increasing AC voltage on Helmholtz coil (Hac). Further increase in the linear slope was 

achieved by working at resonant mode. The aME values of 585.7 mV cm
-1
 Oe

-1
 at 15.5 kHz 

and 91.2 mV cm
-1
 Oe

-1
 at 1 kHz given by the slope matched well with the measured value 

in Figure 3.5(a). These results illustrate that under zero DC bias condition, high ME 

response can be sustained in homogenous ME laminates. 
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Figure 3.5 (a) Impedance and phase spectrum and its ME voltage coefficient as function of 

applied AC frequency; (b) Source free (Hdc=0 Oe) ME voltage output of Ni-PMT laminate 

measured at 1kHz and 15.5kHz under various applied AC voltage on Helmholtz coil (Hac). 
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The magnitude of the ME coefficient can be further increased by developing the 

flexural resonant structure mounted in cantilever configuration. I fabricated a ME 

composite operating in L-L mode consisting of a MFC (dimension 40³10 mm
2
, Model: 

M-4010-P1, Smart Material Corp., USA) and 1 layer of 0.15-mm-thick Ni foil with 

dimension of 80³10 mm
2
. The ME effect was measured in L-L mode configuration and the 

result is shown in Figure 3.6. The ŬME of Ni-MFC bilayer shows a hysteretic behavior 

during Hdc sweep (anticlockwise direction) with a large response of ~1254 mV cm
-1
 Oe

-1
 at 

zero DC magnetic bias, ~90.8% of its maximum ŬME value (1381 mV cm
-1
 Oe

-1
). Please 

note that these measurements were conducted in off-resonance condition at 1 kHz. 

In conclusion of this section, the homogenous two-phase ferromagnetic-piezoelectric 

laminate Ni/PMT composite was demonstrated to exhibit a large self-biased ME response. A 

tunable self-biased response was achieved in bilayer composite structure with homogeneous 

ferromagnetic layer which has great advantage in integration with MEMS-scale devices. 
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Figure 3.6 ME coefficients of Ni-MFC bilayer laminates as a function of DC magnetic field. 
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3.2 Near-flat self-biased ME response in geometry gradient composites*  

In general, under a constant applied AC magnetic field, the ME coupling coefficient (ŬME) 

shows a peak behavior in response to varying DC bias (Hbias). The DC magnetic field 

dependence is due to the piezomagnetic coefficient variation as a function of Hdc. The peak 

behavior presents a challenge as slight variations in the magnitude of the applied Hbias could 

result in significant modulation in the magnitude of the ŬME. Thus, from the practical point of 

view two issues related to the conventional ME composite behavior should be resolved: (1) 

The requirement of Hbias imposes limitation in the fabrication and miniaturization of the 

electronic components, and (2) The peak behavior limits the operating range around the 

optimal magnetic DC bias. These two issues should be addressed in order to open the 

application space for the ME composites. In this section, a self-biased ME composites that 

exhibit flat and stable response over a wide range of magnetic DC bias was demonstrated.  

3.2.1 Geometry gradient ME composite design 

 The first question that needs to be answered is: ñHow to control the magnitude of 

optimum DC bias and ultimately create the self-biased magnetoelectric response?ò In the 

previous section, my study has revealed that by selecting Ni as the ferromagnetic phase, a 

self-biased magnetoelectric response can be obtained due to its non-zero piezomagnetic 

coefficient under the low field condition
46

. Therefore, nickel was selected as the 

magnetostrictive phase in this study. For adjusting the self-biased ME response, it was found 

that high magnetic flux concentration in the magnetic phase has positive effect.
46,48

 By  

*Reprinted with permission from [74], Copyright 2014, AIP Publishing LLC. 
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considering the influence of demagnetization effect, the effective magnetic flux density can 

be expressed as: 
46

 

ὄ ‘ Ὄ ὓ ‘ Ὄ ὓ ‘ὓὔ ,            (3-6) 

where Heff is the internal effective magnetic field and can be written as:  

Ὄ Ὄ Ὄ Ὄ ὓὔ ,                  (3-7) 

M is the magnetization, Hbias is the applied external magnetic field, Hd is the demagnetization 

field proportional to the demagnetization factor (Nd). The demagnetization factor for a finite 

non-spherical ferromagnet was found to be dependent on its geometry.
75

 Thus, one can tune 

the magnitude of the self-biased ME response by modifying the B-field distribution through 

the variation in geometry of the ferromagnetic phase. In order to achieve the same magnitude 

of Heff, one needs to apply larger Hbias when Hd/Nd is larger and vice-versa. 

The magnetic flux density distribution of Ni was estimated by a magnetostatic simulation 

using the finite element model (FEM, ANSYS MAXWELL 15.0). Ni plate with different 

thickness (t=0.2, 0.4, 0.6 mm) but same planar dimension of 20×5 mm
2
 and different length 

(l=5, 10, 20 mm) but same cross-section dimension of 5×0.2 mm
2
 were used in this 

simulation. In this model, all Ni plates were placed in the air and assigned relative 

permeability of 600 and coercive field force (in the axial length direction) of 0.7 Oe
73

 to 

approximate the real behavior of the Ni. A magnetostatic insulating boundary condition was 

applied to the Ni. In each case, the nickel was meshed with a maximum element mesh size of 

100ɛm and the simulations were completed within 1% accuracy. Figure 3.7 (a) and (b) show 

the simulated magnetic flux density distribution along Ni plates as function of thickness and 

length. One can clearly notice that thicker nickel exhibits weaker magnetic induction. The 
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increase in length of the Ni resulted in enhancement in the magnitude of magnetic induction. 

These results led us to the assumption that by designing a composite with separate Ni 

sections in geometric gradient configuration, one can manipulate the self-biased ME response 

through combination of the output from separate sections of the composite. 

Two different geometry gradient unimorph configurations was first designed and 

fabricated [Thickness gradient composite (TGC) and Length gradient composite (LGC)] 

based on these simulations, as shown in Figure 3.7(c) and (d). In Figure 3.7(c), a Ni foil with 

thickness of 0.2 mm was first machined into a  structure with three beams of same lateral 

dimension (20×5 mm
2
). Next, I stacked different number of Ni layers on each section to 

achieve a gradient thickness of 0.2, 0.4 and 0.6 mm. A different configuration shown in 

Figure 3.7 (d) referred as LGC, consists of a 0.2 mm thick Ni length gradient architecture 

with three beams in various lateral dimension (5×5, 10×5, 20×5 mm
2
). All of the beams were 

separated by a bridge of dimension 5×5×0.2 mm
3
. The contour plots illustrate the magnitude 

of magnetic flux density distribution along the gradient structure. Transversely poled 

piezoelectric plates (PSI-5A4E, Piezo System) with dimension of 10×5×0.2 mm
3
 were 

attached in the center of each beam using epoxy (West System, USA, with curing at room 

temperature for 24 hours). In both TGC and LGC, the piezoelectric plates were electrically 

connected in parallel. The ME voltage coefficient was measured by applying the DC 

magnetic field (Hdc) longitudinally with the sample placed in the center of the Helmholtz coil 

under an AC magnetic field (Hac). ME voltage induced on the laminate was monitored using 

lock-in amplifier, and the strength of the Hdc was monitored using Gauss meter (F. W. BELL, 

Model 6010).  
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Figure 3.7 FEM simulation data for in-plane magnetic flux density distribution along the Ni 

plates with (a) variation in thickness, and (b) variation in length. Schematic diagram of the 

geometry gradient magnetoelectric laminates depicting (c) a thickness gradient composite 

with three beams of different thickness, and (d) a length gradient composite with three beams 

of different length. The inset contour plots show the corresponding simulated magnetic field 

strength distribution using ANSYS MAXWELL. 
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3.2.2 ME coupling characterization 

Figure 3.8(a) and (b) show the ME voltage coefficient of the thickness and length gradient 

composites as function of Hdc with Hac=1Oe at 1 kHz. For comparison, the ME coefficient 

from each Ni/PZT section was also measured separately. In all cases, the magnitude of ŬME 

shows hysteretic behavior during Hdc sweep, in agreement with prior study on 

Ni-piezoelectric laminates
46

. Large self-biased ME response (ŬH0) was obtained with the 

magnitude of ~183 mV cm
-1 

Oe
-1
 (TGC) and ~86 mV cm

-1 
Oe

-1
 (LGC) respectively. The ME 

bandwidth ( H) of the composite is defined as the DC magnetic bias difference between the 

lower and upper half power points (3 dB) where the ME coefficient has dropped by a factor 

of 1/Ѝς or 0.707. Benefit from the self-biased hysteretic behavior, both for TGC 

( H=97.5Oe) and LGC ( H=137.3Oe), is illustrated in terms of the larger bandwidth than 

the conventional ME composite ( H=6.9Oe)
41

. It should be noted that TGC and LGC 

exhibited reduced ME coefficient in comparison to the response from the individual sections 

in the composite due to the charge redistribution occurring from the parallel electrical 

connection. 

