
Magnetoelectric Nanocomposites for Flexible Electronics  

 

 

Dissertation by 

Mohammed Y. Alnassar 

 

 

 

 

 

In Partial Fulfillment of the Requirements  

For the Degree of 

DOCTOR OF PHILOSOPHY 

 

 

 

 

 

King Abdullah University of Science and Technology 

Thuwal, Kingdom of Saudi Arabia 

 

August 2015 

 

 



2 
 

EXAMINATION COMMITTEE APPROVALS FORM 
 
 
 

The dissertation of Mohammed Alnassar is approved by the examination committee 

 

 

Dr. Husam Alshareef 

_______________________           _____________________         _____________________  

Committee Member Signature Date 

 

Dr. Ian Foulds 

_______________________           _____________________         _____________________  

Committee Member Signature Date 

 

Dr. Yogesh Gianchandani 

_______________________           _____________________         _____________________  

Committee Member Signature Date 

 

Dr. Jürgen Kosel 

_______________________           _____________________         _____________________  

Committee Chair Signature Date 

 

 

 

 
 

 

 

 



3 
 

COPYRIGHT PAGE 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

© 2015 

Mohammed Alnassar 

All Rights Reserved



4 
 

ABSTRACT 

Magnetoelectric Nanocomposites  

Mohammed Alnassar 

 

Flexibility, low cost, versatility, miniaturization and multi-functionality are key 

aspects driving research and innovation in many branches of the electronics industry. 

With many anticipated emerging applications, like wearable, transparent and 

biocompatible devices, interest among the research community in pursuit for novel 

multifunctional miniaturized materials have been amplified. In this context, multiferroic 

polymer-based nanocomposites, possessing both ferroelectricity and ferromagnetism, 

are highly appealing. Most importantly, these nanocomposites possess tunable 

ferroelectric and ferromagnetic properties based on the parameters of their constituent 

materials as well as the magnetoelectric effect, which is the coupling between electric 

and magnetic properties. This tenability and interaction is a fascinating fundamental 

research field promising tremendous potential applications in sensors, actuators, data 

storage and energy harvesting.  

This dissertation work is devoted to the investigation of a new class of multiferroic 

polymer-based flexible nanocomposites, which exhibits excellent ferromagnetism and 

ferroelectricity simultaneously at room temperature, with the goal of understanding 

and optimizing the origin of their magnetoelectric coupling. The nanocomposites consist 

of high aspect ratio ferromagnetic nanowires (NWs) embedded inside a ferroelectric co-

polymer, poly(vinylindene fluoride-trifluoroethylene), P(VDF-TrFE) matrix. First, 
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electrochemical deposition of ferromagnetic NWs inside anodic aluminum oxide 

membranes is discussed. Characterization of electrodeposited iron, nickel and highly 

magnetostrictive iron-gallium alloy NWs was done using XRD, electron and magnetic 

force microscopy. Second, different nanocomposite films have been fabricated by 

means of spin coating and drop casting techniques. The effect of incorporation of NWs 

inside the ferroelectric polymer on its electroactive phase is discussed. The remanent 

and saturation polarization as well as the coercive field of the ferroelectric phase are 

slightly affected. Third, effects of NW alignment on the magnetic properties of 

nanocomposites are discussed. Nanocomposites with aligned NWs showed anisotropic 

magnetic properties while the ones without showed isotropic properties. Forth and last, 

the effects of NWs loading, alignment and material on the magnetoelectric properties of 

the nanocomposites are analyzed. Low NW concentrations are found to promote the 

electroactive phase of the nanocomposite, whereas high concentrations lower it. 

Nanocomposites with aligned NWs showed an anisotropic magnetoelectric effect. 

Higher magnetostrictive NWs exhibited a higher magnetoelectric coupling, 

demonstrating the advantage of galfenol-based nanocomposites, which are reported in 

this thesis for the first time. 
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1 Introduction  

1.1 Motivation and Objectives 

The ongoing quest for multifunctional miniaturized devices with features like 

flexibility, biocompatibility and low cost has directed researchers to the field of polymer-

based composite materials. A specific sub-class of those materials includes 

magnetoelectric (ME) composites. They possess ferroelectric and ferromagnetic 

properties simultaneously and allow the change of electric polarization upon applied 

magnetic field, or the change of magnetization under an applied electric field. This link 

between electric and magnetic properties enables new concepts and functionalities for 

applications in sensors, actuators, data storage, energy harvesting as well as control of 

magnetic properties by electric field and vice versa. The inherit advantage of polymers, 

i.e., flexibility and low temperature processing, make them attractive for other 

technological applications like flexible or wearable devices.  Polymer-based ME 

composite research is a challenging and an interesting field that will eventually serve as 

a bridge between fundamental research and new novel applications.  

In general, ME composites are obtained by combining ferroelectric (or 

piezoelectric) and ferromagnetic (or magnetostrictive) material components. The ME 

effect is then produced as a product property from the cross interaction between 

magnetostrictive and piezoelectric phases in the ME composite. In this way, the ME 

effect is an extrinsic effect that is generated from combining materials which do not 
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show the ME phenomenon. Upon application of a magnetic field to the ME composite, 

the strain produced from the magnetostrictive phase is mechanically transferred to the 

piezoelectric phase and an electric charge is created. This elastic interaction depends on 

the microstructure of the composite and on the coupling interactions at the interfaces 

between magnetostrictive and piezoelectric phases. Optimizing the microstructure of 

the ME composites and the interface between the phases allows engineering ME 

composites to have room temperature ME effects several orders of magnitude higher 

than those in single-phase ME materials.  . Moreover, selection of piezoelectric and 

magnetostrictive materials and the connectivity schemes between them offer more 

design flexibility, allowing matching technological requirements with intended 

applications.  

Unlike ceramic-based ME composites, polymer-based ME composites provide the 

advantages of being flexible, versatile, lightweight, low cost, able to conform to 

complicated shapes, and they typically involve a low-temperature fabrication process. 

Depending on the interface between the ferromagnetic phase and the polymer, three 

main types of ME polymer composites can be found in literature: particulate 

nanocomposites, laminate composites, and polymer as a binder composites. The first 

type received the least attention among researchers.  In ME nanocomposites, the 

effective coupling properties are strongly dependent on the characteristics of the 

interface between the polymer and the ferromagnetic fillers. Surface interfacial area to 

volume ratio is a key factor and therefore high aspect ratio ferromagnetic 
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nanostructures are preferred over spherical nanoparticles. This dissertation investigates 

the development of a new type of ME nanocomposite consisting of a ferroelectric 

copolymer poly(vinylidene fluoride-trifluoroethylene), P(VDF-TrFE), and high aspect 

ratio ferromagnetic nanowires (NWs) embedded inside the copolymer matrix. When 

subjected to a magnetic field, the strain transfer from the NWs to the P(VDF-TrFE) 

matrix is maximized, owing to the large surface interfacial area of NWs with the 

polymer. This phenomena in the developed nanocomposite promises a strongly 

improved ME coupling when compared to low aspect ratio nanoparticles-based 

nanocomposites. 

The main objective of this research work is to develop a new type of ME polymer-

based nanocomposites with ferromagnetic NWs as fillers and to study the effects of 

different parameters and factors affecting the ME coupling. NWs properties are studied 

by several advanced characterization tools prior to be used as nanocomposite fillers to 

investigate their crystal structure and composition. 

This dissertation is organized to follow a progressive sequential study from the 

fabrication and characterization of the individual constituent phases, namely 

ferromagnetic NWs and ferroelectric polymer, to the formation, development and 

enhancement of the magnetoelectric nanocomposites. This dissertation is organized as 

follows:  

Chapter 2 gives a basic physics background about multiferroics and magnetoelectricity. 

Topics covered are ferroelectricity, ferromagnetism, piezoelectricity and 
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magnetostriction. Main differences of single-phase and composite ME materials are 

highlighted along with different connectivity schemes for developing composites. In this 

chapter, polymer-based ME materials are highlighted and a brief literate survey is 

presented. The chapter concluded by showing the advantages of having NWs as fillers 

for making polymer nanocomposites and shows some recent emerging applications for 

magnetically responsive polymer nanocomposites.    

Chapter 3 describes and highlights the basics of the experimental techniques used for 

the fabrication and processing of nanocomposite thin films as well as the 

characterization methods used for the developed nanocomposite devices. It also 

summarizes all important experimental details for the fabrication of ferroelectric P(VDF-

TrFE), the preparation of porous alumina membranes and the electrodeposition of 

different high aspect ratio ferromagnetic NWs. The chapter concludes by highlighting 

the main structural as well as functional characterization techniques and measurement 

set-up.   

Chapter 4 gives the parameters for the processing and fabrication of specific 

nanocomposite devices. Details on electrodepositing Fe, Ni and high magnetostrictive 

Fe-Ge alloy, commonly known as galfenol, NWs are highlighted. In addition, the main 

experimental procedures for making nanocomposite solutions with different 

concentrations are given. 
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Chapter 5 presents and analyses all the results obtained for both NWs fabrications and 

developed nanocomposites. Structural, ferroelectric, ferromagnetic and 

magnetoelectric findings and analyses are discussed.  

Chapter 6 summarizes all results and main conclusions of this dissertation and provides 

prospective future work, remaining challenges and forecasts potential future 

applications.  

1.2 Main Contributions 

As this dissertation is mainly focus on the fabrication and characterization of 

nanocomposite thin film devices, the main contributions of this work are centered 

about fabrication of NWs and proper characterizations of nanocomposites 

experimentally. To the best of my knowledge, the present research work has made the 

following contributions: 

1. Development of a standard electrodeposition condition to electrodeposit highly 

magnetostrictive single crystal galfenol NWs with 14 at.% Ga content.  

2. Development of nanocomposites with ferromagnetic NW filler without significant 

degradation of their ferroelectric properties. 

3. Development of both magnetically isotropic and anisotropic nanocomposites by 

means of NWs alignment treatment inside the nanocomposites.  

4. Development of nanocomposites with pronounced ferroelectric and ferromagnetic 

properties at room temperature. 

5. Correlation of the produced ME effect to the magnetostriction of the NWs filler. 



25 
 

6. Development of isotropic and anisotropic ME effects of the nanocomposite that is 

directly correlated with NWs alignment inside the nanocomposite. 

7. Development of nanocomposites with tunable ME coupling strength based on the 

selection of NWs filler concentration and NWs properties. 
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2 Background  

2.1 Multiferroic Materials and Magnetoelectric Coupling  

Multiferroic materials are those that simultaneously possess two or more of the 

so-called ‘ferroic’ order parameters in the same phase. Ferroic orders show 

spontaneous and switchable internal alignment of certain material properties. These 

ferroic orderings are ferroelectricity (spontaneous alignment of electric polarization 

P that can be reversed by the application of an external electric field E), ferromagnetism 

(spontaneous net magnetic moment M in the absence of an external magnetic field H), 

and ferroelasticity (spontaneous strain ε upon application of an external stress σ, or 

phase change when stress is applied). The term multiferroics was first used by Schmid 

referring to materials with two or more ferroic properties to classify materials and 

effects that permit the formation of switchable domains [1]. Coupling between different 

ferroic orders allows more degrees of freedom for tuning various electric and magnetic 

parameters. Figure 2-1 shows all three types of ferroic orderings and possible coupling 

interactions between these orders in multiferroics. In fact, materials showing the 

coexistence and coupling between ferroelectricity and ferromagnetism, i.e. 

magnetoelectric (ME) materials, are of high interest. The general definition of the ME 

effect is the coupling phenomenon of electric and magnetic fields in matter [2].  

In this dissertation, the focus will be on magnetoelectric multiferroics, and herein 

magnetoelectric will solely refer to this type of multiferroic. To better understand 
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further discussions on magnetoelectric materials, the properties of ferroelectricity and 

ferromagnetism are reviewed in the next section.  

 

Figure 2-1: In ferroic ordered materials, the electric filed E, magnetic field H, and stress σ lead to spontaneous electric 

polarization P, magnetization M, and strain ε, respectively. In multiferroics, additional interactions are possible due to 

the presence of at least two ferroic orders. In magnetoelectric multiferroics, H may control P or E may control M 

directly (indicated with green arrows) or indirectly (indicated with black arrows) [3] 

2.1.1 Ferroelectricity and Ferromagnetism  

Ferroelectricity was discovered back in 1920 by Valasek [4] in Rochelle salt (sodium 

potassium tartrate) when ferromagnetism was already known. The electrical properties 

of ferroelectric materials and the magnetic properties of ferromagnetic materials are in 

many regards analogous. Ferroelectric materials, which are a class of dielectrics, show a 

non-linear hysteretic dielectric polarization as a function of applied electric field. This is 

different to normal dielectrics which show linear polarization dependence with applied 
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external electric field, Figure 2-2. The origin of this polarization is the actual 

displacement and alignment of positive and negative charges, i.e. dipole moments, 

inside the material from their equilibrium positions. Ferromagnetic materials also show 

non-linear hysteretic magnetization dependence with applied magnetic field. The origin 

of magnetization is actual magnetic moments alignment with the direction of the 

applied magnetic field. Most importantly, ferroelectric and ferromagnetic materials 

retain a spontaneous remanent electric dipole moments polarization 𝑃𝑟  , and a 

spontaneous remanent net magnetic moment magnetization 𝑀𝑟 , respectively, even 

under the absence of applied fields [5].  

The direction of the spontaneous polarization and magnetization can be switched 

by means of applying external electric or magnetic fields, respectively. The required 

electric or magnetic fields to bring down the polarization or magnetization to zero is 

denoted as the coercive field, noted as 𝐸𝐶  and 𝐻𝐶  , respectively. The coercive field is a 

quantitative measure that tells how easy or hard it is to switch polarization or 

magnetization directions. Another important characteristic for ferroelectric and 

ferromagnetic materials is the saturation polarization  𝑃𝑆 and saturation 

magnetization 𝑀𝑆 , respectively. All these previous characteristic notations are shown 

and labeled on the schematic polarization and magnetization loops in Figure 2-2 and 

Figure 2-3. Figure 2-2 shows the dielectric polarization loops of ordinary dielectrics and 

ferroelectrics. Figure 2-3 shows schematic illustration of magnetization loops and 

moments alignment of paramagnetic and ferromagnetic behavior alongside with two 
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other types of magnetic behaviors, antiferromagnetic and ferrimagnetic which will not 

be discussed in this dissertation. 

Ferroelectricity and ferromagnetism properties are temperature dependent 

phenomena. Spontaneous polarization and magnetization are only observed below a 

certain temperature defined as Curie temperature 𝑇𝐶. Above 𝑇𝐶 , ferroelectric materials 

undergo a phase transition to ordinary dielectrics that are paraelectric, and 

ferromagnetic materials switch to paramagnetic phase.  

 

Figure 2-2: Illustration of a) dielectric polarization response of a normal dielectric and b) polarization (hysteresis) loop 

in ferroelectric dielectrics (Adapted from [6]). 
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Figure 2-3: Schematic illustration of magnetic moments and magnetization response to applied magnetic field in a) 

paramagnetic, b) ferromagnetic, c) antiferromagnetic and d) ferromagnetic materials [6]. 

2.1.1.1 Ferroelectric Polymers 

The most extensively studied ferroelectric materials are ferroelectric 

polycrystalline ceramics belonging to the octahedral cubic perovskite structure in the 

form of ABO3. As mentioned earlier, below  𝑇𝐶  the cubic structure distorts to a non-

centrosymmetric tetragonal ferroelectric perovskite phase, giving the rise to 

spontaneous polarization at the unit cell center. Barium Titanate (BaTiO3) was the first 

perovskite to be discovered back in mid-1940s with unusual high dielectric constant; 

and a decade later, lead Zirconate Titanate (PZT) was reported. In practical applications, 

PZT and barium strontium Titanate (SBT) have already dominated many fields of smart 

technologies [7]. The main issues with these ceramic materials are the extremely high 

processing temperatures and their brittle nature. For flexible, wearable and stretchable 

applications, ferroelectric ceramics might not be the perfect choice.  
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Ferroelectric polymers, on the other hand, offer many attractive features. Among 

these are processing simplicity, good mechanical properties, flexibility and typically low 

temperature fabrication requirements. In addition, they can be deposited on a variety of 

substrates using low cost techniques like spin coating, spray-coating, dip-coating, ink-jet 

printing, etc. Polymer electrets, showing metastable polarization effects lasting for 

hours, days or years shall not be confused with ferroelectric polymers. True ferroelectric 

polymers are those exhibiting polar unit cells and the orientation of its dipole moment 

can be reversed by the application of an external electric field. In order to form a 

ferroelectric polymer, its chain structure shall meet a specific structure such as polar 

monomers, head-to-tail configuration, all-trans conformation or reversible polar 

reorientation. Examples of polymers exhibiting ferroelectric properties include: 

poly(vinylidene fluoride) (PVDF) and its copolymer poly(vinylidene fluoride-co-

trifluoroethylen), P(VDF-TrFE), odd nylon, cyanopolymers, polyureas and polythioureas, 

and ferroelectric liquid-crystalline polymers [8].  

PVDF and P(VDF-TrFE) are the most commonly studied ferroelectric polymers and 

most widely used owing to their large spontaneous polarization, low leakage current, 

chemical stability, transparency, non-toxicity, low fabrication cost and low temperature 

processing [8]. They are considered the polymers with the highest electroactive 

properties which made them find applications in a variety of fields, including 

biomedicine, energy generation and storage, sensing and actuation, separation and 

filtration, and many others. PVDF exists in five different crystalline phases depending on 
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how the polymer chain is formed. The most investigated and most popular ones are 

the 𝛼, 𝛽 and 𝛾  phases shown in Figure 2-4. The highest net dipole moment, defined as 

the vector summation of moment of individual polymer segment, and hence most 

electroactive is the 𝛽 phase due to the optimal alignment of the strong electronegative 

fluorine atoms with respect to hydrogen and carbon atoms, forming a net dipole 

moment perpendicular to the polymer chain. This crystalline chain arrangement is 

referred as all-trans conformation [9]. The 𝛼 phase is non-polar due to antiparallel chain 

conformation and hence dipole moments cancel each other out. Figure 2-4, shows 

the 𝛼, 𝛽 and 𝛾 phases chain conformation of PVDF.  

  

Figure 2-4: Schematic representation of PVDF chain conformation in the 𝛼, 𝛽 and 𝛾 phases  [9] 

In general, a unit cell of PVDF is composed of repeated chains of different phases. 

Depending on how the chains are packed and which phase is repeated the most, a 

certain phase is said to be the dominant one. The interesting fact is that by annealing, 

electric filed poling, ultra-fast cooling, or mechanical stretching, the non-polar 𝛼 phase 

packing can be modified to the polar 𝛽 phase. To enhance the polar phase conformation 

in PVDF, copolymerization with TrFE units introduces hindrance in a way easing the 
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formation of the ferroelectric 𝛽 phase and increasing its unit cell size favoring the all-

trans conformation regardless of processing methods. In addition, P(VDF-TrFE) 

copolymer shows lower Curie temperature below the melting point [8, 9]. Figure 2-5 b, 

shows the chemical structure of P(VDF-TrFE) and its phase diagram.  

          

Figure 2-5: Molecular structure (left) schematic [9] and b) phase diagram (right) of P(VDF-TrFE) [10] 

The mechanism of polarization switching in P(VDF-TrFE) unit cells is based on 

successive reorientation processes each with 60° degrees rotation rather than a simple 

180° flipping as one might expect. The dipole moment of the net chain is pointing from 

the electronegative Fluorine to the electropositive Hydrogen. The reorientation 

polarization switching of dipoles mechanism was supported with experimental 

observations as well as theoretical investigations at the molecular level [8]. Figure 2-6 

shows a schematic illustration of the polarization switching mechanism of P(VDF-TrFE). 

 

Figure 2-6: illustration of dipole switching by successive rotation model (adapted from [5]). 
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2.1.1.2  Ferromagnetic Nanowires 

Ferromagnetic nanowires (NWs), with which we will be concerned mostly in this 

dissertation, differ in the magnetic properties from their bulk and thin films forms. As 

mentioned earlier, ferromagnetic materials have a net magnetic moment even in the 

absence of a magnetic field, due to a nonzero spontaneous magnetization. The physical 

origin of ferromagnetism is the existence of a strong exchange coupling between 

magnetic moments that makes them align with each other microscopically. 

Macroscopically, moments align with each other in so called ferromagnetic domains, 

which are created in ferromagnets to minimize the overall energy. However, in reduced 

dimensions, small ferromagnetic materials can be energetically unfavorable to form 

multiple domains and mostly tend to form single domain structures.  

Magnetization hysteresis loops, which display the magnetic response of a 

magnetic sample to an external field, are used widely to characterize the behavior of 

nanostructured magnetic materials. Magnetic anisotropy, magneto-crystalline or shape 

anisotropy are responsible for the hysteresis behavior. The direction that requires less 

energy to fully magnetize a sample is called the easy axis, and it depends on the 

material, the crystalline structure and the shape of the material. Intuitively, other 

directions that require high energy for full magnetization are called the hard axes.  

A single domain ferromagnetic nanowire ideally has a remanence to saturation 

ratio of 1 and its magnetization loop looks almost square shape, with the slope at the 

coercive field being infinite. However, in practice, NWs are generally fabricated in huge 

packed quantities using self-assembled techniques like templates. Therefore, 
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interactions between neighboring NWs is inevitable and magnetostatic dipole 

interactions occurs. Hence, the shape of the magnetization loop shows a skewing or 

tilting effect due to the varying demagnetization-field caused by these interactions [11]. 

Figure 2-7 shows illustrations of magnetization curves for a single nanowire and for an 

array of NWs along with easy and hard axis directions.  

  

Figure 2-7: Illustration of a) easy and hard axis of NWs caused by the strong shape anisotropy, b) ferromagnetic 

behavior of a single NWs, and c) ferromagnetic behavior of an array of NWs showing the demagnetization effect 

Possin was the first to demonstrate growing nearly one dimensional wires by 

electroplating into small holes in mica in 1971 [12]. Whereas single domain elongated 

magnetic particles were introduced in the 1960s [13]. Combining those concepts, 

magnetic NWs have been successfully fabricated and heavily investigated for a variety of 

applications. The key advantage of single domain ferromagnetic NWs is the high shape 

anisotropy with up to thousands of length to diameter aspect ratio that provides a high 

intrinsic coercivity to the material.  Even though NWs are not competitive with the high 

performances of rare-earth-iron alloys permanent magnets, they have the potential to 

be used in microsystems with good temperature stability of up to 250 °C. On the other 

hand, many rare earth permanent magnets show softening upon heating and lose the 
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remanence magnetization when broken into small particles [14]. NWs are also 

interesting for their easy, cost-effective, large scale and low temperature fabrication 

that makes it easy to be produced in small laboratories, as will be discussed in the next 

chapter.  

2.1.2 Piezoelectricity and Magnetostriction 

2.1.2.1 Piezoelectricity 

Piezoelectric effect was first discovered by the Curie bothers in 1880 during 

experiments on quartz. The Curie brothers observed that quartz changed its dimension 

when placed in an electric field and generated charges when mechanically pressed. The 

piezoelectricity effect is linear and reversible. In certain dielectric materials, the direct 

piezoelectric effect can be defined as the linear generation of electric polarization or 

charge when mechanical strain is applied. The opposite converse effect is the 

appearance of mechanical strain when applying an external electric field. Symmetry of 

the material, whether crystal, polycrystalline or amorphous plays an important role in its 

properties, and hence not all materials exhibit piezoelectricity. Crystals with 

centrosymmetric, i.e. having symmetry with respect to a single point, cannot be 

piezoelectric and hence non-centrosymmetric crystal structure is a prerequisite for a 

crystalline material to show piezoelectricity. This is mainly to allow displacement of ionic 

charges within a crystal, when subjected to stress (or electric field), to form a net dipole 

moment (or net deformation) due to their actual non-symmetric distribution.  
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Figure 2-8: Schematic illustration of the direct and converse piezoelectric effects 

There are 21 crystal classes that are not centrosymmetric and out of which 20 

show piezoelectric properties. Piezoelectricity shall not be confused with electrostriction 

exhibited by all dielectrics, which is the induced mechanical strain as a function of the 

square of the applied electric field. Piezoelectric materials can be further classified into 

polar materials, possessing a net dipole moment, and non-polar materials, where 

summation of all dipole moments on different directions gives zero. Additionally, polar 

piezoelectric materials can be further classified to ferroelectrics and non-ferroelectrics. 

The most important piezoelectric class from applications point of view belongs to the 

ferroelectric class [15-17]. Ferroelectric materials, as defined earlier, possess two 

equilibrium orientations of spontaneous polarization in the absence of external electric 

field, and the two polarization states are switchable by applying a sufficiently high 

external electric field. Interestingly, piezoelectricity in ferroelectrics can also be 

interpreted as the coupling and simultaneous observation of ferroelectricity and 

ferroelasticity clearly seen in Figure 2-1.  
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The linear constitutive equations that describe piezoelectricity in a piezoelectric 

material are given by combining Hooke’s law of stress-strain relation and the electrical 

behavior of the dielectric. The equations are given by: 

𝜀𝑖 = 𝑠𝑖𝑗
𝐸𝜎𝑗 + 𝑑𝑖𝑘𝐸𝑘   2.1 

𝐷𝑘 = 𝑒𝑘𝑙
𝜎 𝐸𝑙 + 𝑑𝑘𝑖𝜎𝑖 2.2 

where 𝜺 is the mechanical strain vector, 𝝈 is the mechanical stress vector (N/m2), 𝑬 is 

the electric field vector (V/m), 𝑫 is the electric displacement vector (C/m2), 𝑠𝑖𝑗
𝐸  is the 

compliance tensor at constant electric field (m2/N), 𝑒𝑘𝑙
𝜎  is the electric permittivity at 

constant stress (C2/N.m2), and 𝑑𝑖𝑘 is the piezoelectric strain coefficient. The indices of 

equations 2.1 and 2.2 are  𝑖, 𝑗 = 1, 2… .6 and 𝑘, 𝑙 = 1,2, 3. The piezoelectric strain 

coefficient matrix of equation 2.1 is referred as the converse piezoelectric coupling 

matrix with units of m/V. The other piezoelectric coefficient matrix of equation 2.2 is 

referred as the direct piezoelectric coupling matrix with units of C/m. Equations 2.3 and 

2.4 illustrate the meaning of the subscripts of the coefficients of both matrices.  

𝑑𝑖𝑘 (𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑒) =
𝑠𝑡𝑟𝑎𝑖𝑛 𝑖𝑛𝑑𝑢𝑐𝑒𝑑 𝑖𝑛 𝑑𝑖𝑟𝑒𝑐𝑡𝑟𝑖𝑜𝑛 𝑖

𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 𝑓𝑖𝑒𝑙𝑑 𝑎𝑝𝑝𝑙𝑖𝑒𝑑 𝑖𝑛 𝑑𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛 𝑘
=

1

𝑉/𝑚
=

𝑚

𝑉
 2.3 

𝑑𝑘𝑖 (𝑑𝑖𝑟𝑒𝑐𝑡) =
𝐶ℎ𝑎𝑟𝑔𝑒 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑 𝑖𝑛 𝑑𝑖𝑟𝑒𝑐𝑡𝑟𝑖𝑜𝑛 𝑘

𝑠𝑡𝑟𝑒𝑠𝑠 𝑎𝑝𝑝𝑙𝑖𝑒𝑑 𝑖𝑛 𝑑𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛 𝑖
=

𝐶/𝑚2

𝑁/𝑚2
=

𝐶

𝑁
 2.4 

Experimentally it has been shown that these two matrices are transpose of each 

other. It follows that the unit of m/V is the same as C/N [15]. It is worth mentioning that 

there exist other piezoelectric coefficients such as the stress coefficient, the voltage 
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coefficient and the inverse strain coefficient. All of them are related to each other and 

can be derived from one another. Another parameter of importance is the 

electromechanical coupling coefficient denoted as 𝑘. It is a measure of the conversion 

efficiency of the piezoelectric material between mechanical and electrical energy. It uses 

the same indices as the piezoelectric strain coefficient and is defined as: 

𝑘𝑖𝑘 =
𝑑𝑖𝑘

√𝑒𝑖𝑖
𝜎 𝑠𝑘𝑘

𝐸
 2.5 

 This parameter is useful when comparing different piezoelectric materials. 

Table 2-1 shows piezoelectric properties of some typical piezoelectric materials [18].  

Material 
PZT  
5H 

AlN ZnO PVDF 
P(VDF-TrFE) 

70/30 

Young’s Modulus (GPa) 60.6 308 201 4 ~ 6  1.1 ~ 3  

𝒅𝟑𝟏 –274 –2.6 –5 18 ~ 24  6 ~ 12  

𝒅𝟑𝟑 593 5.5 12.4 –13 ~ –28   –24 ~ –38  

𝒌𝟑𝟏 0.38 0.1 0.18 0.12 0.07 

𝒌𝟑𝟑 0.69 0.31 0.48 0.27 0.37 

Table 2-1: Piezoelectric properties of some typical piezoelectric materials [15, 16, 18]  

2.1.2.2 Magnetostriction 

Simultaneous existence and the coupling between ferromagnetism and 

ferroelasticity result in magnetostriction. The concept of magnetostriction has led to the 

wide applications of magnetomechanical sensors and actuators. The effect of 

magnetostriction was discovered by James Prescott Joule in 1942 while observing elastic 

deformation of samples of iron when subjected to external magnetic field. So basically, 

magnetostriction is a length change (expansion or compression) of the material parallel 
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to the applied external magnetic field. Similar to electrostriction, the effect is sign 

independent and it only depends on the magnitude of the applied field. In other words, 

a quadratic dependence is always observed between the induced strain and the 

magnetic field.  

For a ferromagnetic material, there exist two types of magnetostriction. The first 

one is spontaneous magnetostriction just when the material is cooled down below its 

Curie temperature. At this transition point, it changes its paramagnetic phase to 

ferromagnetic by localize volumetric group ordering of the magnetic moments. These 

small volumes where all moments are parallel to each other are called domains. At this 

stage domains are randomly oriented but the net magnetization is zero. The process of 

domain formation is accompanied by small spontaneous deformation that is the 

isotropic spontaneous magnetostriction. Since it is an isotropic effect, the amount of 

spontaneous magnetostrictive strain along each reference axis (x, y and z), should be 

equally probable and hence is equal to the total spontaneous strain divided by three, i.e. 

𝜀/3. The second type is the field-induced magnetostriction. With magnetic domains 

already formed in the material, applying a magnetic field in a certain direction causes 

the domain to rotate, expand and orient as close as possible to the direction of the field. 

This process of domain rotation, expansion and domain wall (interface between 

different domains) movement causes a net anisotropic length change in the direction of 

the applied magnetic field. Figure 2-9 shows schematics of both types of 

magnetostriction in one dimension and along one direction [15].  
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Figure 2-9: Schematic illustration of a) spontaneous, and b) field induced magnetostriction effects [15] 

At a certain applied magnetic field, the material becomes fully magnetized and 

reaches its saturation magnetization. At the same time, the material reaches its 

saturation magnetostriction which is the maximum strain point 𝜆𝑚𝑎𝑥 , after which there 

is no further length change. Magnetostriction is often characterized by the maximum 

strain a material induces. Maximum strains are always expressed normalized to the 

sample original length since the amount of deformation is proportional to the material 

size. Therefore, maximum field induced magnetostriction, referred as saturation 

magnetostriction 𝜆𝑆, is measured in microns per meter or more commonly parts per 

million (ppm). The maximum value of  𝜆𝑆 is given by: 

 𝜆𝑆 =  𝜆𝑚𝑎𝑥 − ∆𝑙𝑠𝑝𝑜𝑛𝑡𝑎𝑛𝑒𝑜𝑢𝑠 =  𝜆𝑚𝑎𝑥 −
𝜀

3
=

2

3
∙ 𝜀 2.6 

whereas magnetostriction is given by 

a) Spontaneous magnetostriction 

b) Field induced magnetostriction 

unordered moments
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𝜆 =
∆𝑙

𝐿
=

3

2
∙  𝜆𝑆  2.7 

where 𝐿 is initial material length in its ferromagnetic state (𝑙 + ∆𝑙𝑠𝑝𝑜𝑛𝑡𝑎𝑛𝑒𝑜𝑢𝑠)  

Magnetostrictive strain along a certain direction is independent of the polarity of 

the applied field. Meaning that if a material has a positive magnetostriction; it will 

always show elongation regardless of the sign of the applied field, and vice versa for 

negative magnetostriction materials. Therefore, magnetostriction curves dependence 

on the applied field is of quadratic nature. Assuming alignment of domains is purely 

accomplished by domain rotation, the magnetostriction behavior along an applied field 

that is at an angle to the domain magnetization vector can be expressed as: 

𝜆 =
3

2
∙  𝜆𝑆 (

𝑀

𝑀𝑆
)
2

 2.8 

where M is the magnetization component along the applied field. Although 2.8 is an 

approximation, it qualitatively shows the magnetostrictive strain trend for all cases. 

Figure 2-10 shows a typical magnetostrictive strain versus applied magnetic field. It is 

worth mentioning that magnetostriction curves also shows hysteretic nature due to the 

inherent hysteresis in the magnetization loops of a material. However, it is often ignored 

since its hysteresis is considered small, but might be pronounced for hard ferromagnetic 

materials [15]. 
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Figure 2-10: Schematic illustration of the effect of a) typical magnetization hysteresis on b) the quasi-static 

magnetostriction curve leading to c) magnetostriction strain hysteresis [15] 

As a matter of fact, saturation magnetostriction along different crystal axis varies 

for anisotropic materials. Therefore, saturation magnetostriction constants may be 

written with subscripts as  𝜆100or  𝜆111to specify a magnetostriction constant for <100> 

or <111> crystal direction, respectively. Table 2-2 shows maximum magnetic field 

induced strains for some common magnetostrictive materials.  

Material Formula Magnetostriction (x10-6) 

Iron Fe 20 

Nickel Ni –40 

Cobalt Co –60 

Nickel Cobalt NiCo 186 

Galfenol Fe1-x-Gax  (0.09<x<0.2) 300 

Terbium-Iron alloy TbFe2 1750 

Terfenol-D TbxDy1-xFe2 (x ~ 0.3) 2000 

Samfenol SmFe2 –1560 

Cobalt Ferrite CoFe2O4 –165 

Nickel Ferrite NiFe2O4 –39 

Table 2-2: Saturation magnetostriction of some typical polycrystalline magnetostrictive materials [15, 19] 
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2.2 Magnetoelectric Materials and the Magnetoelectric Effect 

As mentioned earlier in the chapter, magnetoelectric materials are simultaneously 

ferroelectric and ferromagnetic and most importantly show a direct coupling between 

them. ME materials show an induced polarization under applied external magnetic field, 

or show induced magnetization under external electric field. These materials have 

stimulated significant interest for both scientific and application point of view.  

The history of the ME effect goes back to just over a century ago, precisely in 1894 

when P. Curie [20] originally proposed the concept of intrinsic ME effect based on 

symmetry consideration. A series of significant theoretical research contributions to the 

science of magnetoelectricity were followed by Debye (1962), Wigner (1932), Van Vleck 

(1932) and Landau (1937), however there was no experimental observation of the ME 

effect. In 1959, Dzyaloshinskii [21] theoretically predicted based on symmetry 

consideration that the ME effect should be observed in antiferromagnetic Cr2O3. One 

year later in 1960, Astrov [22] was able to actually experimentally confirm 

Dzyaloshinskii’s prediction but only observed electric-field induced magnetization in 

Cr2O3. Later in 1961, the converse ME effect of magnetic-field induced polarization in 

Cr2O3 was also reported by Rado and Folen [2, 23]. Despite the first observation of the 

ME effect which triggered a great scientific and technological interest due to the 

exciting potentials of cross-correlation between magnetic and electric properties for 

novel applications, research did not progress because of the weakness of the observed 

effects and the extreme low temperature requirement for the effect to be observed.   
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With the development of advanced theoretical tools and advances in micro and 

nanofabrication material growth technologies, interests in the search of new 

magnetoelectric materials have been re-stimulated. All the magnetoelectric materials 

that have been studied to date can be classified into two categories: single-phase 

magnetoelectrics and magnetoelectric composites. In the following sections, these two 

classes of magnetoelectric materials are discussed. 

2.2.1 Single-phase Magnetoelectric Materials 

Materials exhibiting simultaneous intrinsic magnetic and electrical ordering are 

scarce. In fact, materials possessing the two orders, i.e. polarization and magnetization, 

generally have one order parameter much larger than the other. Because of that, single-

phase ME materials exhibit low ME exchange interactions between the two subsystem. 

Not only do they suffer from weak ME coupling, but also the ME effect can only be seen 

at extremely low temperatures. These drawbacks have limited the realization of single-

phase ME materials for practical applications.  