Figure 3.8 (c) and (d) summarize the individual ME responses from separate sections of 

the composite. From these results, several important observations can be made: (1) Thinner 

or longer Ni plate possesses larger magnetic flux density, (2) Laminates with stronger B-field 

exhibit notably higher self-biased ME coefficient (ŬH0/ŬMax) while requiring lower Hbias, (3) 

The magnitude of ŬMax increases dramatically as the magnetic phase volume ratio increases, 

(4) Magnitude of individual response from separate sections of the composite plays an 

important role towards determining the total ME response. 
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Figure 3.8 ME voltage coefficient of the geometry gradient composites: (a) thickness gradient 

composite and its corresponding ME behavior with varying thickness, and (b) length gradient 

composite and its corresponding ME behavior with varying length. Characteristic ME 

response from each Ni/PZT section of the geometry gradient composites (c) as a function of 

Ni thickness, and (d) as a function of Ni length. All the measurements were taken under 

Hac=1Oe at 1 kHz. 
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3.2.3 Optimization of geometry gradient composite 

Guided by these results, I redesigned the dimensional gradient composite having a larger 

geometry separation to generate a broadband response. In this new design referred to as 

complex gradient composite (CGC), a one short and thick beam (10×5×0.6 mm
3
) was 

connected with a long and thin beam (20×5×0.2 mm
3
) as shown in Figure 3.9(a). Large 

variation of magnetic flux density was realized in each section of the CGC. The ME 

coefficient of the composite demonstrated a large self-biased effect (aH0/aMax=0.72), as shown 

in Figure 3.9(b). The ME response of CGC is combined behavior of the two sections. The 

individual peaks corresponding to each section were brought in vicinity of each other by 

modulating the geometry resulting in a flat response as function of Hdc. This result clearly 

demonstrates the wideband self-biased magnetoelectric response in CGCs. 

  



64 
 

 

Figure 3.9 (a) Schematic diagram and the simulated magnetic flux density distribution of the 

complex gradient magnetoelectric composite, (b) ME voltage coefficient of the complex 

gradient composite as a function of DC magnetic field under Hac=1Oe at 1kHz. 
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Next, I investigated the effect of AC magnetic field frequency and DC magnetic field bias 

on the ME response. Figure 3.10(a) shows the ME coefficient of each section in the CGC. 

The first peak (139 mV cm
-1 

Oe
-1
 @ Hbias= 30 Oe) and the second peak (120 mV cm

-1 
Oe

-1
 @ 

Hbias= 159 Oe) were associated with the large and small beam component of the CGC 

respectively. The combined response of the structure exhibited a large bandwidth of ~260Oe 

which is almost 38 times of the conventional Metglas/PZT composite
41

. Figure 3.10(b) shows 

the ME coefficient at low frequency (10 Hz), off-resonance frequency (1 kHz) and at the 

resonance frequency (4.49 kHz) as a function of Hdc. The wideband ME behavior was found 

to occur at all the frequencies with enhanced ME coefficient. The ŬMax was improved 

exhibiting the magnitude of 0.24 V cm
-1 

Oe
-1
 and 5.35 V cm

-1 
Oe

-1
 at 10 Hz and 4.49 kHz. To 

investigate the stability of self-biased ME response, I measured the ME coefficient as a 

function of frequency under various Hdc= 0, 30, 159 Oe, as shown in Figure 3.10 (c). All the 

ME responses followed the similar trend and had similar range of ŬME (~6 V cm
-1 

Oe
-1
) at 

~4.49 kHz, even without external Hdc. The excellent stability of the self-biased ME response 

in this design offers significant advantage towards developing magnetoelectric energy 

harvester
3,17

 that can scavenge the magnetic field energy regardless of the ambient Hdc. It 

should be noted that prior research on the magnetoelectric harvesters has revealed that the 

requirement of Hbias is problematic towards high power density
66,76

. The structure can also be 

used to detect the external Hac by monitoring the variation of ME voltage based on the 

conversion ratio between the two parameters, ŬME= ŭEac/ŭHac. In Figure 3.10(d), I measured 

the ME voltage output as function of applied Hac under wide range of Hdc from 0Oe to 260Oe. 

Linear increase in ME voltage output was observed under various Hdc with similar slope as 
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the applied AC voltage was varied in the Helmholtz coil, indicating a small variation of ŬME 

regardless of the magnitude of external Hdc. This result suggests a great potential of 

implementing this structure into a high stability/sensitivity AC magnetic field sensor. 
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Figure 3.10 ME response of the complex gradient composite: (a) ME voltage coefficient of 

the CGC and its corresponding individual section ME behavior with varying DC magnetic 

field under Hac=1Oe at 1kHz, (b) ME voltage coefficient at low frequency (10Hz), 

off-resonance frequency (1kHz) and resonance frequency (4.49kHz) as a function of DC 

magnetic field with Hac=1Oe, (c) ME voltage coefficient as a function of applied AC 

frequency with Hdc=0, 30 and 159 Oe respectively, and (d) ME voltage output measured at 

Hdc=0, 30, 159 and 260 Oe under various applied AC voltage on Helmholtz coil (Hac). 
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Table 3.1 lists the ME properties of various ME composites, including conventional 

Metglas/PZT laminates (c-ME)
41,46

, wideband ME laminate (w-ME)
77

, co-fired ME 

composite (Co-fired)
78

, self-biased ME composite (s-ME)
46

 and geometry gradient ME 

composites (TGC, LGC, and CGC). The effective wideband quality factor of the ME 

laminate can be expressed as Q = H/Hbias, where large Q factor with low Hbias and high H 

is desired. Following conclusion can be drawn from this table: (1) Compared to conventional 

ME composites, giant H with the magnitude of 261.3 Oe was achieved in complex gradient 

composite, which is ~650%-3800% higher, (2) All the self-biased ME composites exhibited a 

higher magnitude of Q compared to conventional ME composites, indicating either a much 

wider bandwidth or a lower Hbias, (3) Geometry gradient structure dramatically enhances the 

bandwidth of ME composite. Thus, the combination of self-biased ME effect and geometry 

gradient structure not only helps in eliminating the need for DC magnetic bias, but more 

importantly enhances the ME response stability in a wide range of DC bias.  

In conclusion of this section, I designed and fabricated a series of geometry gradient 

Ni/PZT composites. The design was able to provide a wideband self-biased ME response. By 

optimizing the structural and geometrical parameters of the ferromagnetic phase, a 

significantly flat and stable self-biased ME response over a wide DC magnetic bias 

( H=261.3 Oe) was demonstrated. This wideband behavior provides great advancement 

towards development of the high stability/sensitivity magnetoelectric energy harvester and 

AC magnetic field sensor. 
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Table 3-1 Magnetoelectric properties of various ME composites 

Sample Hbias 

[Oe] 

H 

[Oe] 

Q= 

H/ Hbias 

ὥ  

[mV/cm.Oe] 

ὥ  

[mV/cm.Oe] 

ὥ Ⱦὥ  

c-ME
[41]

 5 6.9 1.4 ~0 22¦10
3
 ~0 

c-ME
[46]

 69.0 39.7 0.6 ~0 154.66 ~0 

w-ME
[77]

 220 ~122 0.6 ~0 88 ~0 

Co-fired
[77]

 3.0 33.9 11.3 1316.4 1347.1 0.98 

s-ME
[46]

 15.5 89.0 5.7 1254.0 1381.2 0.91 

TGC 37.0 97.5 2.6 183.4 290.7 0.63 

LGC 22.4 137.3 6.1 86.0 114.6 0.75 

CGC 30.1 261.3 8.7 99.4 139.0 0.72 
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3.3 Giant self-biased ME coupling in co-fired textured layered composites*  

Gaint magnetoelectric (GME) effect has been reported in a variety of 

magnetostrictive-piezoelectric laminate composites consisting of ferrite, Terfenol-D, and 

Metglas as magnetostrictive phase and Pb(Zr,Ti)O3 (PZT) and Pb(Mg1/3Nb2/3)O3-PbTiO3 

(PMN-PT) as piezoelectric phase.
26,41,79,8

 In these composites, the measured ME coefficient 

was found to be directly related to the effectiveness of elastic coupling at the interface of two 

phases. The widely used method for synthesis of laminate composites is bonding of 

magnetostrictive layer (such as Metglas, Terfenol-D) and piezoelectric layer (such as PZT, 

PMN-PT) using epoxy resin. This method limits the misfit strain at the interface arising due 

to thermal expansion mismatch between the layers and atomic interdiffusion and/or chemical 

reaction between the layers. However, the epoxy layer is much softer than both 

magnetostrictive alloy and ferroelectric ceramic and thus it will dampen the generated strain 

resulting in loss of efficiency. Furthermore, high cost of raw materials (large dimension 

PMN-PT single crystal fibers) and manual fabrication process (polishing on the order of 200 

µm followed by lamination) presents challenge in implementation at commercial scale. 

Therefore, in order to increase the ME effect while keeping the cost down, materials with 

large magnetostrictive and piezoelectric coefficient is demonstrated in a co-fired 

configuration. 

 

 

 

*Reprinted with permission from [78], Copyright 2013, AIP Publishing LLC. 
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Figure 3.11 Schematic diagrams of different types of layered ME composite structures. 
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3.3.1 Synthesis Co-fired ME composites 

Figure 3.11 presents the schematic configuration of the co-fired magnetostrictive/ 

piezoelectric/ magnetostrictive (M/P/M) laminate structure with Ag inner electrode. 

Compositions corresponding to Pb(Mg1/3Nb2/3)O3-32.5PbTiO3 [PMN-PT] and 

(Ni0.6Cu0.2Zn0.2)Fe2O3 [NCZF] were used as piezoelectric and magnetostrictive materials 

respectively. Low relative permittivity <001> BT micro-crystals (Ůr= 130) were selected as 

templates. Experimental details was detailed listed below.
 

PMN-PT powders and NCZF powders were synthesized by the conventional mixed 

oxide method using reagent-grade raw materials of 2PbCO3ĀPb(OH)2, MgNb2O5, Nb2O5, 

TiO2, NiO, CuO, ZnO, and Fe2O3, respectively. After mixing and drying, the mixture was 

calcined at 750 
o
C for 2 h. Calcined powders were ball milled again for 24 h, dried, and 

sieved. For tape casting, the slurry was prepared by mixing PMN-PT matrix powder with 55 

wt% organic binder (Ferro 73225, Vista, CA) in 45% toluene/ethanol solvent and ball milling 

for 24 hours. Then 1 vol% BaTiO3 (BT) templates were dispersed into the slurry and mixed 

by magnetic stirring for 24 hours. Excess toluene was removed by evaporation until the slurry 

reached a solid content of 80 %. The slurry was then poured in to the reservoir of tape caster 

and casted through the doctor blade with gap of 300 µm on silicone-coated Mylar 

(polyethylene terephthalate) carrier film. The casted slurry was dried at room temperature. 

NCZF green tapes and random PMN-PT green tapes were fabricated in the same way as 

textured PMN-PT tape without adding BT template. Six layer of random/textured PMN-PT 

or NCZF green tapes were stacked and laminated using a uniaxial hot press at 80 
o
C to 

achieve a single thick piezoelectric or magnetostrictive layer. A commercial silver paste 
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(9770, DuPont, NC, USA) was screen printed on top of the piezoelectric layer using 325 

mesh stainless steel screen resulting in dried electrode layer with thickness of 10~20 µm. The 

printed patterns were dried at room temperature for 10 minutes and then dried at 150 
o
C for 

another 10 minutes. The printed tape was diced, stacked and laminated at 80 
o
C under 

pressure of 20 MPa for 15 min. The laminated green tapes were heated to 400 
o
C with a 

heating rate of 0.3 
o
C min

-1
, held for 2 hours to burn the organic binder and then sintered at 

930 
o
C for 4 hours in air. The sintered multilayer textured samples were terminated using low 

temperature silver ink and then cured at 100 
o
C for 30 minutes. The specimens were poled by 

applying DC field of 40 kV cm
-1
 for 15 min. 

The as-fabricated samples were placed in the center of the Helmholtz coil (alternating 

magnetic field, HAC) which was located at the center of electromagnet (DC biased magnetic 

field, HDC). ME voltage coefficient of the laminate was measured at 1 kHz HAC (1 Oe) under 

various HDC using a lock-in amplifier. The induced P under an applied magnetic field was 

monitored by using a ferroelectric tester (Radiant: Precision Premier II, USA).
80

 The 

measurement system based upon modified SawyerïTower technique that allows direct 

measurement of the P behaviour corresponding to the applied H. The sample was placed in 

the center of a Helmholtz coil which excited HAC from the DRIVE output of the tester. The 

output from the sample was connected to the RETURN input of the ferroelectric tester. 

Magnetostriction for NCZF was measured by using the strain gauge and Wheatstone Bridge. 

The magnetization of the composite was measured by using vibrating sample magnetometer 

(VSM). 
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3.3.2 Microstructure and chemical stability 

Figure 3.12(a) shows the optical image of co-fired NCZF/Textured-PMN-PT/NCZF 

(abbreviated as C-N/T/N) laminate composite synthesized at 930 
o
C for 4 h with dimensions 

16 × 4 × 0.4 mm
3
. Co-firing of piezoelectric ceramic layer, Ag metal electrode layer and 

ferrite ceramic layer is extremely challenging due to the large difference in shrinkage rates 

and thermal expansion mismatch. By using fine PMN-PT matrix powder and by adjusting the 

ratio of sintering aid (Cu) content in NZF as described in the experimental section, we 

sucessfully co-fired the multilayer composite. Figure 3.12(b) shows the cross-sectional 

scanning electron microscopy (SEM) images of C-N/T/N composite. There was no trace of 

delamination or micro-crack and the thickness of textured PMN-PT piezoelectric layer and 

NCZF magnetoelectric layer was similar. The interfacial atomic diffusion and/or chemical 

reactions occuring during the sintering process at high temperature was found to be negligble. 

Energy dispersive spectroscopy (EDS) line scanning analysis results are shown in Figure 

3.12(b) indicating the high chemical stability of NCZF, Ag, and PMN-PT. In a prior study 

conducted on NCZF / PZN-PZT system, the diffusion length for Cu was found to be in the 

range of 30 µm.
81

 In our case, Ag electode layer acts as an effective barrier layer for Cu 

migration and thus provides a sharp interface by limiting the diffusion. EDS analysis of 

C-N/T/N cross-sectional area [Figure 3.12(c)] shows the dense microstructure and sharp 

interface across different layers. The thickness of Ag electrode and PMN-PT piezoelectric 

layer was 10 µm and 140 µm respectively. Figure 3.12(d) shows the fracture surface SEM 

images and corresponding planar x-ray diffration (XRD) patterns of different layers. For 

textured PMN-PT layer synthesized by template grain growth (TGG) method, brick wall-like 
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microstructure with well aligned BT templates (black lines) in the PMN-PT matrix was 

obtained. Increase of {00l} XRD peak intensity and decrease of other peaks clearly indicates 

the formation of texture. In TGG process, BT template crystals are aligned in PMN-PT matrix 

powder by tape-casting process. High temperature treatment (or sintering process) results in 

the nucleation and growth of PMN-PT matrix on the aligned BT template crystals yielding 

textured ceramics. Matrix PMN-PT and BaTiO3 (BT) template form an excellent couple due 

to high chemical stability and good lattice match. It has previously reported that PMN-PT 

with 1 vol% template content sintered at 1150 
o
C for 10 h was fully textured (Lotgering factor 

f = 98%), and piezoelectric coefficient d33 increased to 1000 pC N
-1

 compared to its random 

counterpart (520 pC N
-1
).

82
 This large enhancement in piezoelectric property of <001> 

textured ceramics was found to be related to the formation of ñengineered domain stateò 

which facilitates the rotation of <111> polarization toward the <001> direction.
83,84

 In this 

work, the kinetics of templated grain growth were reduced due to the low co-firing 

temperature of 930 
o
C resulting in lower texture degree (f= 66%). 
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Figure 3.12 (a) Optical image of co-fired NCZF/T-PMN-PT/NCZF laminate; (b) polished 

cross-sectional SEM images and EDS/SEM element line scanning analysis; (c) element 

mapping of co-fired NCZF/T-PMN-PT/NCZF laminate; (d) fracture cross-sectional SEM 

images and planar XRD patterns of different layers. 
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3.3.3 ME response of co-fired laminate 

Figure 3.13(a) shows the change in ME voltage coefficient (‌ ) as a function of DC 

magnetic field at off-resonance frequency of 1 kHz. Although the magnetostriction of 

Metglas (ɚ=40 ppm) is twice that of NCZF (ɚå20 ppm), the maximum ‌  of co-fired 

NCZF/random-PMN-PT/NCZF (abbreviated as C-N/R/N) is two times as that of epoxy 

bonded Metglas/random-PMN-PT/Metglas (abbreviated as B-M/R/M) laminate. Further 

improvement was achieved for co-fired textured sample (C-N/T/N). The large enhancement 

in ME voltage coefficient was related to the formation of high performance textured 

ceramics.
83,84

 In Figure 3.13(a), it also can be observed that there is strong hysteretic ME 

response in co-fired composite. Considering the relation ‌ᶿή Ὠ‗ȾὨὌ , we estimated 

the effective ɚ behavior by integrating Ŭ with respect to the HDC as shown in Figure 3.13(b). 

Epoxy bonded Metglas/PMN-PT/Metglas shows symmetrical ɚ-behavior with respect to HDC, 

while the tendency of ɚ for co-fired composites was found to be asymmetric. The variation of 

‌  with frequency of applied HAC is shown in Figure 3.13(c). It can be seen that the maxium 

‌  displays excellent stability. A giant ME volatage coefficient (>1200 mV cm
-1
 Oe

-1
) at 

zero-bias was achieved in C-N/T/N composite. Figure 3.13(d) shows that dynamic change in 

charge (Q) or polarization (P) of ME composite (Radiant: Precision Premier II, USA) was 

measured under the condition of HAC=1 Oe at f=1 kHz and HDC=0 Oe. ME charge coefficient  

‌ ȟ can be written as:   

,                (3-8) 

where C, A, t are the capacitance, area and thickness of the piezoelectric layer, respectively. 

,

1
ME Q

AC AC

dE dQ dP A

dH dH Ct dH Ct
a = = ³ = ³
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Large polarization and charge induced by AC magnetic field under zero DC bias, and 

calculated ME charge coefficient  ‌ ȟ is shown in Figure 3.13(d) further confirming 

the presence of strong ME effect under zero bias. The time delay of ‌ ȟ related to HAC 

can be observed in Figure 3.13(d), which is attributed to the interface between 

magnetostrictive and piezoelectric layer. Compared to ME coefficient of 30 mV cm
-1

 Oe
-1

 

obtained for NKNLS-NZF/Ni/NKNLS-NZF trilayer laminate (40³) and ~400 mV cm
-1
 

Oe
-1
 obtained for functionally graded Ni-NZFO-PZT laminate composites (3³) at zero-bias, 

this co-fired composite exhibited extremely high response.
51,54

 Recently, slightly larger 

zero-bias magnetoelectric coefficient of 1.65 V cm
-1
 Oe

-1
 in a quasi-one dimensional ME 

sensor has been reported at 100 Hz compared to our case (1.47 V cm
-1
 Oe

-1
).