Single-phase ME materials were studied mainly to understand the origin of dipole 

coupling between the electric and magnetic ordering and hence researchers attempted 

to combine dipoles and spins into one material system. Some reported single-phase ME 

materials are Cr2O3, perovskite BiFeO3, boracite family such as Ni3B7O13I, fluorides such 

as BaMnF4, orthorhombic manganites REMnO3 where RE is a rare earth element and 

some hexaferrites. Such attempts have proved that these materials are not easy to 

synthesize. In addition, having two orders in one material system successfully does not 
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guarantee an ME interaction or coupling. Most importantly, it does not guarantee a 

useful control between the orders either. This is mainly because each single-phase 

material family have different origin for ME coupling mechanisms, whether from charge 

ordering, spin ordering, ferroelectricity-induced spin alignment, lattice modulations 

resulting in frustrated spins, or stereo chemical activities to name a few [24-26].  

2.2.2 Artificial Composite Magnetoelectric Materials  

Recently, due to the scarcity of single-phase ME materials and the impressive 

advances in the micro and nanotechnologies, a revival in the ME effect research 

activities has been directed towards an alternative area of composite ME materials [2]. 

Specifically, ME composites have attracted a great interest for fundamental and 

technological aspects as they enable new functionalities and concepts for applications in 

sensors, actuators, data storage or micro energy harvesting. As discussed in the previous 

section, the ME effect can occur intrinsically in single-phase materials, however, the 

effect shows very weak coupling at room temperature. On the other hand, the ME 

effect in composites occur extrinsically by combining piezoelectric and magnetostrictive 

phases. In fact, they show much larger ME effect at room temperature (up to several 

orders of magnitude) as a result of a product property. The ME effect in composites 

materials is the result of the product of the magnetostrictive effect and the piezoelectric 

effect as given in equations 2.9 and 2.10. 

Direct ME effect = 
𝑀𝑎𝑔𝑛𝑒𝑡𝑖𝑐

𝑀𝑒𝑐ℎ𝑎𝑛𝑖𝑐𝑎𝑙
×

𝑀𝑒𝑐ℎ𝑎𝑛𝑖𝑐𝑎𝑙

𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙
                                                                    2.9 
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Converse ME effect = 
𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙

𝑀𝑒𝑐ℎ𝑎𝑛𝑖𝑐𝑎𝑙
×

𝑀𝑒𝑐ℎ𝑎𝑛𝑖𝑐𝑎𝑙

𝑀𝑎𝑔𝑛𝑒𝑡𝑖𝑐
        2.10   

From equations 2.8 and 2.9, coupling between piezoelectric and magnetostrictive 

(or more generally ferroelectric and ferromagnetic) constituent phases occur through 

mechanical strains. Upon an applied external magnetic field, the magnetic phase strains 

and changes its shape through the magnetostriction effect. The strain is then 

mechanically transferred to the piezoelectric phase resulting in an electric polarization. 

Hence, this type of composites is referred as strain-mediated ME composites. Of course, 

this extrinsic coupling offers multifunctional properties and enhanced functionalities 

that neither of the individual phases has. There are other types of ME coupling in 

composites like charge-mediated, exchange-biased mediated and interface bonding 

reconstruction mediated couplings but they will not be discussed in this thesis. More 

details about these couplings can be found in Martinez’ dissertation in [27].  

ME coupling effects in composites have been studied in literature as a function of 

many microstructure variables. The effective properties of a composite can be 

estimated based on the physical properties of the individual phases, volume fractions, 

shape and type of connectivity. Assuming perfect coupling between the two phases, the 

direct ME coefficient can be expressed as 

𝛼𝑑𝑖𝑟𝑒𝑐𝑡 =
𝑑𝐸

𝑑𝐻
= ( 

𝑑𝑥

𝑑𝐻
)
𝑚𝑎𝑔𝑛𝑒𝑡𝑜𝑠𝑡𝑟𝑖𝑐𝑡𝑖𝑣𝑒

× (
𝑑𝐸

𝑑𝑥
)
𝑝𝑖𝑒𝑧𝑜𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐

  2.11 

Where (𝑑𝑥/𝑑𝐻) is the change in dimension per unit magnetic field and 𝑑𝐸/𝑑𝑥 is the 

change in electric field per unit change in dimension [28]. The first term is the slope of 
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the magnetostriction butterfly curve, shown earlier in this chapter, referred as the 

piezomagnetic coefficient. These types of composites became more attractive to 

scientists and engineers because of their extrinsic property.  This promise of enabling 

the coupling between magnetic and electronic order extrinsically has captured the 

imagination of researchers worldwide. Many composites in various systems from bulk to 

thin film have been investigated over the last years. Recently, research interests were 

shifted towards ME composite thins films due to their unique advantages. They can be 

designed and fabricated by combining different phases at atomic levels and by precisely 

controlling the lattice matching between the phases. Moreover, different nanostructure 

types with different connectivity schemes can be easily fabricated. For two phases ME 

composites, particulate films type 0-3 where one material is dispersed inside a matrix of 

the other, layered films type 2-2 where the two phases are layered in bilayer, tri-layer or 

multilayer, and vertical heterostructures type 1-3 known as nano pillars with one phase 

as nano pillars embedded in a matrix of the second phase are the most common 

connectivity schemes [29]. Schematic illustration of these connectivity schemes are 

shown in Figure 2-11.  

 

Figure 2-11: Schematic illustration of common connectivity schemes (a) 0-3 particulate, (b) 2-2 laminate 

and (c) 1-3 nanopillers type composite. Adapted from [30] 

 

Magnetic (or electric) 

phase 

Electric (or Magnetic) 

phase 
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2.3 Polymer Based Magnetoelectric Composites  

Polymer-based ME nanocomposites are very interesting for their pliability, their 

lightweight, versatility, fabrication simplicity, and in some cases biocompatibility. They 

can be made with varying shapes and typically involve a low-temperature fabrication 

process. Unlike the case with ceramic perovskite composites, the issues of high 

processing temperatures and brittleness are mitigated. Hence, polymer-based ME 

materials are more suitable for flexible and versatile wearable electronic applications. 

Depending on the interface between the ferromagnetic and the polymer matrix, three 

main types of ME polymer nanocomposites can be found in the literature: 1) 

nanocomposite; 2) laminate composites; and 3) polymer as a binder composite as 

shown in Figure  2-12. The first type received the least attention among researchers [31, 

32]. 

 

Figure 2-12: Schematic illustration of types of polymer-based ME materials:  (a) 0-3 nanocomposites, (b) 2-2 laminate 

composites and (c) polymer as a binder composite 
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2.3.1 Ferromagnetic Nanowires (NWs) as Nanocomposite Filler 

In all kinds of strain-mediated ME composites, coupling always takes place at the 

interface between the ferroelectric and the ferromagnetic material. Hence, coupling 

properties are strongly dependent on the characteristics of the interface between the 

two phases. Given these considerations, the major area of focus should be on 

maximizing the interaction between the two constituent phases and hence focus on 

maximizing the interfacial area between the phases via geometry engineering. Speaking 

specifically for the case of nanocomposites, this is the interface between the polymer 

matrix and the ferromagnetic fillers. The larger the contact area between the fillers and 

the matrix, the stronger expected ME coupling. Thus, surface interfacial area to volume 

ratio of the fillers is the key factor in determining the coupling properties in 

nanocomposites. Therefore, from geometry engineering point of view, high aspect ratio 

ferromagnetic nanostructures are preferred over nanoparticles as ferromagnetic fillers 

in nanocomposites. In fact, specific properties of NWs such as mechanical stiffness and 

magnetic susceptibility have made them excellent candidates over nanoparticle fillers in 

the formation of polymer nanocomposites with multifunctional properties [33]. 

Interface engineering is one strategy to have an improved interaction between the 

filler and the polymer matrix. Ferromagnetic NWs, as discussed earlier, offer the 

advantage of easy and low cost fabrication, controllable diameter and length, and their 

magnetic properties can be tuned by its shape anisotropy and segmentations [34, 35]. 

Moreover, the average ME properties of nanocomposites can also be tailored by 

optimizing the architecture of distribution and arrangements of the ferromagnetic 
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fillers. This is by itself in second strategy for improved ME interaction and hence ME 

coupling. For the case of ferromagnetic NWs, the good thing is that they can be easily 

aligned in a certain direction with just a simple magnet. A third strategy is to optimize 

the loading or concentration of the fillers. However, the challenge remains of 

eliminating leakage or short paths from the interconnection of the NWs.  

Strain-mediated ME coupling in these kinds of nanocomposites arises not only 

from magnetostriction, but also from the rotational forces of NWs that are not exactly in 

parallel to the applied magnetic field. These NWs will try to align themselves with the 

direction of the external field, and hence induce forces and strain internally that 

contribute to the effective ME response. Illustrations of these mechanisms are shown in 

Figure  2-13. Moreover, as the mechanism of coupling seems straightforward, 

quantifying the ME coupling for these nanocomposites can be so complicated. One 

should ensure of achieving a polar electroactive phase of the polymer, avoiding polymer 

voids during processing, achieving well dispersion of NWs to eliminate short circuit 

paths and shielding all noise sources during measurements.   
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Figure 2-13: Schematic illustration of a) pure magnetostriction strain contribution, b) pure torque stress contribution 

and c) combined contributions to the ME effect upon application of external magnetic field to the nanocomposites. 

2.3.2 Review on Magnetoelectric Polymer Nanocomposites  

The giant ME effect was first predicted theoretically in polymer-based laminated 

and nanocomposite by Nan and Li in 2001 using P(VDF-TrFE) and Terfenol-D parameters 

[36]. One year later, Mori and Wuttig experimentally achieved ME coefficient of 1.43 

V/cmOe using Terfenol-D and PVDF laminate [37]. Over the past decade, research work 

on polymer-based laminated composites has significantly advanced and large ME 

coupling were achieved. Just recently, Kulkarni et al reported a direct spun P(VDF-TrFE) 

onto magnetostrictive Metglas without the use of any adhesive epoxy [38]. Targeting 

low frequency sensors applications, the composite showed ME voltage coefficient of 

950 V/cmOe at 169 Hz resonance frequency.  Fang et al fabricated a similar structure of 

PVDF and Metglas using an epoxy bonder and investigated magnetic flux concentration 
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inside Metglas as a function of its aspect ratio (width/length) for high sensitivity 

magnetic sensors [39]. Fang reported ME coefficient of 21 V/cmOe at 20Hz. Zhai also 

reported PVDF glued to Metglas and measured 7.2 V/comOe at 1kHz and 310 V/cmOe 

at 50kHz resonance frequency [40]. For the same application, Jin et al used a cross-

linked P(VDF-TrFE) which has an improved polarization ordering with Metglas and 

obtained ME coefficient of 383 V/cmOe at resonance and 17 V/cmOe out of resonance 

[32]. Jin also investigated the effect of hydrogen bonding interaction which led to better 

poling and chain orientations of P(VDF-HFP) [41]. Jin obtained ME coefficients of 20 

V/cmOe at 20Hz and 320 V/cmOe at resonance frequency of 68 kHz which show 

potential applications in the field of sensors, actuators, energy harvesting and data 

storage. Silva et al used magnetostrictive Vitrovac with PVDF and studied optimization 

of epoxy type and PVDF thickness. Silva also studied the effect of bilayer and trilayer, 

transversal aspect ratio and the surface area of PVDF to the surface are of Vitrovac ratio. 

Silva reported ME coefficients of 75 V/cmOe [42, 43].  

Unlike laminates, several challenges have hindered research advancement for the 

case of polymer nanocomposites. One of the challenges is percolation issues with the 

loading concentration of fillers inside the polymer matrix. The issue can be avoided with 

low concentration of fillers, however this will also lower the ME effect due to the large 

loss of strain transfer between the phases. Other challenge is eddy current losses 

caused by conductive paths of fillers. Another challenge is dispersion effectiveness of 

fillers. Nevertheless, over the past decade, there is a good number of research works 
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showing the potential of nanocomposite advancement. Table 2-3 summarizes those 

reported work on ME polymer-based nanocomposites.  

Author Constitution 
αME                

(mV/cmOe) 
Measurement 

Method 
Year & 

Ref. 
D. Guyomar Polyurethane (PU) + Fe3O4 (NPs) 11.4 ME current 2008, [44] 

D. Guyomar Polyurethane (PU) + Ni (NPs) 6 ME current 2008, [44] 

J. X. Zhang P(VDF-TrFE) + CoFe2O4 (NPs) 40 FFT analyzer 2009, [45] 

P. Martins P(VDF-TrFE) + NiZnFeO (NPs) 1.35 Lock-in 2011, [46] 

P. Martins P(VDF-TrFE) + CoFe2O4 (NPs) 41.3 Lock-in 2011, [47] 

P. Martins PVDF + CoFe2O4 (NPs) 11.2 Lock-in 2013, [48] 

T. Fiorido Polyurethane + Fe3C (NWs) 2400 ME current 2014, [49] 

P. Martins P(VDF-TrFE) + CoFe2O4 (NPs) 0.040 Lock-in 2014, [50] 

T. Nguyen P(VDF-TrFE) + Ni (NWs) 2370 ME current 2015, [51] 

A. Maceiras dimines 2CN & 0CN + CoFe2O4 (NPs) 0.8 Lock-in 2015, [52]  

P. Martins P(VDF-TrFE) + CoFe2O4 (NPs) 6.5 Lock-in 2015, [53] 

P. Martins P(VDF-TrFE) + Fe3O4 (NPs) 0.8 Lock-in 2015, [53] 

P. Martins P(VDF-TrFE) + Zn0.2Mn0.8Fe2O4 (NPs) 0.16 Lock-in 2015, [53] 

Table 2-3: Recent research work on polymer based nanocomposites (NPs: nanoparticles; NWs: nanowires)  

2.4 Emerging Applications of Magnetic-Based Polymer Nanocomposites  

Owing to their unique molecular nature, theoretical predictions have shown a 

possibility of developing purely organic magnetic polymers aiming for the exciting 

opportunity of having a stable magneto-opto-electronic multi-functional material. This 

will inevitably have huge impact in bringing new applications to the micro-electronics 

industry where writing, reading and transferring information can occur on a single 

physical channel [54]. However, most organic compounds have shown weak magnetic 

behavior [55], making these polymers inadequate for microsystems based on magnetic 

sensing or actuation. Luckily, polymer nanocomposites were introduced as a simple 

alternative technique to realize the fabrication of magnetic polymers. Simply, polymer 

nanocomposites are made by the incorporation of nanoscale sized magnetic materials 
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such as Ni, Fe or Fe3O4 into polymers.  Benefiting from the high magnetization of the 

magnetic fillers and the elasticity of the polymers, polymer nanocomposites have 

attracted and gained an increasing interest and many novel applications are being 

developed and proved. Figure 2-14 illustrates this clear increasing interest by showing 

the trend of the number of publications per year for both “magnetic polymers” and 

“polymer nanocomposites” appearing in title, abstract or key words of a publication.  
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Figure 2-14: Statistics of publications/year according to title, abstract or keyword for “magnetic polymer” and 

“polymer nanocomposites”. Data generated by “Scopus” 

The fabrication method of nanocomposites, the type of the polymer and the 

particles' magnetic properties used to synthesize nanocomposites are the main design 

parameters for a specific emerging application. Gray scale photolithography along with 

polydimethylsiloxane (PDMS) and Fe3O4 nanoparticles have demonstrated successful 

realization of 3-D magnetically driven polymeric microtools. These three-dimensional 

structures have proved to be suitable for a wide range of on-chip microfluidic and 

microrobotic applications like microactuators, micropumps, microfilters and 

microloaders. Complex on-chip cell experiments, centrifugal filtering and particle 
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loadings are made contamination free and contactless operations utilizing these 

magnetic-based polymer nanocomposite micortools [56-58].  

Based on the way these nanocomposites respond to magnetic field and the 

projected applications, Thevenot et al classified the above mentioned microtools under 

the magneto-elastic deformable nanocomposites. All nanocomposites that stretch, bend 

or rotate upon exposure to a magnetic field lie under this category. The second category 

introduced by Thevenot is the magnetically guided nanocomposites. This category 

shows the possibility of remotely dragging an object to a specific targeted area and 

hence intended for biomedical applications including cell guidance, separation and 

manipulation as well as drug delivery. The third category is referred as the magnetically 

actuated thermo-responsive nanocomposites. This category shows a promise for 

controlled drug release and shape memory devices. Figure 2-15 shows some of these 

applications under the three above mentioned categories [59].   

Alfadhel et al, used Fe NWs in conjunction with PDMS polymer to fabricated 

artificial hair-like structures for biomimetic flow sensing. The sensor is purely passive 

with no magnetic field bias required making use of the permanent magnetic behavior of 

the Fe NWs and a giant magneto-impedance sensor. High performance, low power 

consumption and highly sensitive flow sensing was successfully demonstrated. 

Figure 2-16 shows an optical image of the nanocomposite flow sensor [60].  



57 
 

 

Figure 2-15: Classification of magnetically responsive nanocomposite polymers based on type of magnetic response 

mode and intended applications [59] 

 

 

Figure 2-16: Optical image of biomimetic polymer nanocomposite flow sensor fabricated from Fe NWs inside PDMS  

matrix [60] 

For all of the above mentioned emerging applications, the nanocomposites are 

mostly made from polymers that are not electroactive.  In this dissertation research, the 

focus is to use a ferroelectric polymer which is high electroactive polymer, to add more 

functionality to the nanocomposites. In other words, the research goal is to not only 

functionalizing the polymer, but to multi-functionalize it by using magnetic NWs and a 
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P(VDF-TrFE) ferroelectric polymers. Promising applications for our developed 

nanocomposites would include:  

 Memory applications using both magnetic and electrical data storage capabilities 

 Modulating piezoelectricity by magnetism, or piezomagnetism by electricity 

 Passive miniaturized magnetic field sensors 

 Energy harvesting by converting stray magnetic field into usable electricity 

 Smart magnetoelectric (ME) devices  

 Spintronic applications 
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3 Methods 

3.1 Thin-Film Processing  

3.1.1 Spin Coating Technique 

Highly uniform thin films ranging from tens of nanometers all the way up to 

several microns have been achieved for several decades by the spin coating procedure. 

It is the main technique employed for patterning features with photoresists in the 

microelectronics industry.  In brief, a dilute solution is first applied to the center of a 

substrate. Then the substrate spins quickly to the desired spinning speed with a defined 

acceleration rate. The centrifugal force acts on the fluid and spreads it across the 

substrate in radial motion and ejects off the excess through the edge of the substrate. 

Spinning is continued until the desired film thickness is achieved. Solution viscosity, 

spinning speed, acceleration and spinning duration all significantly influence the final 

film thickness and uniformity [1, 2]. In most cases, a baking process follows each 

spinning cycle to evaporate the solvent. In this dissertation work, dimethyl formamide 

(DMF) is the solvent used to make solutions of P(VDF-TrFE) polymer and 

nanocomposites with different concentrations ready for thin film fabrications. At the 

Sensing, Magnetism and Microsystems laboratory, spin coating is performed using a 

Spin150 single substrate spin coating processer from SPS-Europe. 