85
 However, 

the co-fired multilayer composite based on LTCC has advantage of integration with other 

circuit components such as multilayer capacitor, resistor, inductor, and conductor to 

fabricate fully packaged electronic devices. 
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Figure 3.13 (a) ME voltage coefficients (‌ ) of co-fired NCZF/T-PMN-PT/NCZF 

(C-N/T/N), NCZF/R-PMN-PT/NCZF (C-N/R/N), and epoxy bonded 

Metglas/R-PMN-PT/Metglas (B-M/R/M) laminate; (b) Integral values of ‌  with respect 

to the DC magnetic field; (c) ME voltage coefficients (‌ )  as a function of the frequency 

of applied ac magnetic field (Ὄ ); (d) Dynamic ME charge coefficients (‌ ) and applied ac 

magnetic field spectra as a function of time for C-N/T/N, C-N/R/N composite, and epoxy 

bonded Metglas/R-PMN-PT/Metglas (B-M/R/M) laminate, under zero-DC magnetic field. 
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The giant ME response of co-fired composite and self-biased hysteretic behavior can be 

explained by taking into account the piezoelectric and magnetostrictive characteristics. Figure 

of merit for the ME composite can be derived as following: 

,              (3-9) 

where E is the output electric field, H is the applied magnetic field, S is the mechanical 

strain, T is the mechanical stress, D is the electric displacement, d is the piezoelectric 

constant, Ů is the dielectric constant, s is the elastic compliance of piezoelectric layer 

(P-layer), and q is piezomagnetic coefficient of magnetostriction layer (M-layer). Since the 

parameters d, Ů and s of piezoelectric materials are independent of applied magnetic field 

(H), we focused our investigation on the magnetization (M) of NCZF as a function of 

magnetic field in longitudinal direction by using vibrating sample magnetometer (VSM) as 

shown in Figure 3.14(a). The ME behavior can be correlated with magnetostriction (ɚ) and 

magnetization (M) as: 
68 

    or    ,                 (3-10) 

where ű is the angle of magnetic moments, K and ů are the anisotropy constant and stress 

respectively. As shown in Figure 3.14(c), the plot of ‬ὓ Ⱦ ‬Ὄ can predict the hysteretic 

nature of piezomagnetic coefficient (ή Ὠ‗ȾὨὌ) with respect to applied magnetic field, 

which is in accordance with the ME result shown in Figure 3.13(a). To further confirm the 

variation of q as a function of HDC, in-plane magnetostriction coeffficients (ɚ11) was 

measured in parallel to applied HDC by strain gauge method. As shown in Figure 3.14(e), 

the behavior of in-plane piezomagnetic coefficient (qij = dɚij/dH) was similar to that of 

ME

M layerP layer
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‬ὓ Ⱦ ‬Ὄ and the ME result shown in Figure 3.13(a). Due to the inherent hysteresis in 

NCZF, the magnetostriction coeffficient (ɚ) is asymmetric [Figure 3.13(b)] and displays 

"butterfly" characteristic [Figure 3.14(b)(d)].  

 On the other side, there is negligible effect of the interfacial coupling on the 

self-biased response, the role of internal stress has to be taken into account. Silver 

electrode layer has much larger thermal expansion coefficient (~18 ppm) than that of 

piezoelectric phase (~2 ppm) and ferrites (~10 ppm), and thermal conductivity of Ag is 

much higher than that of piezoelectric phase and ferrite.
86

 Differential thermal expansion 

and thermal conductivity could result in built-in interface strain which is comparable to 

magnetostrictive strain (20 ppm in free condition). To confirm this hypothesis, co-fired 

M/P/M composite without the Ag electrode was characterized. As shown in Figure 3.15, 

the hysteresis of ME response was dramatically reduced. Srinivasan et al. have also shown 

that the hystersis was noticeable with increase in the number of co-fired layer in the NZF 

and PZT composite without Ag inner electrode.
28

 This result clearly shows the relationship 

between the hysteretic behavior and internal stress arising due to the thermal expansion 

mismatch between metallic and ceramic layers. 
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Figure 3.14 (a) Magnetization-magnetic field (M-H) loops, (b) square of magnetization as a 

function of magnetic field, and (c) differential of square magnetization-magnetic field 

[(dM
2
/dH)-H] plot for pure NCZF (not co-fired) and C-N/T/N structure. DC magnetic field 

(HDC) dependence of (d) the magnetostriction (ɚ) and (e) piezomagnetic coefficients (q) of 

NCZF (not co-fired). 
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Figure 3.15 ME voltage coefficients (‌ ) of co-fired NCZF/R-PMN-PT/NCZF with and 

without Ag inner electrodes (IE). 
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To further understand the effect of interface condition (such as effect of epoxy and 

electrode) on the ME coupling, induced polarization (P) ï magnetic field (H) loops were 

measured. Figure 3.16 shows the normalized induced polarization (P) as a function of the AC 

magnetic field for epoxy bonded Metglas/random-PMN-PT/Metglas [B-M/R/M (epoxy)], 

co-fired NCZF/random-PMN-PT/NCZF without Ag inner electrode [C-N/R/N (no)], co-fired 

NCZF/random-PMN-PT/NCZF with Ag inner electrode [C-N/R/N (Ag)] and co-fired 

NCZF/textured-PMN-PT/NCZF Ag inner electrode [C-N/T/N (Ag)], at f=1 kHz under 

optimum DC magnetic field. The normalization was conducted by using the Pmax value. The 

hysteresis presents in this figure indicates the nonlinear behavior of magneto-elastic coupling 

which can be attributed to the losses associated with the transfer of elastic strain and 

scattering at the interface due to the presence of surface irregularities and defects.
80

 Co-fired 

samples had less interfacial dissipation than epoxy bonded laminates. Further, co-fired 

samples with Ag electrode showed smaller hysteresis as compared to co-fired sample without 

Ag electrode because of reduced Cu diffusion. Small difference between the co-fired textured 

and random sample indicates that the nonlinearity was mainly dependent on the interface 

microstructure. 
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Figure 3.16 Nomalized polarization (P) ï AC magnetic field (H) loops for epoxy bonded 

Metglas/random-PMN-PT/Metglas [B-M/R/M (epoxy)], co-fired 

NCZF/random-PMN-PT/NCZF without Ag inner electrode [C-N/R/N (no)], co-fired 

NCZF/random-PMN-PT/NCZF with Ag inner electrode [C-N/R/N (Ag)], co-fired 

NCZF/textured-PMN-PT/NCZF without Ag inner electrode [C-N/T/N (Ag)]. 
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Table 3.2 lists the dielectric and ME properties of co-fired composites. Following 

conclusion can be drawn from this data: (1) Compared to epoxy bonded 

Metglas/PMN-PT/Metglas, the maximum ‌ of NCZF/R-PMN-PT/NCZF was 2~3 times 

higher in magnitude  (827 mV cm
-1
 Oe

-1
); (2) Texturing further increases the magnitude of 

‌  (1346 mV cm
-1
 Oe

-1
) by 63%; (3) Textured ceramics show low loss due to ñengineered 

domain configurationò; (4) The dielectric constant of textured sample was suppressed by using 

low permittivity BT template crystals; and (5) Co-fired composites with Ag electrode show 

large ‌  under zero-bias of the order of 1214 mV cm
-1
 Oe

-1
. Taking into account Equation 

(3-9) and the results of Table 3.2, the giant ME response of co-fired textured sample can be 

easily explained. It should also point out that lower losses of textured sample plays an 

important role in enhancing the ‌  which can be understood by taking into account the 

modified piezoelectric voltage coefficient (g31) given as:
87 

          (3-11) 

where C-Cf/Cf is the rate of capacitance change, C is capacitance at a given frequency, Cf is 

capacitance at 1 kHz, and tanŭǋ and tanɗǋ are the intensive dielectric loss and piezoelectric 

loss respectively. 

In conclusion, NCZF/PMN-PT/NCZF layered composite with Ag inner electrodes 

were successfully co-fired at low temperature (930 
o
C). The co-fired NCZF/textured 

PMN-PT/NCZF layered composites exhibited 5³ increase in ‌  compared to conventional 

epoxy bonding Metglas/PMN-PT/Metglas composite. Further, these composites exhibited 

giant self-bias phenomenon which was associated with hysteresis of NCZF magnetostrictive 
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materials and built-in stress arising from Ag electrode due to mismatch in thermal expansion 

coefficient. These cost-effective composites with excellent ME properties open the possibility 

of mass production of numerous magnetoelectric applications.
 

 

 

 

 

 

Table 3-2 Dielectric and magnetoelectric properties of co-fired layered ME composite (1kHz) 

Sample Electrode Ůr tanŭ  dE/dH (max) 

[mV cm
-1
 Oe

-1
] 

dE/dH (zero-bias) 

[mV cm
-1
 Oe

-1
] 

C-N/R/N co-fired 1135 0.7%  1346 1214 

C-N/T/N co-fired 1336 1.1%  827 510 
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3.4 Chapter summary 

In summary of this chapter, investigations addressing the challenges of conventional ME 

coupling have been performed and systematically studied. Achievements can be detailed 

listed from three aspects as given below:  

(1) Eliminating the need for DC bias: Self-biased magnetoelectric effect, characterized as 

large ME voltage coefficient under zero DC magnetic field, was demonstrated in 

homogenous two-phase magnetostrictive-piezoelectric (Ni-PZT) laminates. Experimental 

results illustrate the method for tuning the magnitude of self-bias effect via geometry 

effect and provide understanding behind the hysteretic changes. This phenomenon was 

further modeled by considering the magnetization hysteresis with shape-induced 

demagnetization effect. The self-biased response was found to be directly related to the 

nature of magnetization and can be tuned by variation in demagnetization state and the 

resultant differential magnetic flux distribution. These results present significant 

advancement toward development of AC magnetic field sensor and magnetoelectric 

composite based on-chip devices by eliminating the need for DC bias. 

(2) Increase the working bandwidth: ME composites that exhibit flat and stable response 

over a wide range of magnetic DC bias were realized in geometry gradient configuration. 

By adjusting the configuration of the magnetostrictive layer, one was able to control the 

magnitude of self-biased magnetoelectric coefficient. The ME response was found to be 

almost independent of the applied DC bias in the range of 0~260Oe. This bandwidth is 

almost 650%~3800% higher than that of the conventional ME composites. This 
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significant advancement leads great potential towards the development of high 

stability/sensitivity magnetic field sensors and energy harvesters. 