3.1.2 Drop Casting 

The simplest way to make a film from solute-solvent based solutions is by drop 

casting. A drop of the solution is deposited (or dropped) on a substrate. Then, the 
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solvent is allowed to dry over time leaving the solute as a film spread on the substrate. 

Due to the lack of uniform thicknesses and repeatability, the method is not so 

commonly used. Nevertheless, for small area substrates around ~1 cm2, drop casting 

can produce relatively uniform films that can be controlled by the volume of the drop 

and by the concentration of the solution.  The major drawback is the thickness 

fluctuations throughout the film even under ideal conditions. Yet, the main advantage is 

that it is a useful and quick method for making films on small substrates [3, 4].  

In this dissertation work, drop casting was used for thick films on the order of 10 

to 40 μm average thickness using solutions with concentrations from 6 to 10 wt%. 

Figure 3-1 shows illustrations for the spin coating and the drop casting procedures.  

         

                 

Figure 3-1: Spin coating (a) and drop casting (b) basic procedures 

Dispense Fluid                                 Spin Coat                           Solvent Evaporation

a

Dispense Fluid                                                Solvent Evaporation

over time

b
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3.1.3 Metallization by Thermal Evaporation  

Thermal evaporation, or sometimes referred to as thermal vacuum evaporation is 

a physical vapor deposition technique that utilizes evaporation of a pure source material 

by heating it beyond its melting point inside a vacuum chamber. The source material 

typically sits on a resistive heating boat made from materials that withstand very high 

temperatures such as molybdenum, tungsten or tantalum. Source heating is achieved by 

passing a large current through the resistive boat container. Once the deposition 

material (typically gold (Au) or aluminum (Al) for electrode deposition) is melted and 

starts evaporating, the vapor particles travel through the high vacuum chamber directly 

to the cooled substrate where it condenses back to its solid state forming a thin layer. 

The thicknesses of the fabricated films range from few angstroms to several microns. 

This technique requires a very high vacuum to eliminate all other vapor particles before 

evaporation actually takes place, and to allow collision-free paths for the vapor particles 

from the evaporated source to the substrate.  

 

Figure 3-2: Thermal Evaporation. a) Typical resistive heating boats. b) Schematics of thermal evaporation technique. 

From PLANSEE [5] 

a b
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As can be seen in Figure 3-2, the material to be heated and evaporated sits in the 

bottom of the chamber and the substrate is fixed upside down at the top of the 

chamber. The surface of the substrate facing down toward the source is the one to be 

coated. The main advantage of this technique is that the vapor atoms that deposit on 

the substrate have a low energy and speed compared to other physical vapor deposition 

techniques. Hence, soft and flexible films like polymer substrates are less likely to get 

physically damaged from depositing electrodes by the evaporated technique [5-7]. In 

this dissertation work, thermal evaporation of Au is carried out at the Functional 

Nanomaterial laboratory using EvoVac evaporator system from Angstrom Engineering.  

3.1.4 Metallization by Magnetron Sputtering 

Sputtering is also a physical vapor deposition technique which uses high energy ion 

bombardment to scatter and remove surface atoms of a solid target source material and 

deposit them on a substrate as a thin film in a vacuum chamber. The simplest mode of 

operation is the DC sputtering having two electrodes, cathode that is covered by the 

target material, and anode where the substrate is held. The chamber, after pumping to 

high vacuum level, is filled with an inert gas (usually argon (Ar)) then an electric field is 

applied between the two electrodes. A glow discharge occurs due to the collision of 

electrons with the sputter gas generating Ar ions. Theses generated ions are accelerated 

towards the cathode and hit the target resulting in a thin film sputtered on the 

substrate. During the process of sputtering, the glow discharge is maintained by the 

secondary electrons that are emitted from the target surface. Usually magnets are used 
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behind the target to eliminate damage to the substrate by confining and trapping these 

secondary electrons near the target and preventing them from traveling to the 

substrate. The electron trapping by the magnetic field also yields higher rate of gas 

ionization and higher deposition rate at reduced gas pressure. Hence the system is 

named as Magnetron Sputtering [8]. Figure 3-3 shows the basic components of a 

magnetron sputtering system.  

 

Figure 3-3: The Magnetron Sputtering: a) Basic components of magnetron sputtering. b) Plasma confinement (down) 

by the magnetic field. From DirectVacuum [9]  

At the Sensing, Magnetism and Microsystems laboratory, sputtering is performed 

using Q300T sputtering tool from Quorum Technologies [10]. The system achieves high 

vacuum (5×10-5 mbar) via a turbo pump and can hold two 2” targets. It uses Ar as 

sputtering gas and is equipped with a film thickness monitor utilizing a quartz crystal 

oscillator. As film is deposited onto the crystal, its frequency of oscillation is changed 

and that is how thickness is measured and controlled. In this research, sputtering is the 

main technique used to deposit Au metal contacts for both counter electrode formation 

for Anodic Aluminum Oxide (AAO) membranes, discussed later in this chapter; and for 

device electrical characterization of nanocomposite films and devices. 
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3.1.5 Post Deposition Annealing  

Thermal treatment on thin films can drastically tailor their properties. Many films 

are deposited on heated substrates to facilitate film growth with certain crystal 

structure or preferred crystal orientation. Other films undergo post annealing process 

mainly to crystallize amorphous films or to increase the crystallinity of a polycrystalline 

phase in a preferred orientation. Post annealing treatments have been widely used to 

modify structural, electronic, phase, crystalline, optoelectronic, charge transport 

properties of thin films [11-13]. In general, post deposition annealing may be carried out 

in a tube furnace, oven or in a rapid thermal process chamber. Film properties are 

critical functions of the annealing profile which include: heating rate, annealing 

temperature, annealing duration, cooling rate, ambient gas type, flow and pressure. For 

P(VDF-TrFE) ferroelectric polymer films as well as our ME nanocomposites, a vacuum 

annealing is required to facilitate the electroactive 𝛽-phase formation within the film 

which is highly piezoelectric. In this dissertation, vacuum annealing is performed using a 

vacuum oven (Lindberg Blue M) from Thermo Scientific.  

3.1.6 Corona Poling  

Corona charging of dielectrics became heavily investigated after the invention of 

the first electrophotographic system by Carlson during the 1940s. The corona discharge 

method, which Carlson used to sensitize photoconductive plates, showed more 

potential than other methods and therefore more experimental set-ups have been 

carried out since then. In general, the two main corona experimental arrangements are 
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the corotron (point to plane or wire to plane) and the scorotron which uses a metallic 

grid between the corona point and the plane and usually referred to as corona triode. 

The only difference between these two experimental systems is that the triode system 

allows the charging current and the sample surface potential to be monitored during 

charging process. Corona charging of polymers for electret production was also studied 

from the 1960s. A number of improved corona triodes were developed like the constant 

current method to allow improved charging uniformity and also give insights on 

charging transport [14]. 

Regardless of which version or corona system is used, all of them are self-

sustainable, non-disruptive electrical discharge that takes place when a sufficiently high 

voltage is applied between two asymmetric electrode geometries. Examples may 

include a point and a plate, a fine wire and a plate or a fine wire and a cylinder. The 

corona discharge has two main regions, namely, the ionization and the drift regions as 

illustrated in Figure  3-4. The ionization is confined to the production point of ions and 

excited molecules, i.e. the point or the fine wire. The drift region, which holds one 

polarity charge carriers depending on the corona polarity, extends from the ionization 

point to the plate. Corona ions do not penetrate the sample to be charged. Rather, the 

ions reside and transfer (or deposit) to the surface and get trapped in surface or bulk 

traps producing an electric field across the charged sample.   
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Figure 3-4: Corona Poling Experimental Set-up 

Because of its simplicity and low cost, corona charging has been used for various 

applications in wide areas. For instance, it has been widely used to charge materials for 

electrophotography, to produce electrets, to pole ferroelectric polymers for 

piezoelectric and pyroelectric effects, and to pole polymers for nonlinear optics 

applications [14, 15].  When using corona charging for poling polar polymers, the 

process is often referred to as corona poling instead of corona charging. In corona 

poling, a continuous glow discharge regime occurs for positive corona setups with 

typical point-to-plane electrode spacing of the order of centimeters and corona voltage 

of the order of kilovolts. The poling process is mainly established at an elevated 

temperature while corona field is applied to facilitate the orientation of dipoles with the 

corona field. Cooling the sample should be carried out without turning off the corona 

field to freeze or pin the dipoles in the same direction of the applied corona field [15]. 

The main advantages of corona poling over conventional metal contact poling are:  
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a. It is a contactless process which can be performed without depositing electrodes 

b. Much higher electric fields can be applied 

c. Breakdown can be mitigated (or minimized) in spite of defects  

d. Low cost and large scale production [14] 

In this dissertation research, corona poling was employed to pole relatively thick 

ferroelectric P(VDF-TrFE) and standalone thick nanocomposites. A homemade 

experimental set up was utilized using a long needle, a copper plate and a hot plate.  

3.2 Electrochemical Deposition of Ferromagnetic NWs 

Well-arranged and highly ordered nanoscale structures often require molds or 

template frames facilitating homogenous, ordered and repeatable growth. In that 

regard, ferromagnetic NWs are chosen to be grown utilizing aluminum oxide template 

which is most commonly known as Anodic Aluminum Oxide (AAO) membranes. The next 

section technically describes AAO membranes and how they are fabricated.  

3.2.1 Anodic Aluminum Oxide (AAO) Membranes 

Anodic aluminum oxide (AAO) membranes offer self-assembled highly ordered 

hexagonal nanopores, which are ideal templates for homogenous nanoscale materials 

fabrication. Owing to their easy preparation, controllable pore size and spacing, as well 

as their low cost fabrication, nanowires and nanotubes of polymers, metals, 

semiconductors, and composite materials have been fabricated successfully [16-19]. 

AAO membranes are generally prepared by a two-step anodization process using an 

oxidizing acid [20]. There exists many recipes for anodization [21-24], but all share the 
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basic method of exposing aluminum to an oxidizing acid solution while applying a 

voltage. First, high purity Al discs are exposed to a first anodization process to oxidize 

one side of the disk and form a porous alumina layer that has randomly oriented pores. 

Second, the random porous alumina layer is etched away using an alumina etchant 

(Appendix A) leaving ordered dimples on the Al surface. Afterwards, a second 

anodization is applied and highly ordered hexagonal nanopores start to grow from the 

ordered dimple traces all the way inside the Al disk. Figure  3-5 shows schematics of AAO 

fabrication process flow and the final AAO structure after completing the two 

anodization steps. The figure also shows the important characteristics of AAO 

membranes like the pore diameter, interpore spacing, porous oxide membrane 

thickness and the barrier layer. These variables can be changed by controlling 

anodization conditions.  

 

 

Figure 3-5: Schematic drawings of a) AAO fabrication process, and b) AAO structure after completing the two step 

anodization [25] 
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Depending on the type of oxidizing agent used, the applied anodization voltage, 

anodization durations and operating temperature, the properties of the final obtained 

AAO pores can be easily tuned. It has been reported that the interpore spacing is 

linearly proportional to the applied anodization voltage according to  

𝑎(𝑛𝑚)~ − 𝑏 + 𝑚𝑉(𝑉)    3.1 

where 𝑎 is the spacing between the nanopores, 𝑏 and 𝑚 are constants in the range of 0 

to 1.7 and 2.5 to 3, respectively, depending on the oxidizing agent. Phosphoric acid is 

used for 𝑎 > 100 nm; oxalic acid is used for 70 > 𝑎 > 30 nm and sulfuric acid for 𝑎 < 30 

nm. The diameters of the pores are typically 
1

3
 to 

1

2
 of the interpore spacing [26]. In this 

dissertation work, AAO membranes are prepared by a homemade setup at the Sensing, 

Magnetism and Microsystems laboratory using oxalic acid.  

3.2.2 Electrodeposition Techniques 

Electrochemical deposition, commonly known as electrodeposition, of metallic 

materials from aqueous electrolytes involves the chemical reduction of metal ions. The 

chemical reduction of metal ions dissolved in aqueous solution can be represented by 

𝑀𝑒𝑡𝑎𝑙𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛
𝑧+ + 𝑧𝑒 → 𝑀𝑒𝑡𝑎𝑙𝑙𝑎𝑡𝑡𝑖𝑐𝑒 3.2 

in which 𝑧 electrons (𝑒) are provided by an external power supply to a metallic 

electrode that is in direct contact with the aqueous ionic solution. The chemical reaction 

of equation 3.2 occurs at the interface of charged particles and the metallic electrode 

[27]. Figure 3-6 shows the basic components for an electrodeposition cell which include 
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two metal electrodes (cathode and anode), water containing dissolved ions, and two 

metal-solution interfaces.  

 

Figure 3-6: Basic components for electrodeposition of metal from an aqueous solution of metal salt [27] 

Electrodeposition of NWs into AAO membranes may be carried out using DC or 

pulsed method. Both methods of course require a deposition electrolyte solution 

containing metal ions of the material to be grown inside the AAO membranes. DC 

electrodeposition route requires the AAO membrane to have a working electrode 

covering the pores from the base of the membrane after removing the aluminum and 

the barrier layer at the back side of the membrane. During DC electrodeposition, a 

constant voltage is applied between two metal-solution interface terminals, as shown in 

Figure 3-7. The electric field causes the ions of the electrodeposition solution to get 

reduced and start filling the pores of the AAO membrane from the back electrode where 

NWs start to grow upward.  
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Figure 3-7: Schematics for DC electrodeposition experimental set up  

In most cases, deposition rates and length of grown NWs can be estimated from 

both the current density and deposition time. For NWs fabricated by DC deposition, the 

total charge that is calculated from the deposition current and the deposition time is 

monitored and used as a measure to calculate the growth rate of NWs growth according 

to Faraday’s law of electrolysis [28, 29]. The law can be summarized by the following 

equation 

𝑚 = (
𝑄

𝐹
) (

𝑀𝑊

𝑛
), 3.3 

where 𝑚 is the mass of the electrodeposited material, 𝑄 is the total electric charge 

passed through the material, 𝐹 is Faraday constant which is equal to 96485 C mol-1, 𝑀𝑊 

is the molecular weight of the material and 𝑛 is the number electrons transferred per 

ion. The simplest form would be the case of constant current electrodeposition 

where 𝑄 = 𝐼 𝑡 . In this case equation 3.3 can be written as 
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𝑚 = (
𝐼𝑡

𝐹
) (

𝑀𝑊

𝑛
) 3.4 

where 𝑡 is the total time of the electrodeposition [30]. Since a lot of parameters affect 

the deposition current, like the quality of the electrical counter electrode, the age of the 

electrodeposition solution to name a few, electrodeposition currents may vary from 

sample to sample, and hence the growth rate. Therefore, keeping track of the total 

charge gives a better quantitative approach to an accurate growth rate. In this case, the 

total charge is calculated by the integration of the observed electrodeposition current 𝐼 

over time 𝑡  

𝑄 = ∫ 𝐼(𝑡)𝑑𝑡
𝑡

0
 3.5 

Pulsed electrodeposition route is slightly different from the DC one. Pulsed 

electrodeposition actually takes place on the barrier layer by applying potential pulses 

directly on the aluminum at the back of the AAO membrane. However, it was reported 

that quality and homogeneity of grown NWs are improved by the barrier layer reduction 

or thinning. This process is achieved by current-limited anodization followed by pore 

widening. More details on the process of barrier layer thinning are given in the next 

chapter and can be found in [31]. Doing so, a much lower potential is required for 

electrons to tunnel through the barrier layer when metals are deposited from the pore 

openings. During pulsed electrodeposition, a negative pulse is first applied to allow 

metal ions to migrate all the way to the pore ground. The deposition pulse is followed 

by a very short positive discharging pulse to discharge the capacitance of the barrier 
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layer. However, metal ions take some time to recover concentration at the pore tips. 

Hence, a delay time between successive deposition pulses has to be supplied. 

Therefore, uniform filling of the pores is highly improved [20, 26].  

Unlike DC electrodeposition, growth rates of NWs are calculated with respect to 

times since all parameters of control are time related. Figure 3-8 shows schematics for 

the experimental set up for pulsed electrodeposition inside AAO along with pulse 

pattern. 

 

Figure 3-8: Schematics for pulsed electrodeposition experimental set up (adapted from [31]) 

3.2.3 NWs Release and Nanocomposite Synthesis  

Once NWs are grown with desired lengths inside the AAO membrane, they can be 

easily released by dissolving the AAO membrane using selective chemical etching. Since 

releasing the NWs includes a chemical reaction to dissolve the alumina, several ethanol 

cleaning washes have to be made to remove any residual debris or contaminations from 
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the released wires. Figure 3-9 shows the overall NWs fabrication process schematics 

using the DC and pulsed electrodeposition routes.  

The nanocomposite solutions in this dissertation are synthesized simply by mixing 

a certain amount or weight of cleaned NWs with a certain volume of P(VDF-TrFE) 

ferroelectric polymer solution. Mixing include shaking with a shaker (Fisher Scientific 

mini vortex mixer) for around 30 min, and ultra-sonication (Branson 8510) for 2 hours to 

improve dispersion of the magnetic NWs within the polymer and to avoid and eliminate 

aggregates and unwanted agglomeration. By doing so, fabricated films are ensured to 

have uniform NWs content everywhere throughout the ferroelectric polymer matrix. 

Figure 3-10 shows an illustration for the nanocomposite synthesis procedure. In this 

dissertation, the concentration of NWs in the developed nanocomposite are calculated 

in terms of weight percentage (wt%) according to the following definition 

𝑁𝑊𝑠𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛  (𝑤𝑡%) =  
𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑁𝑊𝑠

(𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑁𝑊𝑠+𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑃(𝑉𝐷𝐹−𝑇𝑟𝐹𝐸)
× 100 3.6 
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Figure 3-9: Overall NWs Fabrication Schematics 

 

 

Figure 3-10: Nanocomposite Solutions Synthesis Illustration 

3.3  Structural Characterizations  

3.3.1 X-Ray Diffraction  

X-Ray Diffraction (XRD) is an essential non-destructive technique to characterize 

the atomic structure of various materials at the atomic scale. It is often referred to as 

crystallography or sometimes X-ray scattering. XRD technique gives important 

characterization of structural properties of solid thin film materials. These 

characteristics include: crystal structure, present phases of the material, preferred 
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crystal orientation, whether the material is amorphous or crystalline and few others. 