(3) Enhancing the ME interfacial coupling: Co-fired magnetostrictive / piezoelectric / 

magnetostrictive laminate structure with silver inner electrode were synthesized and 

characterized. Integration of textured piezoelectric microstructure with enhanced 

physical properties was demonstrated to improve the ME coupling. Direct bonding of the 

consecutive phases with high chemical stability and sharp phase boundary further 

strengthened their interfacial coupling, leading to a giant ME voltage coefficient. The 

low-temperature co-fired layered structure not only provides a cost-effective method 

toward large fabrication of ME composites, but also significantly enhanced the ME 

coupling through direct bonding. 
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4. Magnetoelectric Nanostructures 

The ME effect in composite thin films is dependent upon microstructure, connectivity 

and the interfacial coupling properties between piezoelectric and magnetic phases. Motivated 

by on-chip integration, nanostructured composites of ferroelectric and magnetic oxides have 

been deposited on various substrates with different connectivity (0-3, 1-3 and 2-2) via diverse 

synthesis method. Although these ME nanostructures may imply application of 

microelectronic devices, it remains a challenge that how to precisely control the growth of 

desired ME nanocomposites with precisely manipulated composition, nanostructure and 

interface. 

In this chapter, I will discuss ME nanocomposites investigations about these challenges 

from two perspectives:  

(1) Control growth of nanostructure: Both microstructure and surface morphology of a 

continuously piezoelectric film and well-ordered nanocomposite arrays with 

controlled grain orientation will be discussed. 

(2) Manipulate nanocomposite interface: Interfacial effects in 2-2 layered 

magnetoelectric thin/thick films will be systematically investigated. Subsequently, a 

novel complex three-dimensional ME composites with highly anisotropy structure 

will be discussed. 
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4.1 Microstructure and surface morphology evolution of pulsed Laser 

deposited piezoelectric BTO films*  

Barium titanate [BaTiO3, (BTO)] thin and thick films have been extensively investigated 

owing to their high dielectric, ferroelectric, and non-linear optical properties. 
88,89,90

 These 

films have been deposited on various substrates (e.g. Si, SrTiO3, MgO) using diverse 

deposition techniques (e.g. sol-gel, sputtering, pulsed laser ablation) targeting applications 

such as capacitors, ferroelectric memory, optical modulators, magnetoelectrics, and 

microelectromechanical systems (MEMS).
89,90,91,92,93,94,95

 Recently, there have been 

investigations on the design of nanoscale structures, such as nano-pillar, nano-belt, and 

star-like nanostructure,
10,11,12

 that have contributed towards the understanding of the growth 

mechanisms in thin films. Depending upon the thickness of the film, deposition technique 

and deposition conditions, variety of microstructures can be obtained. In order to further 

improve the process compatibility and piezoelectric property, unveiling the growth 

mechanism and morphological evolution of thin films is of utmost importance. 

4.1.1 Thickness effect: crystallinity, microstructure, and properties 

BTO films with various thicknesses were deposited on platinized silicon substrate by 

using KrF excimer pulsed laser deposition system ( =˂248 nm, Neocera, LLC). Stoichiometric 

BTO ceramic target was synthesized by conventional sintering method using an analytical 

reagent grade ~99.9% pure oxide powder of BaTiO3 from Johnson Matthey, Ward Hill, MA, 

USA. The powder was milled in a polypropylene jar with zirconia milling balls and ethanol 

*Reprinted with permission from [96], Copyright 2013, The Royal Society of Chemistry. 
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(99.5%, Sigma-Aldrich, St. Louis, MO) for 24h, dried, pressed into disk-like target (diameter: 

1 inch, thickness: 0.25 inch), and cold isostatically pressed at 130 MPa for 5 min. The sample 

was then heated in air at 5
o
C/min and sintered at 1350

 o
C for 2 h. Before deposition, Pt coated 

Si substrates were ultrasonic cleaned using acetone, ethanol and DI water, respectively. Then 

the substrates were transferred to the chamber and vacuum down to the pressure of 5x10
-6
 torr. 

During all the depositions, the laser energy density, repetition rate and the oxygen pressure 

was kept at ~2.5 J/cm
2
, 10 Hz and 100mTorr respectively. The film morphology was 

controlled by the deposition time and temperature. Deposition time was controlled by the 

number of laser pulses with fixed deposition rate (10Hz). In order to vary the film thickness, 

the number of laser pulses was varied from 20000 to 100000. The substrate temperature was 

kept constant at 800
o
C during deposition. In order to investigate the effect of temperature, the 

substrate temperature was changed from 600
o
C to 1000

o
C, while keeping number of pulses 

constant at 60000. X-ray diffraction (XRD, PANalytical XΩPert, CuKa, Philips) and Raman 

spectroscopy (Jobin-Yvon T6400 Triple spectrometer) were used to characterize the 

crystallinity and orientation of the BTO films. The film morphology and microstructure were 

investigated by using field emission electron scanning electron microscopy (FE-SEM, Zeiss 

LEO 1550). Bright field imaging and high-resolution transmission electron microscopy 

(HRTEM) were conducted in a FEI Titan 80-300 scanning/transmission electron microscope 

(S/TEM). The microscope was operated at 300 kV and a standard setting for HRTEM 

imaging was a 70 µm C2 aperture with an objective lens defocus of -58 nm. The topography 

and ferroelectric measurements were performed using a scanning probe (Bruker Dimension 

Icon, USA) with a piezoelectric force microscope (PFM). Conductive diamond coated silicon 
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cantilevers (DDESP-FM-10, Bruker) were used for PFM. For local hysteresis loop 

measurement, the out-of-plane piezoelectric response was measured at selected locations on 

the ferroelectric film surface as a function of dc bias superimposed on the ac modulation bias. 

The deflection sensitivity of the tip was 94.9 nm/V and the AC drive amplitude was 3.5V (20 

kHz) during the DC bias sweep. 

Figure 4.1(a) shows the XRD patterns of the BTO films with varying thicknesses 

deposited on the (111)Pt/Ti/SiO2/Si substrate at 800°C. These films exhibited (111) preferred 

orientation without any secondary phase. The degree of (111) preferred orientation was 

determined by the Lotgering fator method:  f(111)= [P(111)-P0]/[1-P0], P(111)= ɫ) Ⱦɫ) , 

P0= ɫ) Ⱦɫ) . where ɫ)  and ɫ)  are the (111) peak intensity of the BTO 

film and the random powder, and ɫ)  and ɫ)  are the summation of XRD peak 

intensities of all the hkl peaks in the BTO film and random powder, respectively. The 

diffraction patterns 2ɗ scan from 20
o
 to 80

o
 were used to calculate the f factor. The degree of 

(111) preferred orientation f(111) was significantly enhanced from 77 to 94% with increasing 

thickness. This preferred orientation of BTO film was attributed to the lattice match between 

(111) BTO film and (111) oriented underlying Pt layer. The lattice mismatch (f) between a 

film and substrate can be determined using the expression: 

f=(as-af)/as ³ 100% ,                            (4-1) 

where as and af refer to the lattice parameters of the substrate and film respectively. The 

lattice mismatch along both (100) and (111) direction were calculated to be ~-1.8% 

(aBTO=3.992Å, cBTO=4.036Å, aPt=3.92Å). This small mismatch leads to the (111)-preferential 

growth of the fi lm on Pt electrode in order to minimize the interface energy.
97,98,99

 The 
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crystallinity of thin films was found to increase with increase in film thickness and grain 

growth. Therefore, thin films with higher thickness were found to depict higher intensity of 

BTO (111) peak and thereby increased degree of texture. This agrees well with the Van der 

Driftôs model
100

 for vapor-deposited film, where preferred orientation growth was attributed 

to the evolutionary selection. 
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Figure 4.1 (a) X-ray diffraction patterns of BTO films with different thickness, (b) Raman 

spectra of BTO films with different thickness, (c) Normalized A1(3TO) phonon intensity as 

function of film thickness, and (d) A1(3TO) phonon peak position as function of film 

thickness. 
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Unpolarized Raman spectra were measured to identify the structure of films as a function 

of thickness as shown in Figure 4.1(b). Tetragonal BaTiO3 has C4v symmetry, which allows 

3A1+1B1+4E Raman active optical modes and 1A1+E acoustic modes.
101,102

 There is further 

splitting in A1 and E modes to transverse optic (TO) and longitudinal optic (LO) modes due 

to long range electrostatic force associated with lattice iconicity. Consequently, the Raman 

active modes in BTO tetragonal phases are: 

3A1(TO)+3A1(LO)+3E(TO)+3E(LO)+1E(LO+TO)+1B1. More optical modes due to the 

dielectric anisotropy can be seen in the Raman spectra. As for the film with 1.33 m˃ 

thickness, almost all of the E(LO), E(TO), A1(TO), A1(LO), and B1 modes can be 

successfully assigned in the spectra. Some interesting features of the Raman spectra are as 

follows: (i) the thickest film show that all the Raman active modes matched with single 

crystal, indicating its excellent crystallinity, (ii) intensity of the spectra drops with thickness, 

(iii) E(3TO) and E(3LO) modes are absent in the 0.28 µm thin films and (iv) an upward shift 

of A1(3TO) mode and diffuse nature of A1(3TO) mode. It is believed that the smaller grains 

are responsible for low intensity, diffuse A1(3TO) mode, and absence of several lowest E and 

A modes in the 0.28 µm thin films. 

To clarify the Raman spectra, the well-defined A1(3TO) mode was simulated as a 

function of film thickness using the damped harmonic oscillator (DHO) model
103,104
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The parameters in Equation (4-2), amplitude c0 (in arbitrary units), the mode frequency n0, 

the damping constant G, and the temperature T, describe phonon mode as a damped harmonic 
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oscillator. It would be hard to simulate the low frequency phonons due to weak intensity and 

unable to distinguish the modes for thin film (0.28µm). It is shown that the normalized 

A1(3TO) phonon intensity increases linearly with increase in the film thickness [Figure 

4.1(c)] whereas phonon peak position are almost same [Figure 4.1(d)]. This might be one of 

the reasons that thicker film shows well defined Raman signal matched with the BT single 

crystal. Raman selection rule for perfect epitaxial films or single crystal BTO suggests that 

the weak E(3TO) and E(3LO) modes indicate the lower symmetry of the system and less 

c-axis oriented polar domains
105

. It means thinner film should show poor preferential 

orientation and functional properties as can be seen from XRD and piezoelectric data 

respectively. The above observation is also well supported by the XRD data where the 

intensity ratio of (111) to (110) peaks is quite small for 0.28˃ m film compared to 1.33˃ m. 