The extensive interest and attractiveness of this technique are mainly driven by that fact 

that it is nondestructive, meaning that it leaves the investigated sample or device 

unharmed and undamaged; and it uses x-rays with wavelengths at atomic distance 

range (0.15-0.4nm) meaning they can be considered as structural probes.   

In brief, when crystalline and molecular structures are exposed to an x-ray beam 

with wavelengths within in the spectrum range similar to interatomic distances, 

constructive interferences should be evident by Thomson scattering. This scattering is a 

result of oscillating electrons in the material at the same frequency of the incident 

beam. The intensities of the scattered waves increase constructively for some specific 

incident directions. Thus, depending on the direction of the diffracted beams as well as 

atomic positions within a material, a unique diffraction pattern or diffractogram, can be 

detected and observed. Mathematically, Bragg’s law gives the condition under which we 

can observe constructive diffractions and is given by  

2𝑑 sin 𝜃 = 𝑛𝜆   3.7 

where 𝜆 is x-ray wavelength, 𝜃 is x-ray angle of incidence, 𝑑 is the atomic layer spacing 

and n is an integer [32-34]. In practical use, when obtaining a diffraction pattern of a 

material under test, the peak reflection intensities observed as well as their positions 

determine and identify the material present in the sample and the phases present. 

Usually, this is performed by comparing the pattern with a global database installed in 

the system.   
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Figure 3-11: Illustration of Bragg’s law for X-ray diffraction 

For this dissertation work, XRD was carried out using Bruker D8 Discover high-

resolution X-ray diffractometer system using X-ray radiation with λ=1.5406 Å. The main 

objective of using XRD in this dissertation is to determine the formation of the 𝛽 phase 

in ferroelectric P(VDF-TrFE) films and to know the crystal and preferred orientation of 

ferromagnetic NWs. Also, XRD is used to confirm the presence of ferroelectric and 

ferromagnetic phases in fabricated multiferroic nanocomposites.  

3.3.2 Microscopy Techniques  

Four microscopic techniques are used for supplementary imaging, structural, 

morphological and magnetic switching characterizations. These techniques are scanning 

electron microscopy (SEM), transmission electron microscopy (TEM), atomic force 

microscopy (AFM) and magnetic force microscopy (MFM) respectively. The following 

highlights the main usage of each technique in this dissertation. However, detailed 

description of their principle of operation can be found elsewhere [35-37].  

The most commonly used technique of the electron microscope family is the SEM. 

It is mainly an imaging technique with very fine magnification resolution in the 
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nanoscale. In this work, SEM is used for microstructural and surface morphology 

analyses. Most importantly, SEM is primarily used for cross-sectional images of grown 

NWs inside AAO templates to determine homogenous growth of NWs, lengths of NWs 

and their diameters. SEM analysis in this work is performed using FEI Quanta 200 and 

Quanta 3D SEM.  

There are several modes of operation for TEM. The simplest is the image mode 

and the most common is the diffraction mode. In the diffraction mode, selected area 

diffraction patterns can be measured for further analysis of crystal structure. Often 

diffraction contrast gives insights on defects, interfaces and grain boundaries. TEM in 

this research is used to accurately determine NWs homogeneity, crystal structure and 

orientation. Phase-contrast imaging and chemical information of elements in the 

specimen are also performed utilizing the high resolution TEM (HRTEM) and energy-

dispersive spectroscopy (EDS) functions of the tool [38].   

 AFM, unlike other microscopes, uses a sharp probe to physically “feel” the sample 

surface. By collecting the sample height data, a map of the sample surface can be built 

up and an image is shown. AFM in this work is mainly used for topographic high 

resolution images of individual NWs prior to MFM study. 

MFM is very similar to AFM except that it uses a probe with a magnetic tip. By 

scanning latterly at a constant height above the sample, MFM measures magneto static 

forces between the tip and the surface of a magnetic sample. Forces acting on the tip 

can be either attractive or repulsive, and hence resonance properties of the cantilever 
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holding the tip are changed. The data collected is then used to map these forces to form 

MFM images [39]. In this dissertation research, MFM from Asylum Research is used to 

study individual NWs switching and their magnetic domain structures.  

3.4 Nanocomposite Device Characterizations 

3.4.1 Ferroelectric Hysteresis Measurements 

Electrical characterization of ferroelectric samples, or any non-linear materials, can 

be simplified in measuring its charge response to an applied voltage stimulus. Since 

polarization can’t be directly measured by electrical means, measuring the charge flow 

through an external circuit is the basis of determining polarization in a material. For a 

testing system to build up ferroelectric polarization hysteresis curves showing the 

polarization vs applied voltage (or electric field), there exist few established methods for 

measuring the polarization response from the sample like the Sawyer-Tower [40] classic 

method and its modified versions. In brief, Sawyer-Tower based methods measure the 

voltage across a reference capacitor that is connected in series with a ferroelectric 

capacitor sample. The series connection ensures the charge flowing onto both 

capacitors is the same. Voltage drop measured across the reference capacitor is 

proportional to the polarization charge as in  

𝑉 =
𝑄

𝐶
 3.8 

Hence multiplying the measured voltage by the reference capacitance gives a good 

estimation of the charge on the sample. However, the most accurate polarization 
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measurement method is the virtual ground method. This method is extremely sensitive 

and operates with high accuracy as it measures the current flow through the sample 

rather than measuring the voltage. Ferroelectric hysteresis curves in this dissertation 

research are carried out using Precision Multiferroic tester from Radiant Technologies 

which uses the virtual ground sensitive method. In this method, the reference capacitor 

is replaced with a current to voltage converter using an operational amplifier with a 

feedback resistor. This configuration maintains a virtual ground potential at one 

terminal of the sample under test. Therefore, all charge flowing through the sample 

when applying a drive voltage actually flows into the integrator input and hence a 

voltage is translated at the output of the integrator and recorded. The main advantages 

of this method are eliminating both back voltage effects from the reference capacitor 

and cable parasitic capacitance effects [41-43].  

 

Figure 3-12: Sawyer-Tower circuit illustration (left), adopted from [42]; and the virtual ground method used by 

Precision tester from Radiant Technologies (right) [43].  

During an actual ferroelectric hysteresis polarization test, the output of the 

integrator shown in Figure 3-12 is a voltage that represents directly the charge 

exchanged between the sample and the circuit. This output is multiplied by the current 

amplifier ratio and a sense capacitor to get accurate charge measurements. The Y-axis 

Amplifier

Function 
Generator
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of the hysteresis curve is the charge divided by the electrode area entered manually in 

the software. The X-axis shows the driving voltage or the field by dividing on the sample 

thickness which is also entered manually.  

𝜇𝐶

𝑐𝑚2 =
𝑄

𝐴𝑟𝑒𝑎
=

𝐶.𝑉

𝐴𝑟𝑒𝑎
=

𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑜𝑟 𝑉𝑜𝑙𝑡𝑠  ×  𝑆𝑒𝑛𝑠𝑒 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑜𝑟

𝑆𝑎𝑚𝑝𝑙𝑒 𝐴𝑟𝑒𝑎
                        3.9 

A typical voltage stimulus is a triangle waveform with one preset cycle. This cycle 

ensures that the sample starts in a known location of the hysteresis loop before actual 

measurements. After that, a delay of 1 second is applied to settle down effects of 

parasitic capacitances. Finally, a measurement cycle is executed. Figure 3-13 shows the 

typical voltage drive waveform used in Precision tester.  

 

Figure 3-13: Voltage drive waveform for measurement polarization hysteresis used in Precision tester [43] 

The accompanying testing software from Radiant Technologies, known as Vision 

Data Management Acquisition, allows the user to input several parameters before 

running a test. These include: the sample area, the maximum applied voltage amplitude, 

the sample thickness and the maximum electric field. The software also allows 

controlling the frequency of the applied voltage stimulus. A complete run can take from 



85 
 

few tens of milliseconds up to 30 seconds. The most five parameters of interest that the 

hysteresis test returns are:  

1. PMax: the polarization at the maximum applied voltage 

2. +Pr: the polarization at zero volts (voltage is moving from positive to negative) 

3. -Pr: the polarization at zero volts (voltage is moving from negative to positive) 

4. +Vc: the voltage at which polarization is zero (negative to positive switching) 

5. -Vc: the voltage at which polarization is zero (positive to negative switching) 

3.4.2 Piezoelectric 𝒅𝟑𝟑 Strain Coefficient Measurements 

As defined previously in chapter 2, the piezoelectric strain coefficient is a measure 

of the generated electrical charge by the piezoelectric sample per unit of mechanical 

stress in the direction of polarization. Any defects in the piezoelectric nanocomposite 

sample from processing inconsistencies, internal defects or problems with the 𝛽-phase 

formation are reflected by a very low piezoelectric strain coefficient value. A simple and 

quick method to characterize this strain coefficient is the use of a 𝑑33 test meter. Most 

𝑑33 test meters available offer high resolution with high degree of reliability and very 

wide range of 𝑑33 measurement values. The 𝑑33test meters used in this dissertation is 

from SINOCERA (model YE2730). The measurement range of this system is from 1 to 

2000 pC/N with resolution of 0.1 PC/N. A photograph of this 𝑑33 tester is shown in 

Figure 3-14. 
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Figure 3-14: Piezoelectric  d33 meter from SINOCERA [44] 

The system operating principle is as follows. First, a sample with top and bottom 

electrodes is clamped between top and bottom probes. Then, by subjecting the sample 

to a certain low frequency force (0.25 N at 110 Hz) across its thickness using a shaker, 

the charge signal generated between its top and bottom electrode is collected. 

Processing of this signal and comparing it with a built-in reference value, a direct 

reading of the 𝑑33value of the sample can be determined. The sign of the measured 𝑑33 

also indicates the direction of the polarization. This method is known to be a quasi-static 

method in which the test frequency of the force has to be low compared with sample 

resonances.  

3.4.3 Ferromagnetic Hysteresis Measurements 

Invented by Simon Foner back in 1956, the vibrating sample magnetometer (VSM) 

measures the magnetic moment of a specimen that is physically vibrated inside a 

uniform magnetic field. It is an induction magnetometry measurement method that 
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utilizes Faraday’s induction law to measure the magnitude of the magnetic moment of a 

sample. It is based on Maxwell equation: 

∇ × �⃗� =
𝜕

𝜕𝑡
�⃗�   3.10 

where �⃗�  is the electric field and �⃗�  is the magnetic flux. Hence, the change of the 

oscillating magnetic flux of the vibrating sample generates an induced voltage in the 

stationary pickup coils that are in close proximity to the vibrating sample. 

Mathematically, the voltage generated, i.e. the integral of �⃗�  along the coil, is 

proportional to the rate of change of induction �⃗� . By measuring this induced AC voltage, 

the magnetic properties of the sample are determined. Particularly, the induced voltage 

is proportional to the sample’s magnetization and to the orientation of the sample 

relative to the pick-up coils but does not depend on the strength of the applied uniform 

magnetic field. The idea of vibrating sample magnetometer was originated from D. O. 

Smith's vibrating coil magnetometer [45, 46].  

Advantages of the VSM are that it is very simple in principle of operation and 

versatile in functionalities. It can perform precise magnetic moment measurements in a 

uniform magnetizing field as a function of temperature, magnetizing field as well as 

crystallographic orientation.  In a typical VSM system, a lock-in amplifier is used to 

measure the induced AC voltage taking the sample’s vibrating source as its reference 

signal. A set of pick up coils are used so that only the difference in magnetic inductions 

is measured and hence minimizing influence of external magnetic sources. To obtain 

http://en.wikipedia.org/wiki/Faraday%27s_law_of_induction
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ferromagnetic hysteresis curves, measurements are simultaneously taken of both the 

sample magnetization as well as the external uniform magnetic. The external magnetic 

field is measured using a gaussmeter.  

 

Figure 3-15: Vibrating sample magnetometer working principle schematics 

VSM measurements of ferroelectric hysteresis in this dissertation are conducted 

with PMC MicroMag VSM and 7400 series VSM, both systems are from Lakeshore. The 

first system can produce up to 2T and has a very high sensitivity of 10 x10-9 emu. The 

second system is limited to a maximum DC field of 1T with sensitivity of 100 x10-9 emu.   

3.4.4 Dynamic Magnetoelectric Measurements 

This approach measures the ME response voltage dynamically with a phase-

sensitive technique using a lock-in amplifier. Using a pair of Helmholtz coil, a small 

constant AC magnetic field generated by a pair of Helmholtz coil superimposed into a 

Sample moment field

Vibration Source  Generator

Lock-in Amplifier

Reference Frequency

Gaussmeter

DC 
Power 
Supply

Computer
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large bias DC magnetic field from an electromagnet are applied to the sample. The ME 

coefficient curve is then obtained as a function of changing the applied bias DC field. 

Figure 3-16 shows both the schematic and a photograph of the experimental set-up. 

Mathematically, ME materials respond to an applied magnetic field H by generating a 

voltage V. Assuming 

𝑉 = 𝑓(𝐻) = 𝐶𝑜𝑛𝑠𝑡. +𝛼𝐻 + 𝛽𝐻2 + 𝛾𝐻3 + ⋯ 3.11  

⇒
𝑑𝑉

𝑑𝐻
= 𝛼 + 2𝛽𝐻 + 3𝛾𝐻2 + ⋯ 3.12 

Now, when a small AC magnetic field is superimposed, the total field will be 

𝐻𝑡𝑜𝑡𝑎𝑙 = 𝐻 + ℎ0 sin𝜔𝑡 3.13 

So, equation 3.5 can be rewritten as: 

𝑉 = 𝐶𝑜𝑛𝑠𝑡. +𝛼(𝐻 + ℎ0 sin𝜔𝑡) + 𝛽(𝐻 + ℎ0 sin𝜔𝑡)2 + 𝛾(𝐻 + ℎ0 sin𝜔𝑡)3 + ⋯  3.14 

Using the trigonometric identities:  

sin2 𝜃 =
1−cos2𝜃

2
 3.15 

and  

sin3 𝜃 =
3 sin𝜃−sin3𝜃

4
 3.16 

Equation 3.8 can now be expanded and rearranged as: 
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𝑉 = [(𝐶𝑜𝑛𝑠𝑡. +𝛼𝐻 + 𝛽𝐻2 + 𝛾𝐻3 +
𝛽ℎ0

2

2
+

3𝛾ℎ0
2𝐻

2
) + (𝛼ℎ0 + 2𝛽ℎ0𝐻 + 3𝛾ℎ0𝐻

2 +

3𝛾ℎ0
3

4
) sin𝜔𝑡 + (

−𝛽ℎ0
2

2
−

3𝛾ℎ0
2𝐻

2
) cos 2𝜔𝑡 + (

−𝛾ℎ0
3

4
) sin 3𝜔𝑡 + ⋯ ] 3.17 

The lock-in amplifier will only output the voltage that has the same frequency as its 

reference, i.e. all the terms multiplied by sin ωt. Therefore, Vout becomes: 

𝑉𝑜𝑢𝑡 = (𝛼ℎ0 + 2𝛽ℎ0𝐻 + 3𝛾ℎ0𝐻
2 +

3𝛾ℎ0
3

4
+ ⋯) 3.18 

By taking a common factor H3, equation 3.12 can be expressed as: 

𝑉𝑜𝑢𝑡 = 𝐻3 (
𝛼

𝐻2 (
ℎ0

𝐻
) +

2𝛽

𝐻
(
ℎ0

𝐻
) + 3𝛾ℎ0 (

ℎ0

𝐻
) +

3𝛾

4
(
ℎ0

𝐻
)
3

+ ⋯) 3.19 

assuming (
ℎ0

𝐻
) ≪ 1 , we can neglect higher orders terms of (

ℎ0

𝐻
) in 3.13 and hence 

referring back to equation 3.6, the output voltage can be expressed as: 

𝑉𝑜𝑢𝑡 = (𝛼𝐻 + 2𝛽𝐻2 + 3𝛾𝐻3) (
ℎ0

𝐻
) = ℎ0( 𝛼 + 2𝛽𝐻 + 3𝛾𝐻2) = ℎ0 (

𝑑𝑉

𝑑𝐻
) 3.20 

To calculate the ME coefficient of a sample, the following equation is used: 

𝑀𝐸 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 𝛼𝑀𝐸 = 
𝑑𝐸

𝑑𝐻
=

1

𝑑

𝑑𝑉

𝑑𝐸
= 

1

𝑑

𝑉𝑜𝑢𝑡

ℎ0
 (

𝑚𝑉

𝑐𝑚𝑂𝑒
)  3.21 

Where d is the effective thickness of the piezoelectric phase in the sample. From 

the equations above, the dynamic lock-in method is actually measuring the AC ME 

voltage signal appearing across the sample due to the small AC magnetic field. The noise 

in this method is drastically reduced since the ME signal has a well-defined frequency 

set by the reference frequency of the driving Helmholtz coil  [47, 48]. In this dissertation 
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work, this dynamic method is followed for measuring the ME coefficient using SR850 

digital lock-in amplifier (Stanford Research). The output voltage from the lock-in 

amplifier is divided by the thickness of the sample in cm and by the amplitude of the AC 

magnetic field in Oe according to equation 3.20. Figure 3-16 shows the ME coefficient 

measurement set up. Data were recorded using a Labview program.  

 

 

Figure 3-16: Dynamic ME coefficient measurement set-up. a) Schematics and b) photo of the set up   
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4 Fabrications  

4.1 Fabrication of Anodic Aluminum Oxide Membranes 

All NWs were electrodeposited into AAO membranes that were prepared in-house 

at the Sensing, Magnetism and Microsystem laboratory. As mentioned in chapter 3, AAO 

membranes are prepared using a two-step anodization process [1-3]. The oxidizing 

agent is oxalic acid. Our prepared AAO membranes feature 40 μm porous oxide layer 

thickness with 40 nm pore diameter openings. Table  4-1 summarizes the experimental 

parameters used to get AAO membranes with 40 nm pore openings and 40 μm 

membrane thickness. The following subsections describe in details the complete process 

of the fabrication of AAO membranes that are used for the electrodeposition of NWs.  

Parameter Value Unit 

Oxalic acid oxidizing agent 0.3 Mol/L 

1st Anodization 24 Hours 

2nd Anodization 20 Hours 

Anodization temperature  -1.6 °C 

Anodization voltage 40 Volts 

Table 4-1: AAO membrane preparation conditions for 40 nm pore size and 40 µm membrane thickness (further details 

are provided in Appendix A). 

4.1.1 Electropolishing of Aluminum Disks  

Starting with 99.999% pure Al circular discs with 500 μm in thickness, two essential 

cleaning processes are performed. First, standard physical cleaning and ultra-sonication 

in acetone, IPA and DI water are carried out to remove contaminations, dust or any 

physical particles. Second, deep cleaning by means of electro polishing is carried out in a 
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bath of ethanol and perchloric acid (75:25 ratio). During electro polishing, a constant 

voltage of 20 V is applied between the disk and a counter electrode for 3 min for each 

disc. This step ensures that all aluminum oxide layers are removed from the disc surface 

prior to starting the electrochemical anodization processes. Figure 4-1 shows schematics 

for the electropolishing experimental set up as well as optical images for unpolished and 

polished Al discs.  

   

Figure 4-1: a) optical image of highly pure Al disc before electropolishing, b) schematics for electropolishing 

experimental set-up, and c) optical image of polished Al disc 

Discs after electro polishing become very shiny as seen in Figure 4-1. Electro 

polished discs are kept submerged in DI water to prevent unwanted oxidizations while 

carrying out electropolishing for other discs.  

4.1.2 AAO Membrane Formation 

Afterwards, cleaned discs are mounted inside an in-house made Teflon 

anodization cell exposing one surface of each disc. Oxalic acid is put into contact with 

the exposed part of the discs. The backsides of the discs are connected as a counter 

a c 



97 
 

electrode and put onto a cooled copper plate to bring down the operating temperature 

of the acid to -1.6°C. Once the temperature is stabilized, the 1st anodization process 

takes place by applying 40 V between the backside of the discs and a home-made 

platinum mesh just above the discs (~1 cm) inside the oxalic acid. Continuous 

mechanical stirring using a rotor connected to a small DC motor is employed to ensure a 

uniform anodization process and to eliminate the formation of bubbles near the discs. 

The 1st anodization process is set to run for 24 hours with continuous monitoring of the 

anodization current, which falls in between 2 to 3 mA/disc. Figure 4-2 shows optical 

images of the used home-made Teflon anodization 4-disc cell and the assembling 

procedures. The experimental set up for the anodization process is shown in Figure 4-3. 

 

Figure 4-2: Optical image of our home-made 4-disc anodization cell and the assembling procedures 



98 
 

 

Figure 4-3: Experimental set up for the anodization process 

After the 1st anodization step, the oxidizing agent i.e. oxalic acid, is removed and 

an alumina etchant, i.e. chrome solution (Appendix A), is then poured. Removing the 

formed randomly oriented porous alumina may take up to 24 hours. To enhance the 

reaction and make it faster, the cell containing the discs with the chrome solution is 

heated to 40°C. Doing so, the duration of this step is reduced to only 12 hours. After 

that, the chrome solution is removed and oxalic acid is put back for the 2nd anodization 

process. Making use of the traces of the first anodization on the aluminum, the 2nd 

anodization causes uniform, highly oriented hexagonal pores. This process is optimized 

to run for 20 hours to get AAO membranes of 40 nm pore openings and 40 μm in 

thickness. Similar to the 1st anodization process, continuous monitoring is needed to 
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ensure process continuity and stability. Figure 4-4 shows a top view SEM image of the 

final obtained AAO membrane after the 2nd anodization.  

 

Figure 4-4: Top view of AAO membrane after the 2
nd

 anodization (SEM image)  

The process of making AAO membranes is completed after the 2nd anodization 

step. However, depending on whether DC or pulsed electrodeposition method is 

employed, additional steps are required.  

4.1.3 Preparations of AAO Membranes for DC Electrodeposition   

For the DC electrodeposition route, aluminum at the back of the membrane and 

the barrier layer have to be etched away. This is done utilizing another home-made cell 

that exposes only the back part of the membrane. A copper solution (Appendix A) is 

used to etch away the aluminum and the etching process takes around 20 to 25 

minutes. By the end of this step, AAO membranes are semi-transparent as shown in 

Figure 4-5. However, the aluminum oxide barrier layer still exists in one side of the 

membrane. This barrier layer can be removed using few drops of phosphoric acid 
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(Appendix A) to fully open the pores from the back side. A small pH paper is utilized in 

this step to ensure that acid is going through the membrane. This process takes around 

2 to 3 hours. Finally, a thin layer of gold (100 nm) is sputtered at the back of the 

membrane to form an electrode for DC electrodeposition. Figure 4-6 shows schematics 

for this process of preparing AAO membranes for DC electrodeposition.  

 

Figure 4-5: Optical image of four AAO membranes after removal of the aluminum at the back side by chemical 

etching. The small transparent circle of each disc is the actual AAO membrane. 
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Figure 4-6: Schematics and process flow for preparation AAO membranes for DC electrodeposition 

4.1.4 Preparations of AAO Membranes for Pulsed Electrodeposition   

For the other route of pulsed electrodeposition, there is no need to remove the 

aluminum layer from the back of the membrane. Instead, the barrier layer at the 

boundary between the AAO and the aluminum is weakened by forming cracks. The 

process is referred to as dendrites formation and it is almost exactly similar to the 

anodization process with only few differences. First, the process starts with anodization 

under non-equilibrium conditions. This means that anodization is carried out using 

constant current conditions instead of a applying a constant potential. This makes the 

ratio of the dissolution of the barrier layer to the oxide formation rate becomes high. 

Therefore, the barrier layer gets thinned until the anodization potential reaches low 

values of 6-7 V, since the potential of the anodization voltage keeps decreasing as the 

barrier layer is decreased. Once the potential stabilizes at low voltages around 2 to 7 V, 

the barrier can be assumed to form dendrites or cracks with a remaining barrier 

thickness of less than 10 nm. Second, the pore bases are chemically widened by 

increasing the temperature of the oxidizing agent to room temperature for 3 hours. The 
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whole process takes around 4 hour to complete [2]. Figure 4-7 shows schematics for this 

process of preparing AAO membranes for pulsed electrodeposition.   

 

Figure 4-7: Schematics and process flow for preparation AAO membranes for pulsed electrodeposition 

4.2 Electrodeposition of Ferromagnetic Fe, Ni and Galfenol NWs  

Ferromagnetic NWs are electrodeposited inside AAO membranes using a Teflon 

cell that is similar to the anodization cell. The electrodeposition cell holds only one AAO 

membrane at a time. The final AAO membrane is mounted in a similar way to the 

anodization, exposing the pores opening to the deposition electrolyte solution. In the 

following, electrodeposition of Fe, Ni and galfenol are described.  

Fe NWs are grown inside the previously fabricated AAO membranes’ highly 

ordered nanopores. Both DC and standard pulsed electrodeposition techniques are used 

at room temperature. The Fe electrodeposition bath is composed of iron sulfate Fe2O4, 

boric acid H3BO3 and ascorbic acid C6H8O6 with concentrations of 45 g/L, 30 g/L and 1 

g/L, respectively. For pulsed deposition of Fe NWs, negative deposition pulses with a 

current density limit of -60 mA/cm2 are applied. Deposition pulses have amplitude of -

40 V and pulse duration of 8 ms and are separated by short positive polarization pulses 
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(2 ms and +3 V in amplitude with current density limit of -60 mA/cm2) and relatively 

long rest pulses of 700 ms to refresh the ion concentrations for homogenous deposition. 

Pulsed electrodeposited Fe NWs in this dissertation are 6 µm long and 35 nm in 

diameter. Finally, Fe NWs are released from the membrane by dissolving the membrane 

using chrome solution [4]. For DC deposited Fe NWs, electrodeposition is performed by 

applying a constant voltage of -1.35 V between the platinum mesh and the Au electrode 

sputtered onto the backside of the AAO membrane. Different Fe NW lengths are 

fabricated by the DC method ranging from few microns up to tens of microns long.  

 Similarly Ni NWs of different length are grown by DC electrodeposition from the 

bath containing 300g/L nickel sulfate NiSO4, 46 g/L nickel chloride NiCl2 and 40 g/L boric 

acid H3BO3. Deposition voltage is fixed at a constant DC voltage of -2.2 V.  

For Galfenol NWs, electrodeposition is not straight forward like the previous Fe 

and Ni. The reasons for that are:  

1. Unlike Ni and Fe NWs which are single metallic materials, galfenol is an alloy which 

contains two materials [5, 6]. 

2. Galfenol needs to have the composition of Fe(1-x)Gax, with x between 9 and 20 in 

order to possess a high magnetostriction [7]. 

3. The problem of compositional gradients along the nanowire may arise if deposition 

conditions are not properly optimized [8].  

4. There is only very little literature available on the electrochemical deposition of 

galfenol NWs [9-11]. 
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Galfenol electrodeposition solution is prepared by mixing 4.17 g/L of iron sulfate 

Fe2SO4, 7.8 g/L of Gallium sulfate GaSO4, and 10.3 g/L of sodium citrate  

HOC(COONa)(CH2COONa)2.2H2O in DI water. The solution pH is adjusted to 3.5 using 

diluted NaOH (1M). DC electrodeposition is used to electrodeposit galfenol NWs by 

applying a constant voltage between -1.0V and -1.5V versus Ag/AgCl reference 

electrode in order to find the optimal working voltage for uniform electrodeposition. 

Table 4-2 summarized the typical electrodeposition parameters for NWs used in this 

dissertation along with their deposition rates.  

NWs Material Method DC Voltage Deposition Pulse Rest Pulse Growth Rate 

Ni DC -2.2 V --- --- 2 μm/C 

Fe Pulsed --- -40 V, 8 msec 0.7 sec 1.5 μm/Hour 

Fe DC -1.40 V --- --- 1.8 μm/C 

Fe-Ga DC -1.10 V --- --- 3 μm/C 

Table 4-2: Typical electrochemical deposition parameters for NWs growth (C: Coulomb) 

During all electrodepositions, nitrogen purging is continuously applied to the 

electrodeposition solution baths to prevent oxidization of the solution. Releasing of the 

NWs is carried out by dissolving the membrane in chrome solution (Appendix A). All 

released NWs are cleaned with ethanol several times and kept in Eppendorf tubes or 

sealable glass tubes. Figure 4-8 shows the main experimental set up for the fabrication 

of AAO membranes and for NWs electrodepositions. The same figure also shows optical 

images of grown NWs inside the AAO membrane and released NWs dispersed in 

ethanol.   
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Figure 4-8: NWs fabrication procedure: (a) Experimental setup utilized for AAO membrane fabrication and NWs 

deposition. (b) Optical image of AAO membrane with NWs deposited (in inserts SEM images of the NWs array and 

photo of released NWs from AAO and dispersed in ethanol. 

 

4.3 Fabrication of P(VDF-TrFE)/Vitrovac Laminated Reference Sample 

For verification of our home-made magnetoelectric measurements set up, a 

reference ME sample was fabricated. Using flexible Vitrovac 7505 magnetostrictive 

ribbons (chemical composition is Fe81B13Si4C2) with 𝜆𝑆 equal to 30 ppm and thickness of 

25 μm, a simple laminate double layer composite was made. Without the use of any 

adhesive bonding layer, around 10 μm piezoelectric (PVDF-TrFE) with 70–30 mol% is put 

into direct contact with the Vitrovac ribbon. First of all, the Vitrovac ribbon was cut into 

a small rectangle of 1.5 cm by 0.5 cm. The ribbon was cleaned with acetone, IPA and DI 

water. 8 wt% solution of P(VDF-TrFE) dissolved in DMF was drop casted onto the ribbon 
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directly and prebaked at 80°C for 30 min on a hot plate for solvent evaporation. The 

composite double layer film is then annealed in vacuum at 135°C for 3 hours to enhance 

the electroactive 𝛽-phase development. The final film thickness was about 8 µm 

measured by surface profiler. Finally, 100 nm thick Au circular top electrodes with 3 mm 

in diameter were thermally evaporated through a shadow mask on top of the polymer 

ferroelectric film for electrical and ME measurements. Figure 4-9 shows a schematic 

representation of the fabricated ME reference sample along with an optical image of it. 

The ribbon itself acts as a bottom electrode since it is conductive. A piezoelectric 

evaluation system, aixPES, with TF2000E analyzer component was used for the electric 

hysteresis measurements of the ME composite laminated thin films and a vibrating 

sample magnetometer (VSM) was employed for the magnetic characterization.  

By measuring the ferroelectric hysteresis curve of the reference sample, the 

sample is considered polled by contact polling. This is mainly due to the high electric 

field that is applied between the samples’ top and bottom contacts generating field 

strengths on the order of several MV/m.  Other reference samples were also fabricated 

using the same route mentioned above, however, contactless corona poling was used 

instead to verify and ensure proper operation of our home-made corona set up. Details 

of our home-made corona poling set up are provided later in this chapter. The double-

layer laminated reference ME sample exhibits good magnetic, ferroelectric and 

magnetoelectric properties. In the next chapter, ferroelectric, VSM and the room 

temperature variation of the ME coefficient will be shown and analyzed.  
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Figure 4-9: a) Schematic representation of the fabricated P(VDF-TrFE)/Vitrovac laminated ME reference sample, and 

b) Optical image of the reference sample 

 

4.4 Fabrication of Nanocomposites  

Nanocomposites of P(VDF-TrFE) matrix and high aspect ratio ferromagnetic NWs 

were made by mixing them together. The first step is releasing the NWs from the AAO 

membrane. This is done by breaking a part of the membrane, which hosts grown NWs, 

with a sharp tweezer, and then dissolving in chrome solution (Appendix A) for up to 24 

hours at 40°C. Since releasing the NWs includes a chemical reaction to dissolve the 

alumina, several ethanol cleaning washes have to be made to remove any residual 

debris or contaminations from the released NWs. In case of NWs grown by DC 

electrodeposition, the Au electrode on the AAO membrane is wet etched by a 

potassium iodide Au etchant (0.6 M KI and 0.2 M I2, 0.5 μm/min etching rate) before 

dissolving the membrane. All released NWs are kept suspended in ethanol.  Second, 

released NWs are removed from the ethanol where they are suspended in (Figure 4-8 

(b-4)) utilizing an external permanent magnet and mixed with P(VDF-TrFE) solution.  By 
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controlling the weight of NWs that is added to a certain volume of P(VDF-TrFE) solution, 

nanocomposite solutions of different concentrations in terms of wt% of NWs are 

obtained according to equation 3.6 in the previous chapter. Figure 4-10 shows an optical 

image of some nanocomposite solutions with varying NWs loading concentrations.  

 

Figure 4-10: Optical image of different concentrations of nanocomposite solutions 

In the following  subsections, the fabrication procedures of nanocomposites on 

Vitrovac magnetostrictive ribbons and on rigid Si substrates are given in more details. In 

addition, procedures of obtaining free standing and flexible films as well as alignment of 

NWs inside the nanocomposites are described.    

4.4.1 Nanocomposite/Vitrovac Heterogeneous Composites 

These composites are similar to the reference ME laminate sample, mentioned in 

section 5.3, except that the P(VDF-TrFE) layer is replaced with a nanocomposite instead. 
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The fabrication procedure is similar to the one of the ME reference sample discussed in 

the previous section. After cleaning the Vitrovac ribbon, the nanocomposite is drop 

casted onto the ribbon and prebaked at 80 °C for 30 min followed by a vacuum 

annealing at 135 °C for 3 hours. 100 nm top electrodes are thermally evaporated on top 

of the nanocomposite through a shadow mask. The main goal of this fabrication study is 

to investigate the effect of NWs concentration on the electroactive 𝛽-phase and hence 

polarization of the P(VDF-TrFE) phase inside the nanocomposite and their influence on 

the ME response that is caused by the magnetostrictive strain of the Vitrovac substrate.  

The first heterogeneous nanocomposite laminate with the Vitrovac is made using 

nanocomposite featuring 8 μm long Ni NWs and 15 wt% of NWs concentration. The 

second is made using nanocomposite featuring 10 μm long Fe NWs and 30 wt% of NWs 

content. The third is made using nanocomposite featuring much longer NWs of 50 μm 

long Fe NWs and 50 wt% of NWs content. Representative results and main conclusions 

will be discussed in the next chapter.  

4.4.2 Nanocomposites on Silicon Substrate 

Thin films of nanocomposites with thicknesses less than 1 μm have been 

fabricated on Si substrate using the spin coating technique. Two types of 

nanocomposites were fabricated successfully using either Ni or Fe NWs.  

For Ni based nanocomposites, P(VDF-TrFE), with 70–30 mol%, was dissolved in 

dimethylformamide (DMF) solvent to make a 4 wt% solution. Released Ni NWs were 

cleaned with ethanol and dispersed in DMF. The NWs were then added to the P(VDF-
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TrFE) solution to get the nanocomposite solution. The solution was mixed thoroughly 

using a shaker followed by ultra-sonication for 10 minutes for well dispersion and 

minimum NW agglomeration. This formed a nanocomposite mixture with 1 wt% Ni 

content. Thin film samples of the nanocomposite were obtained by spin coating the 

nanocomposite solution for 30 seconds on platinized Si substrates followed by a 

prebaking step at 80° C for 30 minutes for solvent evaporation. Films with thicknesses of 

approximately 200 nm, 300 nm, and 500 nm were obtained using spinning speeds of 

1500, 1000, and 500 rpm, respectively. Polymer crystallization of the P(VDF-TrFE) 

ferroelectric phase was facilitated by subsequent annealing under vacuum at 135° C for 

two hours to obtain the ferroelectric electroactive 𝛽-phase. For electrical 

characterization, 100 nm thick circular Au electrodes with diameters of 0.5 and 0.1 mm 

were thermally evaporated on top of the nanocomposite film through a shadow mask 

[12]. A precision multiferroic tester (Radiant Technologies Inc.) is used for measuring 

ferroelectric hysteresis loops (P-E) at room temperature with a maximum electric field 

of 190 MV/m. By applying triangular waves oscillating at 10 Hz of frequency, well-

defined ferroelectric loops were obtained for the three fabricated nanocomposite 

samples with different thicknesses of 200, 300 and 500 nm. Representative results and 

main conclusions will be discussed in the next chapter. 

For Fe based nanocomposites, P(VDF-TrFE), with 70/30 % in molar ratio of VDF to 

TrFE, was dissolved in dimethylformamide (DMF) to form an 8 wt% solution. Fe NWs (6 

μm long) were dispersed in the same DMF solvent. The NWs were then added to the 
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P(VDF-TrFE) solution to get the polymer nanocomposite solution. The formed 

nanocomposite mixture had 5wt% Fe content. The solution was mixed thoroughly using 

a shaker followed by ultra-sonication for 10 minutes for dispersion and minimum NWs 

agglomeration. Thin film samples of the nanocomposite were obtained by spin coating 

at 1500 rpm for 30 seconds on Si substrates with patterned Pt bottom electrodes 

obtained by standard lithography and lift off processes. After spinning, the 

nanocomposite film was baked at 80° for 30 min for solvent evaporation. The 

ferroelectric 𝛽-phase of the polymer was facilitated by subsequent annealing in vacuum 

at 135° C for two hours. Then the films were allowed to gradually cool down to room 

temperature under vacuum. The thickness of the films was 950 nm measured using a 

stylus profiler (Veeco Dektak 150 surface profiler). For electrical characterization, a 100 

nm thick Au top electrode was thermally evaporated on top of the nanocomposite film 

[4]. Table 4-3 summarizes the spinning parameters used in this research for pristine 

P(VDF-TrFE) films and for the above mentioned nanocomposites. 