However for any quantitative analysis, one should perform polarized Raman studies on 

epitaxial BTO thin films where the dielectric leakage in the cross polarization will be 

minimal. 

 Figure 4.2 shows the planar and cross-section SEM images of the BTO films as a 

function of film thickness. When the film thickness was ~0.28 ɛm, the microstructure 

exhibited a fine columnar structure [Figure 4.2 (a) and (d)] with the in-plane grain size of 56 

nm. The interface between the BTO and Pt layers was continuous, while the surface 

morphology exhibited pyramid-like shapes. As the film thickness was increased to 0.83 ɛm, 

the microstructure coarsened and the in-plane grain size increased to 78 nm as shown in 

Figure 4.2 (b) and (e). At the same time, the surface morphology changed from pyramid to 

star-like shape. Furthermore, when the film thickness was increased to 1.33 m˃, the grain 
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morphology changed to six-fold hexagram as shown in Figure 4.2 (c) and (f). This 

morphology stays uniform along the surface with average in-plane grain size of 98 nm. The 

growth habit plane of BTO has been previously characterized
106

 and the films with preferred 

grain orientation exhibited good electrical properties as compared to random ones
107

. 

However, no detailed information on the mechanism describing the microstructural evolution 

has been reported. 
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Figure 4.2 Planar and cross-section views of BTO films show the morphology changes as a 

function of film thickness: (a) and (d) 0.28¤0.01 ɛm, (b) and (e) 0.83¤0.03 ɛm, (c) and (f) 

1.33¤0.06 ɛm. 
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 Piezoelectric response of the deposited BTO films was measured by using PFM as shown 

in Figure 4.3. The d33 values increased with film thickness. The measured effective d33 (d33,eff) 

values were found to be 18, 20, and 24 pm/V respectively for 0.28, 0.83, and 1.33 ɛm-thick 

BTO films. Kim et al. have reported that the random 0.25 ɛm-thick BTO film on Pt/Si 

substrate had the d33,eff value of 14.3 pm/V.
108

 In comparison with this prior result, it was 

found that orientation control leads to significant rise in the d33,eff value. The enhancement of 

d33,eff values with film thickness was attributed to: (i) preferred orientation (ii) increase in 

grain size, (iii) reduction in substrate clamping, and (iv) increase in crystallinity. 
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Figure 4.3 Piezoelectric responses of BTO films with varying thickness. 
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4.1.2 SZM and DST analysis 

 Morphology evolution models such as Dynamic Scaling Theory (DST)
109

 and Structure 

Zone Model (SZM)
110,111

 have provided the important foundation for understanding the 

growth of films. While theoretical predictions provided by these models describe a general 

morphology development, they fail to explain the evolution process such as the correlation 

between the occurrence of defects and the growth mode
109-112

. In thin film growth, the 

introduction of misfit dislocation is energetically favored at the interface with substrate and 

the formation of dislocation will relieve strain to form a semicoherent interface
113

. However, 

the systematic information regarding the relationship between the induced defects and the 

growth modes is still missing. 

Generally, morphological evolution in vapor deposited films can be explained by taking 

into account the SZM model predictions
110

 which suggest that the development of 

microstructure is a universal function of the ratio between the deposition and melting 

temperature (Ts/Tm). All the as-grown BTO thick films show a compact columnar growth 

habit, while the surface morphology varies from pyramid to star-like to hexagram. The 

columns, which extend through the entire film thickness, exhibited sharp terminating ends 

and secondary growth in the lateral direction for thicker films resulting in an enlarged 

diameter, as shown in Figure 4.2 (d), (e) and (f). Inset image shows how the coherent grains 

are stacked to form the columns. This uniform columnar structure matches well with the 

description ascribed to zone II in SZM model, where regular arrangement of uniform 

columns appears in the range of Ts/Tm<0.5-0.55 (Ts=800°C, Tm=1625°C, Ts/Tm=0.49). Also, 

zone II can be characterized by evolutionary growth due to adatom diffusion
110

. However, the 
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observed surface morphology changes in the present case are the function of film thickness 

and are not expected by the SZM model. Moreover, although in this experiment, the Ts/Tm 

ratios (0.4<Ts/Tm<0.5) corresponds to the upper limit for the appearance of a zone II 

morphology, hexagram grains with equiaxed characteristic belongs to zone III 

(Ts/Tm>0.5-0.55) morphology. 

To better explain these surface morphological changes, the surface structures were 

investigated by atomic force microscopy [Figure 4.4(a)] and dynamic scaling analysis. The 

growth evolution can be taken as a process of columnar coarsening, which can be statistically 

characterized by two parameters: the interface width ɤ (or root-mean-square roughness, 

RMS), and a lateral correlation length (related to the lateral size of the surface features such 

as columnar diameter, d). Both ɤ and d dependence on the deposition thickness/time (t) were 

estimated by statistical studies of the AFM and SEM images, as shown in Figure 4.4(b). The 

RMS roughness and average columnar size, according to the power law relations, is given 

as
109

: 

ɤ~t
ɓ
 , d~t

1/z
,                              (4-3) 

where ɓ and 1/z are the growth and coarsening exponents respectively. The deduced 

coarsening exponent for BTO is 1/z=0.35±0.03, which is similar to the theoretical prediction 

for a growing surface destabilized by a non-local geometric shadowing effect (1/z~0.33). 

114,115,116
 The high ɓ value (>0.5) also agrees with this interpretation

117
. 
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Figure 4.4 (a) AFM images of as grown BTO films with different thickness. (b) Logarithmic 

plot of the columnar coarsening in BTO films deposited at 800
o
C in 100mTorr on platinized 

silicon substrates. (c) PSD curves calculated from AFM images of BTO films of different 

thickness. 
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 The spatial resolution of the roughness and correlations between roughness and specific 

surface features are discussed by power spectral density (PSD) analysis [Figure 4.4(c)], as 

117,118
: 

03$ ËȟÔᶿË ὪὯὸ                     (4-4) 

where k is spatial frequency (or inversely, lateral dimension), and t is growth time. For 

Ὧὸ >>1, ὪὯὸ constant, 03$ ËȟÔᶿË . The dimension of the system is D=2, 

and a is the roughness coefficient. It can be noticed that the PSD curves exhibit several 

distinct regions, a frequency-independent roughness at low frequency and two 

frequency-dependent regions at higher frequency, implying combination of two processes 

controlling the development of the surface morphologies. In agreement with the previous 

work on PSD curve analysis
115,118

, it is suggested that: (1) In the high frequency regime, the 

lateral surface growth is driven by atomic diffusion mechanism, which may result in the grain 

coalescence. This interpretation is also in agreement with the SZM model in zone II, where 

the thick film growth is dominated by adatom surface diffusion
110

. (2) In the intermediate 

frequency region, the growth mechanism can be described as a balance between roughening 

(random fluctuations in depositing flux) and smoothing process (diffusion at the growth front 

with local structure unchanged)
109

. In addition, it can be noticed that the frequency of 

transition between the various regimes, marked by arrows in Figure 4.4(c), clearly exists and 

they both shift to lower value of k as thickness increases, implying the presence of a 

coarsening process
115

. These transition frequencies of each curve represent the average 

specific surface feature (small grains or branch of hexagram-shaped grains) size (~8-10nm), 

column diameter (~50-100nm), respectively, and is coherent to the experimental observation. 
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From these results it can be concluded that the growth dynamic behavior is tightly correlated 

with surface roughness, spatial length and specific surface features (branch of 

hexagram-shaped grains) during growth, which in turn can be used to predict corresponding 

growth mechanism, such as shadowing effect and surface diffusion. 

4.1.3 Local nanostructure analysis 

In order to further elucidate the grain coalescence behavior, the local nanostructure of the 

column with hexagonal feature was studied in a thick BTO film grown at 800°C by TEM. 

Figure 4.5(a) shows a typical TEM bright field cross-section image of the BTO/Pt sample. 