P(VDF-TrFE) 
Concentration 

Spin Speed Acceleration Duration Baking Thickness 

4 wt% 500 rpm 1000 rpm/sec 30 sec 30 min @80°C 200 nm 

4 wt% 1000 rpm 1000 rpm/sec 30 sec 30 min @80°C 300 nm 

4 wt% 1500 rpm 1000 rpm/sec 30 sec 30 min @80°C 500 nm 

8 wt% 1500 rpm 1000 rpm/sec 35 sec 30 min @80°C 950 nm 

Table 4-3: P(VDF-TrFE) Spin Coating parameters and their corresponding film thicknesses 
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4.4.3 Flexible Free-Standing Nanocomposites     

Nanocomposites were also made flexible and free standing. This is done following 

the drop casting procedure on either glass, or Si substrates followed by peeling off the 

film from the host substrate. Poling of these relatively thick films is performed using the 

home-made corona poling method. Figure 4-11 shows optical images of both thin film 

nanocomposites deposited on Si substrates and of thick film free-standing flexible ones.  

  

Figure 4-11: Optical images of a) Nanocomposites deposited on Si substrates and b) Flexible and free standing 

nanocomposites. 

For ME measurements for all flexible nanocomposites, Au top and bottom 

electrodes are sputtered on both side of each sample.  

4.4.4 Alignment of NWs inside the Nanocomposites     

One step further in the fabrication procedure is the fabrication of nanocomposites 

with NWs being aligned in a certain direction rather than keeping them randomly 

oriented. Following the same procedures mentioned above, a C-shape magnet is utilized 

for the fabrication of nanocomposites with aligned NWs inside of the P(VDF-TrFE) 

matrix. By placing the sample in the center of the magnet’s poles during DMF solvent 

evaporation step, the uniform magnetic field of the magnet (around 300 Oe) enforces 
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the NWs to align in that direction. VSM shows successful results of NWs alignment and 

will be shown in the next chapter. Figure 4-12 shows a schematic representation of the 

alignment procedure.  

 

 

Figure 4-12: Magnetic alignment process of NWs inside the nanocomposites, a) c-shape magnet applied during the 

solvent evaporation step, b) obtained nanocomposite with aligned NWs after evaporating the solvent completely  
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4.5 Annealing, Electrical Poling and Metallization 

This section describes the annealing program used to anneal all of the fabricated 

samples to facilitate 𝛽-phase formation. Also, the in-house corona experimental set up 

used for the electrical poling purpose is described in detail along with the poling 

process. Besides, sputtering and thermal evaporation deposition parameters used to 

deposit Au contacts are described.  

The annealing process starts with preheating the vacuum oven to 135°C. After 

reaching this temperature, samples are quickly inserted inside the oven and then the 

furnace is pumped to vacuum. Annealing is performed under vacuum for maximum of 3 

hours and 30 minutes then the furnace is switched off allowing the samples to cool 

down to room temperature while still under vacuum.  

The type of the corona poling experimental set up used is a point to plane. The 

experimental set up is composed of a long needle that is connected to a high voltage 

insulation tester source from Fluke Corporation (model 1550). The distance between the 

needle and the ground plane is fixed at 0.8 cm and the voltage applied to the needle is 

fixed at 5 kV. The corona set up is fixed on top of a hot plate. The sample is placed on 

the copper and below the needle. The corona filed is generated by applying a high 

voltage to the needle. The corona poling process takes approximately 25 minutes and 

follows the process flow chart shown in Figure  4-13. A photograph of the homemade 

corona poling experimental set up is shown in Figure  4-14. Poling using this set up is 

utilized for all fabricated nanocomposites except for thin films of 1 μm and below. The 
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poling of thin film nanocomposites is carried out by applying a voltage directly to the 

sample’s top and bottom electrodes using Precision Multiferroic ferroelectric tester 

(Radiant Technologies). 

 

Figure 4-13: Corona Poling Process Flow Chart Followed in this dissertation  

 

 

Figure 4-14: Photograph of the homemade corona poling experimental set 

 
 

For all electrical characterizations, Au electrodes are either sputtered or thermally 

evaporated on the fabricated polymer films making top and bottom electrodes 

structure. Thermal evaporation is mainly utilized with thin films on the order of 1 μm or 
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less as it deposits Au atoms at a much lower energy than the sputtering. For thicker 

films, sputtering is used. Table  4-4 shows the main thermal evaporation deposition 

parameters for evaporating Au on thin films of polymers and nanocomposites and 

Table 4-5 summarizes Au sputter deposition parameters. 

Parameter Value Unit 

Base pressure 5×10-7 mTorr 

Deposition power 20-28% Watt 

Temperature  25 °C 

Soaking time  ~600 second 

Deposition rate  1.0 Å/s 

Table 4-4: Au Thermal Evaporation Conditions 

 

Parameter Value Unit 

Sputtering current  10 mA 

Deposition pressure 6 mTorr 

Temperature  25 °C 

Deposition rate ~7 nm/min 

Table 4-5: Au Sputtering Conditions 

 

 

 

 

 



117 
 

1. Nielsch, K. and B.J.H. Stadler, Template-based Synthesis and Characterization of High-
density Ferromagnetic Nanowire Arrays, in Handbook of Magnetism and Advanced 
Magnetic Materials. 2007, John Wiley & Sons, Ltd. 

2. Nielsch, K., et al., Uniform Nickel Deposition into Ordered Alumina Pores by Pulsed 
Electrodeposition. Advanced Materials, 2000. 12(8): p. 582-586. 

3. Vega, V., et al., Tuning the magnetic anisotropy of Co–Ni nanowires: comparison 
between single nanowires and nanowire arrays in hard-anodic aluminum oxide 
membranes. Nanotechnology, 2012. 23(46): p. 465709. 

4. Alnassar, M., et al., Magnetoelectric polymer nanocomposite for flexible electronics. 
Journal of Applied Physics, 2015. 117(17): p. 17D711. 

5. Estrine, E.C., et al., Electrodeposition and characterization of magnetostrictive galfenol 
(FeGa) thin films for use in microelectromechanical systems. Journal of Applied Physics, 
2013. 113(17): p. 17A937. 

6. Reddy, K.S.M., et al., Controlled electrochemical deposition of magnetostrictive Fe1 − 
xGax alloys. Electrochemistry Communications, 2012. 18: p. 127-130. 

7. Estrine, E.C., et al., Composition and crystallinity in electrochemically deposited 
magnetostrictive galfenol (FeGa). Journal of Applied Physics, 2014. 115(17): p. 17A918. 

8. McGary, P.D. and B.J.H. Stadler, Electrochemical deposition of Fe1−xGax nanowire 
arrays. Journal of Applied Physics, 2005. 97(10): p. 10R503. 

9. Lupu, N., H. Chiriac, and P. Pascariu, Electrochemical deposition of FeGa∕NiFe magnetic 
multilayered films and nanowire arrays. Journal of Applied Physics, 2008. 103(7): p. 
07B511. 

10. Park, J.J., et al., Characterization of the magnetic properties of multilayer 
magnetostrictive iron-gallium nanowires. Journal of Applied Physics, 2010. 107(9): p. 
09A954. 

11. Reddy, S.M., et al., Electrochemical Synthesis of Magnetostrictive Fe–Ga/Cu Multilayered 
Nanowire Arrays with Tailored Magnetic Response. Advanced Functional Materials, 
2011. 21(24): p. 4677-4683. 

12. Alnassar, M.Y., Y. Ivanov, and J. Kosel, Fabrication and Properties of Multiferroic 
Nanocomposite Films. Magnetics, IEEE Transactions on, 2015. 51(1): p. 1-4. 

 

 

 

 

 

 

 



118 
 

5 Results 

This section summarizes the main results obtained throughout the research 

experimental work. The section will start with thorough structural and magnetic 

characterizations of the electrodeposited NWs, namely, Fe, Ni and galfenol. These 

characterizations are mainly performed by the microscopy tools SEM, TEM and MFM as 

well as VSM for magnetic characterization. Then, nanocomposites are structurally 

characterized to confirm the existence of both ferromagnetic and ferroelectric 

properties and hence their multiferroicity. Structural characterization is performed by 

XRD; magnetic characterization is by VSM and ferroelectric loops by the polarization 

hysteresis loops. The effects of nanocomposite film thickness on ferroelectric properties 

and magnetic alignment treatment effects on ferromagnetic properties will be 

discussed. Finally, the chapter will conclude with the magnetoelectric measurements of 

different fabricated nanocomposites with different NWs filler properties using the 

dynamic lock-in amplifier method.   

5.1 NWs Characterizations   

5.1.1 Fe NWs 

Electrodeposition of Fe NWs has been carried out successfully using the two 

routes, namely, DC and pulsed electrodeposition. In both cases, Fe NWs were 

successfully grown with different lengths. The main critical requirement prior to 

electrodeposition is to use a fresh Fe aqueous electrodeposition solution (less than few 
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days old) in order to have uniform and repeatable growth and growth rates. Otherwise, 

the solution gets oxidized and the Fe concentration reduces significantly, resulting in 

either extremely low deposition rates or no deposition at all.  

The main observed qualitative difference between Fe NWs deposited by DC 

electrodeposition and Fe NWs deposited by pulsed electrodepositions is that the later 

deposits at much lower rates than the former. This is mainly due the nature of the 

electrodeposition pulse patterns (Figure 3-8) in which long relaxation or rest pulses 

between deposition pulses are inserted. During the electrochemical filling of the pore 

tips by the voltage deposition pulses, electrons tunnel through the barrier layer to the 

aluminum substrate. This causes metal ions to be exhausted by the decrease in ion 

concentration near the pore openings. Therefore, long rest pulses are inserted between 

the deposition pulses to recover metal ion concentration. No electrodeposition takes 

place during these long rest pulses. Hence, pulsed electrodeposition rates are much 

lower than DC electrodeposition rates.  The role of these relaxation times is to ensure 

uniform material transport inside the pores, to refresh the metal ion concentration near 

the pore openings and to yield uniform NW growth. When these rest pulses are 

prolonged, the total deposition time increases as well [1].  

Crystal structures of Fe NWs obtained by both DC and pulsed electrodeposition 

routes have been found the same. A polycrystalline bcc structure of Fe NWs was 

confirmed by both TEM (Figure 5-1) and XRD (Figure 5-2) analysis.   
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Figure 5-1: Transmission electron microscopy (TEM) image for the fabricated polycrystalline Fe NWs; Inset shows 

selected area electron diffraction (SAED) pattern  
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Figure 5-2: XRD spectrum of Fe NWs obtained by a) DC electrodeposition and b) pulsed electrodeposition showing 

polycrystalline structure 
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Magnetic properties of NWs array while still in the AAO membrane were studied 

with a vibrating sample magnetometer (VSM). Magnetic properties are found strongly 

dependent on the shape anisotropy of the NWs with the easy axis being parallel to the 

NW length. Figure 5-3 shows the magnetization loops for both DC and pulsed Fe NWs of 

the same NW length of 6 μm. Two important observations can be drawn from these 

ferromagnetic loops. First, coercivity of Fe NWs obtained by pulsed electrodeposition is 

higher than the ones obtained by DC electrodeposition. Second, the demagnetization 

field appears much stronger for the case of Fe NWs obtained by DC electrodeposition 

and hence shows lower remanence. These two observations can be explained by the 

difference in shape anisotropy as well as by the neighboring magnetostatic interactions. 

As the diameter of the NWs gets smaller, the shape anisotropy increases and the harder 

it is to switch the magnetization.  

SEM and TEM studies have revealed that Fe NWs fabricated by pulsed 

electrodeposition route possess slightly smaller diameter. This smaller diameter is 

attributed to the fabrication procedures followed in this dissertation during the 

preparation of AAO membranes for pulsed routes. Figure 5-4 shows SEM top view image 

of AAO membranes prepared for pulsed electrodeposition compared to another AAO 

prepared for DC electrodeposition. The image clearly shows slightly narrower pore size, 

and hence, NWs will be further from each other and weaker neighboring interactions 

occur in the case of AAO prepared for pulsed route. As mentioned earlier, the barrier 

layer has to be removed for AAO membranes prepared for DC electrodeposition. This 

barrier removal process opens the pores by chemical etching, which actually isotopically 
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widens the pore size slightly above 40 nm. Whereas AAO membranes prepared for 

pulsed electrodeposition have their pore openings exactly at or slightly less than 40 nm 

and only possess wider pores near the barrier layer (Figure 3-8). Hence, AAO 

membranes prepared for DC electrodeposition have wider pore opening and therefore 

less shape anisotropy. Moreover, due to the thicker diameter of the NWs prepared by 

DC electrodeposition, they actually get closer to each other in the membrane. Hence, 

more neighboring magnetostatic interaction occurs, causing higher demagnetization 

effect in NWs obtained by DC route.  
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Figure 5-3: VSM ferromagnetic loop for NWs inside of AAO membranes with the field in parallel and perpendicular 

direction to the NWs’ long axes. a) DC deposited Fe NWs showing lower coercivity and remanence, and b) pulsed 

deposited Fe NWs showing higher coercivity and remanence 
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Figure 5-4: SEM top view image of AAO membrane prepared for a) DC and b) pulsed electrodeposition 

Scanning electron microscopy (SEM) images show a uniform and homogenous 

electrodeposition of Fe NWs regardless of the NWs length.  

Figure 5-5 shows SEM images of DC electrodeposited Fe NWs while still in the AAO 

membrane with 3 μm, 10 μm and 35 μm in NW length. Figure 5-6 shows released 6 μm 

long Fe NWs obtained by pulsed electrodeposition route. 
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Figure 5-5: SEM cross sectional images showing uniform Fe electrodeposition of a) 3 μm long NWs, b) 10 μm long 

NWs, and c) 35 μm long NWs. d) Magnified image of c), and e) magnified image of d). 

 

Figure 5-6: SEM image of released 6 μm long Fe NWs obtained by pulsed electrodeposition 



126 
 

5.1.2 Ni NWs 

Electrodeposition of Ni NWs was carried out using DC electrodeposition technique. 

Magnetic characterization by VSM also revealed the strong shape anisotropy defined by 

an easy direction along the NWs length (Figure 5-7a). XRD diffraction peaks reveal 

polycrystalline structure of Ni NWs with a [220] preferred growth direction 

(Figure 5-7b). SEM cross sectional images in Figure 5-8 show Ni NWs of 8 μm and 40 μm 

inside AAO membranes. 
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Figure 5-7: a) VSM magnetization loop of Ni NWs inside AAO membrane, and b) XRD spectrum of Ni NWs showing 

polycrystalline structure with [220] preferred growth direction 



127 
 

 

Figure 5-8: SEM cross sectional images showing uniform electrodeposition of: a) medium length Ni NWs (8μm), and b) 

maximum filling of long Ni NWs (40μm) 

TEM images show the crystal structure of the Ni NWs. They show mono-crystalline 

regions over several micrometers and SAED patterns confirm polycrystalline structure in 

agreement with XRD data. The Ni NWs possess fcc crystal structure (Figure 5-9).  

 

Figure 5-9: Transmission electron microscopy (TEM) image for the fabricated polycrystalline Ni NWs; Inset shows 

selected area electron diffraction (SAED) pattern  
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5.1.3 Galfenol NWs 

For the reasons mentioned in section 5.3, it was not an easy task to electrodeposit 

galfenol NWs with the desired compositional alloy. In fact, many researchers reported 

that electrodepositing homogenous galfenol with desired Ga content is nontrivial and 

difficult. Moreover, the reduction potential of Ga ions must be below that of hydrogen 

ions to eliminate undesired hydrogen reaction formation [2, 3]. Nevertheless, Stadler’s 

group has succeeded in electrodeposition of galfenol as thin films as well as NWs [4-7] 

by using controlled mass-transfer and hydrodynamics method utilizing a rotating disk 

electrode to overcome the above mentioned issues of obtaining inhomogeneous alloy 

composition and non-uniform NWs length. However, the rotating disk electrode method 

adds more complexity to the experimental apparatus. Here, we show successful DC 

electrodeposition of galfenol NW using the standard electrodeposition method and a 

comprehensive analysis. 

Throughout the experimental study of electrodepositing galfenol into AAO 

membranes, several parameters were investigated. These parameters were modifying 

the electrodeposition solution’s ion concentrations, adjustment of the pH value, 

working at different electrodeposition potentials or deposition under mechanical 

stirring. Out of these, the most critical parameter was found to be the electrodeposition 

working potential. We found that electrodeposition of galfenol NWs only occurs at a 

specific electric potential within a tiny window that is between -1.08 V and -1.18 V with 

respect to an Ag/AgCl reference electrode. Electrodepositing at a potential below this 
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window ends up with no deposition at all. Electrodepositing above this window (at a 

more negative potential) physically damages the AAO membrane’s back electrode by 

the evolution of hydrogen reactions taking place at the working electrode  [6]. The 

reaction in the acidic electrodeposition solution is  

2H+ + 2𝑒 →  H2 6.1 

In general, an aqueous solution containing metal ions undergoes hydrolysis of hydrogen 

ions giving hydroxonium ion H3O+ (denoted as H+ for simplicity).  The diffusion of these 

ions from the solution bulk to the working electrode follows  

H+
𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛  →  H+

𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 6.2 

and the evolution of the hydrogen molecule (air bubble) at the electrode follows 

H2𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒
 →  H2𝑎𝑡𝑚𝑜𝑠𝑝ℎ𝑒𝑟𝑒

 6.3 

During electrodeposition, the evolution of hydrogen at the working electrode consists of 

two steps. The first step is a charge transfer that is dependent on the applied 

electrodeposition potential (voltage) according to 

H+
𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 + 𝑒 →  H𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑑 𝑎𝑡 𝑡ℎ𝑒 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 6.4 

The second step is a hydrogen combination according to 

 2H𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑑 𝑎𝑡 𝑡ℎ𝑒 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 → H2𝑎𝑡 𝑡ℎ𝑒 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒
   6.5 

Chemical reaction 6.5 can actually take place by either chemical desorption or 

electrochemical desorption [8]. Regardless of the mechanism, the final observation is 

that electrodeposition of galfenol at a more negative potential increases chemical 

reactions 6.4 and 6.5. Hence the general hydrogen evolution of reaction 6.1 increases 

significantly causing physical damages to the Au back electrode by the formation of 
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hydrogen bubbles.  Figure 5-10 shows an example of a damaged Au electrode of one of 

our AAO membranes when attempting to electrodeposit galfenol at -1.40V. 