The film has a well-developed columnar structure with a feather-like morphology growing 

along the vertical columnar boundary. The column has a central stem (column) with array of 

lateral protrusions (one of the as-grown hexagonal branches). To investigate the detailed 

atomic structure of both the column and protrusions, a series of high-resolution transmission 

electron microscopy (HRTEM) images [Figure 4.5(b)~(d)] was taken from the regions 

marked in Figure 4.5(a), where region ñAò [Figure 4.5(b)] and ñBò [Figure 4.5(c)] refer to 

selected protrusions of the column, region ñCò [Figure 4.5(d)] denotes the interface between 

the substrate and film. Although there are some local defects in the BTO film, the major 

growth direction of the columnar structure and the protrusions were determined to be <111> 

and <110> from the FFT patterns, inset in Figure 4.5(b) and (c). Among the HRTEM images, 

there are planar defects distributed all across the central column and at the vicinity of the 

protrusions along the [111] axis as shown in Figure 4.5(b) and (c). These planar defects were 

identified to be twins by comparing the periodic structure of the planar defects in the HRTEM 
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image to a simulated twinned structure as shown in Figure 4.5(f). The appearance of the 

streaking spots in FFT patterns is due to the presence of these nano-twins. Figure 4.5(d) 

illustrates the HRTEM image of region ñCò that denotes the interface between the substrate 

and film. The interface is coherent and highlighted by dashed line. FFT pattern further 

confirms that majority of the BTO film growth occurs epitaxially from the substrate along the 

<111> orientation. The results illustrate that both columnar structures and protrusions have 

preferred orientation and twin lamellae are widely distributed among them. However, there 

are some questions that need to be addressed here: (i) Why BTO twin lamellae structure was 

formed? (ii) Instead of preferred growth orientation along <111>, why were the protrusions 

formed along <110> direction? and (iii) How did the twin lamellae structure affect the film 

growth mechanism and surface morphology? 
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Figure 4.5 TEM characterization of BTO thin film fabricated by pulsed laser deposition (a) 

Bright field image of BTO thick film synthesized at 800°C; (b) HRTEM image of region A; 

(c) HRTEM image corresponding to the region B; (d) The lattice fringes indicate a part of the 

BTO and Pt interface, which corresponding to the region C; (e) HRTEM image of the film 

with lamella twins, inset is FFT pattern generated from the twin lamellae; (f) Comparison of 

experimental and simulated twin lamellae structure. 
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Twin lamellae structure has been widely observed in ceramic, single crystal and thin 

films
119,120,121

. Several growth mechanisms for twins have been reported and some of the 

relevant ones for the present discussion are summarized here. Jia et al. suggested that twin 

nucleation could occur from dissociation of a perfect <111> edge dislocation.
122

 Jang et al. 

have explained the formation of twin lamellas as an approach to release the small misfit 

between two growing islands during coalescence process
123

. With respect to planar defect, the 

cause of the formation of (111) twin lamellae could be explained by the maintenance of a 

TiO6 octahedron and the presence of a hexagonal BTO structure
123

. Based on these prior 

results, with respect to the generation of defects during the non-equilibrium film growth 

process, a mechanism for formation of twins to release the stress during growth is proposed. 

Jang et al.
124

 have reported that the grain growth in thicker film is expected to give rise to 

complex faceted lamella twins. In this study, the faceted twin lamellae were observed along 

vertical and lateral equivalent <111> direction, as shown in Figure 4.5(e). This can be 

explained by the enhancement of lateral grain growth in thicker film as a result of less 

competition between columns. The preferred growth orientation along equiaxed <111> 

direction can be expected by the Driftôs model
100

. 

It is also noticed that reentrant facet angles were formed along the twin lamellae 

boundaries, as marked by red lines in Figure 4.5(e). The reentrant facet angle, is a byproduct 

of twin lamellae structure, and has positive effect towards stabilizing the atoms on-site such 

that it enhances the growth parallel to the twin boundaries, namely twin-assisted growth
119

. 

Therefore, protrusion growth along the intermediate <110> direction is a result of the 

competition between the equalized <111> lateral growth and twin lamellae enhanced growth. 



110 
 

Compared with the surface morphology, the protrusions obtained by slanting lateral growth 

correspond to the hexagram-shaped topography. Consequently, it is believed that the twin 

lamellae structure in thicker film, with enhanced slanting lateral growth, is the origin for the 

hexagram-shaped topography. 

4.1.4 Temperature morphological evolution 

In order to further elucidate this mechanism, the morphology evolution as a function of 

temperature was further considered. The film growth is a kinetic process, thus it is tightly 

related with the atom mobility and driving force, since Growth rate = Mobility ³ Driving 

force
125

, as:  

v = M ³ (ɋ+ Wmc)                           (4-5) 

where v is the velocity of crystal growth front and M is mobility function. The driving force 

has two components, a weighted mean curvature (Wmc) that expresses the decrease in the 

integral of the specific surface free energy and a volume phase change component, ɋ. In 

pulsed laser deposition, film growth is a non-equilibrium process. The kinetic energies 

(mobility) of adatoms are determined by the substrate temperature, while the driving forces 

are regulated by the minimization of surface and interface energy. Therefore, one can assume 

that the formation of hexagram-shaped topography is the result of insufficient energy of the 

adatoms to rearrange in a thermodynamically equilibrium configuration. If the mobilit y of 

adatoms were high enough to reach the energetically stable site, twins may not be produced 

and the morphology will go back to normal pyramid-shape structure. 

According to this hypothesis, BTO films were deposited with fixed time/number of 
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pulses (100mins/60000 pulses), deposition rate (10 Hz) and oxygen pressure (100 mTorr), as 

a function of substrate temperature from 600
o
C to 1000

o
C. From a comparison of plane-view 

SEM, Figure 4.6 shows a full tendency of surface morphology development. As expected for 

a twin lamellae induced lateral growth, hexagram-shaped topography was observed at 800
o
C 

[Figure 4.6(c)]. With increasing temperature, these surface grains eventually coalesced and 

formed the energetically stable pyramid-shaped grains [Figure 4.6(d)]. With further increase 

in temperature, larger equaxied hexagonal grains were formed at 1000
o
C [Figure 4.6(e)]. 

These results are consistent with prior expectation, where the surface morphology of the film 

becomes energetically favorable when the mobility of the atom is increased. 
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Figure 4.6 Planar views of BTO films show the morphology changes as a function of growth 

temperature: (a) 600°C, (b) 700°C, (c) 800°C, (d) 900°C and (e) 1000°C. 
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4.1.5 Model of morphology evolution 

Accordingly, the above analysis opens the possibility of explaining the morphology 

evolution as highlighted in Table 4.1. However, it can be also noted that none of these models 

can be used to fully describe the morphology development process. Therefore, based on 

integration of these analyses, the whole growth and evolution model can be described as 

follows: (i) Nucleation: at the beginning of the growth, (111)-faceted BTO nuclei were 

favorably formed on the Pt surface to minimize the surface and interfacial energy
89-93

, as 

illustrated in Figure 4.7(a). The strain caused by the lattice mismatch can be accommodated 

by elastic deformation as the film is thinner than the critical thickness
126

. (ii ) Growth: during 

the initial stages, epitaxial growth occurred where grain was mainly grown along the 

thickness direction as a result of restriction from neighboring grains and substrate. 

Subsequently, the film assumed a columnar structure while maintaining the pyramid shape 

surface morphology given by (111) orientation [Figure 4.7(b)]. (iii ) Coarsening: with 

increasing film thickness, the influence of the substrate would decrease and a competitive 

grain growth between different orientations occurred. Faceted twin lamellae structure was 

formed as grain growth continued, where the resultant reentrant facet edge further enhanced 

the parallel growth along twin boundaries. The competition between equiaxed <111> growth 

[Figure 4.7(c)] and reentrant angle aided growth resulted in an enhanced slanted lateral 

growth along <110> direction. Topology changes from the pyramid to the hexagram as the 

lateral growth occurs [Figure 4.7(d)]. (iv) Surface energy anisotropy: Once the film thickness 

increased, the grain structure with high aspect ratio attempts to achieve equiaxed 

configuration which is more energetically stable. Perovskite has the lowest surface energy on 
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{100} plane
 127

. As the grain growth occurs along (111) direction, the surface consists of {100} 

planes to minimize the surface energy. Consequently, the surface would be (111)-faceted 

single crystal rod as shown in Figure 4.7(e). 

In summary of section, I studied the microstructure and growth mechanism of BTO thick 

films deposited on platinized silicon substrate by pulsed laser deposition. It is observed that 

the hexagram grain morphology evolution existed in a highly textured BaTiO3 thick film. The 

evolution of surface morphology was discussed within the framework of SZM and DST 

models. The growth mechanism was further modeled by considering anisotropy of surface 

energy and the formation of twin lamellae structure. This work provides new insights toward 

the growth and microstructure evolution of BTO thick films. It is believed that this 

comprehensive understanding of the growth mechanism of BTO films will improve the 

process compatibility. 
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Table 4-1 Characteristics of different type of models for explaining the microstructure and 

morphology evolution. 

Model SZM DST Twin Lamellae 

Factor Ts/Tm Roughness (Height & lateral) Local nanostructure 

Prediction Microstructure Surfacial characteristics Grain coalescence 

Features Columnar Hexagram grains Protrusions 

Mechanism 

Atomic 

diffusion 

Non-local shadowing effect & 

atomic diffusion 

Reentrant facet angle 

assisted lateral growth 
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Figure 4.7 Schematic of growth mode for BTO film: (a) Nucleation step, (b) Growth in thin 

film, (c) Coarsening (Lateral growth), arrows indicate 8 possible <111> growth directions: 2 

normal-to-plane (black), 3 above the plane (red) and 3 below the plane (blue) along the 

diagonal axis. (d) Equiaxed grain growth with coarsening in thick film, (e) Expected grain 

shape. 
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4.2 Growth of CFO/PZT ME composite array with multi -orientation 

In the two phase composites magnetoelectric thin films, the morphology stability was 

controlled by the orientation of substrate or annealing condition. Because magnetoelectric 

coupling performance is strongly related to the nanostructures of the consecutive constituent 

thin films, it is necessary to check the nanostructure of the composites thin films. Recently 

developments in thin film technologies offer the opportunity to control the grain size, shape, 

orientation and distribution precisely through continuous film or well-ordered patterns. In 

particular, by controlling the film orientation, the anisotropy ferroelectric and/or 

ferromagnetic properties may change accordingly, which provide a great potential for tunable 

ME response and on-chip functional devices. In this section, a novel hybrid deposition 

method was introduced to investigate the grain orientation control in a well-ordered 

magnetoelectric nanocomposite array. 

4.2.1 Well-ordered thin film  array via Hybrid deposition 

Patterns can be made by various technologies such as focused ion beam, e-beam 

lithography or photolithography. However, these bottom-up methods involves complex and 

tedious process and are very expensive. In addressing these problems, a novel hybrid 

synthesis method was developed. 

This method based on the Aerosol Jet® deposition technology, which has been shown to 

be highly promising for mask-less cost-effective production of thick composite films. The 

ability of this technology is to directly print solution based inks in desired patterns under 

atmospheric condition without the need for lithography or vacuum deposition techniques. 
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Figure 4.8 shows the schematic and picture of the Aerosol Jet® deposition system. During 

deposition, the ink was first aerosolized in the ultrasonic atomizer and then nitrogen gas 

carried the aerosols to the deposition nozzle, where the sheath gas (a secondary nitrogen 

stream) focuses the material into fine lines and draws the specific features defined by the 

CAD. Structures with specific shape and geometry can be drawn using any commercial CAD 

software and then converted into a readable tool path. 

In this study, the composition of the stock solution was Pb1.1(Zr0.6Ti0.4)O3 (PZT) with a 

concentration of 0.4M to form the ink. A well-ordered PZT pattern was printed onto 

Pt(111)/Pt/SiO2/Si substrates (Inostek, Seoul, Korea) at room temperature with velocity of 

5mm/s. Pyrolysis of the as-printed samples were taken on a hot plate at 300 
o
C for 3mins. 

Subsequently, all the samples were post annealed at 725
o
C for 30mins in a rapid thermal 

anneal furnace to control the crystallization and film orientation. Then a layer of PZT and 

CoF2O4 (CFO) film was deposited subsequently on the patterned substrate in vacuum 

chamber with KrF (ʇ=248nm) excimer laser at energy density of 2.0~3.0J/cm
2
 and 10Hz 

repetition rate. Substrate temperature was set at room temperature with 1mTorr oxygen 

pressure during deposition. In-situ post annealing was conducted at 650
o
C at 3Torr 

background pressure after deposition. Crystallinity and preferential orientation of the hybrid 

films were investigated by X-ray diffraction (XôPert High Score Plus). The microstructure 

and thickness of the films were determined by field emission-scanning electron microscopy 

(FE-SEM; LEO Zeiss 1550). The piezoelectric/magnetic domain structure was observed by 

piezoelectric force microscopy (PFM) and magnetic force microscopy (MFM) (Dimension 

Icon AFM, Bruker) in the contact mode and tapping-lift mode, respectively. 
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Figure 4.8 (a) Schematic diagram of the working principle of Aerosol-jet deposition process; 

(b) Picture of the Aerosol JetÑ printer with deposition head aligned on a Ni foil plate. Inset 

shows the magnified image of the deposition head and pre-printed patterns on Ni. 
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 Figure 4.9 illustrates the result of as-printed PZT array pattern on pt-coated silicon. Part 

(a) shows schematic and optical microscopy images of pre-deposited PZT film with ordered 

pattern. The well-arranged arrays consist numbers of square patterns with dimension 

1ɛm³1ɛm. After printed on the substrate, the as-deposited pattern was pyroliyzed at 300
o
C 

for 3mins and annealed at 725
o
C for 30mins. X-ray diffraction pattern shows that highly (100) 

textured PZT film are formed after thermal treatment.[Figure 4.9(b)] This indicates that the 

pattern with different shape can be printed as desired, and can be controlled with preferred 

orientation by post thermal treatment. 
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Figure 4.9 (a) Schematic and optical microscope image of printed PZT array; (b) X-ray 

diffraction pattern of PZT array after thermal annealing. 
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4.2.2 Orientation control  via tempelate growth 

 It is known that film growth is tightly related with the substrate, grain orientation can be 

controlled by pre-deposited buffer layer with different orientation. In order to understand the 

substrate effect on film growth, PZT film was deposited on Pt-coated silicon substrates with 

and without pre-deposited (100) orientated PZT template. As shown in Figure 4.10(a) and (b), 

notable differences between these two samples can be found: (1) Film grown on the seed 

layer illustrates highly (100) textured orientation, whereas the template-free film shows 

multiple peaks. (2) It is noticed that the predominant peaks of the multi-oriented film are (100) 

and (111) orientation. These results demonstrate that, by manipulating the growth orientation 

of the template layer, one is expected to obtain a well-ordered nanocomposite film with 

controlled orientation at selected area, as illustrated in Figure 4.10(c). Thus, a subsequent 

layer of PZT film was deposited on the (100) oriented PZT array using pulsed laser 

deposition. Figure 4.10(d) shows the XRD pattern of the hybrid deposited PZT film. The film 

possesses two dominant peaks of (100) and (111), which is compatible with the hypothesis on 

orientation control as described in Figure 4.10(c). 
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Figure 4.10 X-ray diffraction pattern of PZT film (a) growth without template; (b) with 

template; (c) Schematic of film orientation variation on PZT array template; (d) XRD of the 

hybrid deposited PZT film. 
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4.2.3 ME nanocomposite array 

 Next, a ME nanocomposite array was obtained with a layer of CFO film deposited on the 

hybrid PZT template. Figure 4.11 shows the schematic diagram and SEM images of the 

as-deposited CFO/PZT nanocomposite array. From the figure, one can clearly identify the 

grain shape difference between template area (Positive region) and exposure area (Negative 

region). Figure 4.11(b) and (c) show the microstructure of the as-grown CFO grains on 

positive area. Two different grain geometries (triangular and square) were identified, 

indicating the film grown on positive area has predominant orientation of (111) and (100). 

Figure 4.11(d) and (e) illustrate that CFO film with square and rectangular shaped grains 

[(100) preferred orientation] are dominant across the negative region. These results match 

well with the orientation of the PZT template layer as shown in Figure 4.10, representing a 

good following of the crystallization with respect to the buffer layer. 

It is noticed that the grain size is also sensitive to template layer. Films on positive region 

possess larger grain size that that of negative area. Both surface and interfacial energy plays 

an important role toward grain growth. PZT buffer layer with multi-orientation not only 

serves as nucleation sites for the formation of CFO grains, but also induces lattice mismatch. 

As evident from Figure 4.11, without the template layer, the CFO interfacial region is notably 

stressed and illustrates smaller grain size. The compressive stress presumably comes from 

PZT buffer layer with different orientation. To minimize interfacial energy between grains 

and the buffer layer, grains grown into a columnar morphology with increasing thickness, as 

shown in Figure 4.11(f) and (g). These observation clearly demonstrate that: (1) the regularity 

of the PZT grain orientation controlled by pre-deposited buffer layer formed after PLD 
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deposition and post-annealing; (2) this growth regularity was passed onto the CFO columns 

which subsequently grown on the PZT array. 

Note that, in addition to work as a patterned template, PZT array plays several important 

roles: (1) Printed PZT template can possess various preferred orientations via thermal 

treatment, which is an advantage for the post-deposit film orientation control. Films with 

controlled orientation further provide the way of tailoring the physical properties across the 

composite. (2) PZT is a well-known piezoelectric material with good electrical performance, 

which can serve as an active layer to generate charge or domain motion with induced strain 

across the ME composite.  



126 
 

 

Figure 4.11 (a) Schematic of hybrid deposited PZT/CFO ME composite array; (b) and (c) 

SEM images of CFO grain growth on positive area of the PZT array; (d) and (e) SEM images 

of CFO grain growth on negative area of the PZT array; (f) and (g) Cross-section view of 

CFO film grow on positive and negative area of the PZT array. 
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MFM and PFM were then used to investigate the magnetic and ferromagnetic domain 

structure in the CFO/PZT ME composite array, which can be also used to understand the 

structure-property relationship. For this purpose, the sample was bonded on a conductive 

metal disc with silver epoxy, which serves as the bottom electrode for the PFM measurement. 

The topographic AFM images are shown in Figure 4.12(a) and (b) and the corresponding 

magnetic domain phase images are listed in Figure 4.12(c) and (d). From the AFM images, 

the negative area was smoother than that of positive area, showing a lower degree of 

roughness. From the MFM images, it is noticed that the magnetic domains in positive region 

[Figure 4.12(c)] are in similar size with respect to corresponding grains, whereas magnetic 

domains in negative region [Figure 4.12(d)] show a cluster-like configuration with larger size. 

This magnetic domain variation can be devoted to the grain orientation difference and the 

resultant magnetization anisotropy.  

These results demonstrate that one can manipulate the physical performance of the 

nanocomposite film through control of nanostructure.  
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Figure 4.12 Topography and magnetic domain images on the CFO/PZT ME composite array 

surface of (a) and (c) positive area; (b) and (d) negative area. 
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Figure 4.13 shows the piezoelectric response (PR) data of the negative region through 

PFM mapping. A Bruker Dimension Icon with a conductive diamond coated silicon 

cantilever tip (DDESP-FM-10, Bruker) was used to conduct piezoresponse force microscopy 

(PFM). High speed PFM was used in resonance enhanced mode at an operating frequency of 

~520 kHz. The deflection sensitivity of the tip was 97.47 nm/V. Interestingly, the PR signal 

(both phase, amplitude and data as shown in Figure 4.13(b)~(d)) obtained from the film 

surface illustrate significant contrast, indicating the film is strongly piezoelectric. However, 

the surface of the film is CFO, non-piezoelectric phase, which should have no piezoelectric 

response under applied electric field. Specifically, the PR amplitude data with highlighted 

region in small grains indicate stronger response, whereas region with larger grains does not 

have significant contrast. It is noticed that, grain size on the other side reflect different 

orientation, and the piezoelectric response must originate from the bottom PZT layer. Thus, 

these PFM images demonstrate that the domain distribution of the composite film is tightly 

related to the grain orientation. Moreover, PR amplitude image indicate that magnetic grain 

with smaller size has better elastic coupling in layered ME composite than larger ones. 
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Figure 4.13 AFM and PFM study of negative area: (a) AFM topography image of an area of 

4ɛm³4ɛm; (b),(c) and (d) the corresponding piezoresponse phase, amplitude and data image; 

(e) the local piezoelectric hysteresis loops measured in negative area: left part shows the 

phase angle variation under tip bias sweep, right part shows the amplitude variation under tip 

bias sweep. 

  








































































































































































































































