 

Figure 5-10: Physical damages to the back Au electrode when depositing at -1.4V or higher 

SEM images are illustrated in Figure 5-11 for different electrodeposition working 

potentials. Electrodeposition far below the critical potential window at -0.9V yields no 

NWs inside the AAO membrane. Electrodepositing within the operating window at -

1.10V, -1.11V or -1.13V yields homogenous NWs with uniform growth. The effect of 

depositing above (i.e. more negative) the critical potential window at -1.30V clearly 

shows the non-uniform NWs growth.  
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Figure 5-11: SEM images of electrodeposited galfenol NWs illustrating that NWs grow uniformly if deposited within 

the critical electrodepositing window: a) No NWs when operating at -0.9 V, b) 3 μm galfenol NWs grown at -1.1 V, c) 

1.8 μm galfenol NWs grown at -1.14 V, d) non-uniform growth when operating at -1.3  

V, and f) current profile for these deposition voltages. 
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The chemical composition and crystal structure of electrodeposited galfenol NWs 

were investigated by TEM. Using EDX, the composition was found to be Fe86Ga14, which 

is in the range of the highly magnetostrictive alloy [9]. No compositional gradients or 

grain boundaries were observed along the length of the NWs. HRTEM and SAED also 

confirmed single crystallinity with [110] bcc structure and a lattice parameter of 2.95 Å. 

Figure 5-12 shows a TEM image of galfenol NWs along with SAED patterns. An angle of 

20 degrees was found between [100] reported highest magnetostrictive crystal axis [9] 

and the NW’s long axis as seen from Figure 5-13 (a). The VSM magnetization curve and 

XRD pattern are also shown Figure 5-13 (b) and (c), respectively for galfenol NWs inside 

the AAO membrane. A strong shape anisotropy is observed for the magnetic loop 

parallel to the NWs direction. However, the magnetic loop perpendicular to the NWs’ 

long axes exhibits two distinct regimes of low and high permeability which may be 

attributed to the misalignment between the <100> direction and the NW axis [9]. XRD 

pattern confirms single crystallinity with a single strong peak at 2θ of 44° degrees. 

 

Figure 5-12: SAED and EDX analysis using HRTEM defining the chemical composition of the imaged NW. 
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Figure 5-13:a) TEM image of galfenol NWs showing axis of NWs with respect to other crystal axes (insets show EDX 

analysis and SAED patterns), b)VSM magnetization loop of galfenol NWs inside the AAO membrane, c) XRD spectrum 

of galfenol NWs. 

Further characterization studies on galfenol NWs were performed with magnetic 

force microscopy (MFM) using the Lift Mode methodology. In this method, AFM 

topography profile data is collected by scanning with the tip in contact with the sample. 

Then, the magnetic sensitive tip is lifted at a constant height from the sample and a 

second scan is performed to collect data of the magnetic forces interactions with the 
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tip. By subtracting magnetic interactions from the second scan from the data of the first 

scan, MFM magnetic interaction images are produced that are independent of the 

surface topography.  

The aim of this MFM study is to obtain insights on a single galfenol NW 

magnetization switching and domain structure. The AFM topography image is shown in 

Figure 5-14 (a). For MFM analysis, a high magnetic field (5 kOe) is applied to the NW 

along its long axis to saturate it. The field is then removed, leaving the NW at a 

remanent state. Figure 5-14 (b) shows MFM image of a galfenol NW after saturating in 

one direction. The strong dark and white contrasts are the strongest magnetic force 

interaction spots. These contrasts appear only at the NW tips and switch when the NW 

is saturated in the opposite direction as seen in Figure 5-14 (f) indicating that the 

galfenol NW is of a single domain magnetization state. The coercive field of single 

galfenol NW, at which these MFM observed magnetic contrasts switch, was found to be 

equal to 1024 Oe. Interestingly, when applying a magnetic field opposite to the 

saturation direction to Figure 6-13 (b), but without reaching its coercive field, the 

magnetic contrasts change to an intermediate state as shown in Figure 6-13 (c). This is 

observed when the field reaches 927 Oe. This state is conserved even when the field is 

removed as shown in Figure 6-13 (d). This observation implies two remanence states for 

the NW. To go back to the first remanence, a high field is applied in either direction as 

shown in Figure 6-13 (e) and (f). The coercive field was obtained by applying a series of 

fields that are opposite to the saturation direction of the NW in Figure 5-14 (b). Each 
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time the field is increased a bit and after removing it an MFM image is taken. The field 

value at which the image shows a magnetic contrasts switch as in Figure 5-14 (f) is taken 

as the coercive field. The dashed arrows in Figure 5-14 (b) and (c) indicate that magnetic 

field is applied in that specified direction, and then removed, leaving the NW at 

remanence state.  

 

 

Figure 5-14: a) AFM topography image of a 3 μm galfenol NW. b) MFM analysis of the same NW confirming single 

domain magnetization behavior as there are only two magnetic contrasts at both tips of the NW after saturating the 

NW upwards, c) the contrasts change when applying a magnetic field in the opposite direction but lower than 

coercivity at 927 Oe, d) the contrast is conserved at a second remanence, e) 1
st

 remanence state by applying high field 

upward, f) 1
st

 remanence state in the opposite direction by applying high field downward .  
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This interesting observation can be related to the 20 degrees angle difference 

between the NW long axis and the <100> crystal axis shown earlier in Figure 5-13 (a). 

From the illustration given in Figure 5-15, we can explain this observation as follows. 

The strong shape anisotropy, defined by the NW’s aspect ratio, makes the moments 

align parallel to the NWs long axis. When a magnetic field is applied opposite to the 

moments’ direction and higher than the coercivity, the magnetic moments switch to the 

other direction, as usually observed for cylindrical magnetic NWs by either propagation 

of a transverse domain wall or a vortex domain wall. [6]. However, when an opposing 

magnetic field is applied but slightly less than the coercivity, the moments will switch to 

the preferred magneto crystalline easy axis. When removing the field, this new moment 

alignment is pinned until another high field is applied to bring them back to the first 

remanence state defined by the shape anisotropy.  

A magnetization curve of individual galfenol NWs has never been obtained before. 

From the above MFM study, we are able to sketch such a magnetization curve as shown 

in Figure 5-16.  
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Figure 5-15: representative schematics for both remanence states of galfenol NW 

 

Figure 5-16: Schematics of the magnetization curve of single galfenol NW constructed based on MFM results (R1 and 

R2 are the magnetic remanence states) 
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5.2 Multiferroicity in Nanocomposites 

5.2.1 Structural Characterizations  

X-ray diffraction has been employed to investigate crystallographic properties of 

the developed nanocomposite and confirm the existence of the two constituent phases. 

In fact, XRD diffraction peaks of all the developed nanocomposites actually showed both 

the crystalline P(VDF-TrFE) ferroelectric 𝛽-phase and the ferromagnetic NWs. This in 

turn implies that the addition of NWs does not hinder the development of the 

ferroelectric phase of P(VDF-TrFE). For an example, referring back to Figure 5-7, the XRD 

spectrum of Ni NWs while still in the AAO membrane shows fcc crystal phase with [220] 

direction parallel to the NW’s axis. For the developed Ni NWs-based nanocomposite, the 

XRD spectrum obtained conserves the same Ni NWs peak and shows a P(VDF-TrFE) 

crystalline peak as seen in Figure 5-17. The scan shows that the XRD peak for the P(VDF-

TrFE) ferroelectric β phase is clearly identifiable at 2θ of 19.8 degrees. In addition, the Ni 

peak at 2θ of 77.5 degrees is still present, confirming the co-existence of the 

ferroelectric and ferromagnetic phases in the nanocomposite [10].   
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Figure 5-17: XRD patterns of a) Ni NWs inside AAO membrane, and b) multiferroic nanocomposite film of P(VDF-TrFE) 

with Ni NWs [10]. 

Crystallographic properties for Fe NWs-based nanocomposites were also 

investigated by XRD. The XRD diffraction scan in Figure 5-18 for Fe NWs-based 

nanocomposites shows that the ferromagnetic Fe NWs inside the nanocomposite are 

polycrystalline, in agreement with the previous TEM results.  The XRD spectrum also 

shows the P(VDF-TrFE) ferroelectric 𝛽-phase peak very clearly at 2𝜃 of 19.8 degrees, 
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confirming the co-existence of both ferroelectric and ferromagnetic phases in the 

nanocomposite [11]. 

 

Figure 5-18:  XRD spectrum for the multiferroic nanocomposite film of P(VDF-TrFE) with Fe NWs [11] (Reproduced 

with permission from J. Appl. Phys. 117, 17D711. Copyright 2015, AIP Publishing LLC) 

 

5.2.2 Effect of NWs Alignments on Ferromagnetic Behavior 

In order to investigate the magnetic properties of the developed nanocomposites, 

a vibrating sample magnetometer (VSM, Lakeshore) was used to measure the field 

dependent magnetization at room temperature for magnetic fields between -10 kOe 

and 10 kOe. The magnetization curve of Ni NWs inside the AAO membrane was 

measured along the length of the NWs, i.e. parallel, as well as perpendicular to the NWs 

axis and it is shown previously in Figure 5-7. As explained before, it is clear that the 

curve indicates an easy magnetization direction along the length of the wires, which is 

caused by the shape anisotropy of the high aspect ratio Ni NWs. On the other side, the 

magnetization curve for the fabricated Ni NWs based nanocomposite films, does not 
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show field direction dependence, indicating that the Ni NWs are randomly oriented 

inside the ferroelectric polymer, and therefore our Ni NWs-based nanocomposite films 

are magnetically isotropic [10]. Both magnetization curves of the Ni NWs and the Ni 

NWs-based nanocomposites are shown in Figure 5-19. 

In a similar way for Fe NWs-based nanocomposite films, VSM curves were 

obtained for Fe NWs inside AAO membrane and for the nanocomposite. Figure 5-20 

shows both magnetization curves. The magnetization curve for the nanocomposite does 

not show field direction dependence, indicating that the Fe NWs are randomly oriented 

inside the ferroelectric polymer. Regardless of the angle of measurements parallel to 

the film or perpendicular to it, the film always shows an isotropic magnetic behavior 

[11].  
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Figure 5-19:  Magnetic moment (m) as a function of applied field (H) of the a) Ni Nanowires inside AAO membrane 

and b) the P(VDF-TrFE)/Ni NWs nanocomposite with random NWs distribution [10] 
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Figure 5-20: Magnetic moment (m) as a function of applied field (H) of the a) Fe NWs inside the AAO membrane and 

b) the P(VDF-TrFE)/Fe NWs nanocomposite with random NWs distribution [11] (Reproduced with permission from J. 

Appl. Phys. 117, 17D711. Copyright 2015, AIP Publishing LLC), c) schematics showing the VSM directions measured for 

the nanocomposite  
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For all nanocomposites with no magnetic alignment treatment during fabrication, 

the nanocomposite yielded isotropic magnetic properties. Meaning that, NWs are well 

distributed and randomly oriented along the film. However, in order to develop 

anisotropic nanocomposite films, a homogenous magnetic field of 300 Oe produced by a 

c-shaped magnet was used during the fabrication of the nanocomposites. In particular, 

it was applied during the solvent evaporation process after casting the nanocomposite 

film.  The magnetic field is applied continuously until all the solvent evaporates and the 

NWs are fixed inside the polymer matrix. Results of nanocomposite films with NWs 

alignment treatment showed that almost perfect alignment can be achieved and 

therefore effective control of the magnetic anisotropy of the developed nanocomposite 

is successfully demonstrated. VSM magnetization curves for the nanocomposites with 

aligned NWs were taken at different directions to the nanocomposite film. The first 

direction was measured along the alignment direction parallel to the film plane. The 

second direction was also parallel to the film plane but was perpendicular to the 

alignment direction. The final direction was the out of film plane direction. Results 

showed strong easy access in the same direction of the alignment and this is attributed 

to the almost perfect alignment of the high aspect ratio NWs. The other two directions 

show hard access behavior indicating that the field must have been applied 

perpendicular to the NWs axes. These results are shown in Figure 5-21 for 

nanocomposites with 10 μm Fe NWs content. Similar results were also obtained for Ni 

and galfenol NWs-based nanocomposites.   
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Figure 5-21: a) VSM curves of nanocomposite with aligned 6 μm long Fe NWs  showing magnetically anisotropic 

properties of the nanocomposite films, and b) schematics showing the three VSM directions measured for the aligned 

nanocomposite  

 

5.2.3 Effect of NWs on Ferroelectric Behavior  

A study on the effect of incorporation of NWs on the ferroelectric properties of 

nanocomposites was conducted for three fabricated nanocomposite samples with 

thicknesses of 200, 300 and 500 nm obtained by the spin coating technique. The 
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nanocomposite chosen for this study was the Ni NWs-based nanocomposites with 40 

μm long Ni NWs and 1 wt% concentration. Ferroelectric hysteresis loops (P-E) were 

measured using a precision multiferroic tester (Radiant Technologies) at room 

temperature with a maximum electric field of 190 MV/m. By applying triangular waves 

oscillating at 10 Hz of frequency, well-defined ferroelectric loops were obtained. 

Compared to pristine P(VDF-TrFE) films, the measured ferroelectric loops indicate that 

the development of the ferroelectric 𝛽-phase is not hindered by the addition of the 

ferromagnetic Ni NWs. In fact, it was reported that addition of small concentrations of 

ferrite nanoparticles actually help improving ferroelectric properties of P(VDF-TrFE) as 

they act as nucleation sites of the 𝛽-phase during crystallization [12]. 

Figure 5-22 shows the results obtained for the ferroelectric loops of the 

nanocomposites compared to pristine P(VDF-TrFE) of similar thicknesses. The 

nanocomposite exhibits a hysteresis with remanent and saturation polarizations close to 

the corresponding pristine films. However, the remanent and saturation values of the 

polarization showed a slight tendency to decrease by adding the NWs.  
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Figure 5-22: Ferroelectric polarization (P) over electric field (E) measurements for the developed nanocomposite 

compared to pristine P(VDF-TrFE) of similar thickness. (a) 200 nm thickness, (b) 300 nm thickness and (c) 500 nm 

thickness, (d) Remanent polarization (Pr – solid line left axis); and Saturation polarization (Ps -- dashed line right axis), 

as a function of film thickness for pristine P(VDF-TrFE) and the multiferroic nanocomposite  

Unlike the CoFe2O4/P(VDF-TrFE) nanocomposite reported by Martins [12, 13] that 

has no thickness dependence of the spontaneous polarization, the nanocomposite 

developed here showed a clear change in remanence and saturation as a function of 

nanocomposite thickness.  This observation can be attributed to the extrinsic effect of 

the spin coating fabrication process. Spinning films at different spinning speeds causes 

slight variations in the NWs distribution, and hence their concentration, inside the 

composite film. As spinning speed is increased to get thinner films, more NWs are drawn 

to the edge of the substrate causing a slight reduction in NWs content in the film. This 
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indirect effect of NW concentration variations for different thicknesses changes the 

ferroelectric domain reversal mechanism, i.e. higher concentration of NWs hinders 

polymer chain rotation, dipole ordering and domain wall movements [12]. Therefore, 

the thickest film in Figure 5-22 has the higher NW concentration, since it was spun at 

the lowest speed, and hence lower observed polarization.  An increase in coercivity is 

also observed of the ferroelectric curves due to adding the NWs. This is caused by the 

defects introduced by the NWs, which hinder the domain wall movements, as has also 

been suggested by Martins. We obtain similar results for Fe NWs-based nanocomposites 

[10, 11].  

5.2.4 Effect of NWs on Piezoelectric Coefficient of Nanocomposites  

Piezoelectric response of nanocomposites with varying NWs loading was measured 

using the 𝑑33 test meter introduced in chapter 3. The out-of-plane piezoelectric strain 

coefficient 𝑑33 was found to improve greatly with the addition of NWs and peaks at 20 

wt% NW loadings measuring 27x10-12 CN-1. Increasing NWs concentration above 20 wt% 

decreases the value of the piezoelectric coefficient and decreases significantly when 

increasing concentrations above 30 wt%. Figure 5-23a shows the piezoelectric strain 

coefficient response as a function of NWs content. From the figure, we can conclude 

that piezoelectricity of P(VDF-TrFE) is enhanced when making nanocomposites with 

NWs loading  of 25 wt% and below. This observation is attributed to the increase in 

effective dielectric constant [14] when adding NWs to the polymer. In addition, the NWs 

actually act as nucleation agents and stimulators for the electroactive 𝛽-phase 
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formation and hence improve the crystallinity of the nanocomposite polymer matrix. 

The obtained results are in agreement with the reported nanocomposites developed 

using nanoparticle or carbon nanotubes [12, 15-17] as shown in Figure 5-23b and 

Figure 5-23c.    

 

       

Figure 5-23: a) Piezoelectric coefficient of nanocomposites as a function of NWs content, b) reported piezoelectric 

coefficient of PVDF with NZFO nanoparticles [16] , c) reported piezoelectric coefficient of P(VDF-TrFE) with CFO 

nanoparticles [18] 

To confirm that more 𝛽-phase are formed for nanocomposite with NWs loading 

between 10 to 25 wt%, XRD was performed to analyze pristine P(VDF-TrFE) and 

nanocomposites with different NWs loading concentration. Figure 5-24 shows the XRD 
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results for a pristine P(VDF-TrFE) film,  15 wt%,  30 wt% and  50 wt% nanocomposites. 

The 20 wt% nanocomposite shows the highest relative peak intensity which is higher 

than the pristine P(VDF-TrFE). Loadings of 40 wt% and higher show a decreasing trend 

from the peak of the pristine P(VDF-TrFE). These XRD results are in perfect agreement 

with the piezoelectric coefficient measurements.  
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Figure 5-24: XRD analysis for nanocomposites with different NW concentrations 

 

5.3 Magnetoelectric Measurements  

This section describes the ME measurements obtained for the fabricated polymer 

nanocomposites. First, the ME response of the ME laminated reference sample is shown 

to test the implemented dynamic lock-in amplifier method. Second, the ME response of 

the heterogeneous samples composed of NWs-based nanocomposites layered with the 
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magnetostrictive Vitrovac ribbons are investigated. Effects of NWs concentration on the 

ME output will be discussed and addressed. The section concludes with the ME 

responses of Fe, Ni and galfenol NWs-based flexible nanocomposites. Effects of NWs 

length, alignment and type on the ME response will be shown.  

5.3.1 ME Response of the Reference Sample 

The fabricated ME laminated reference sample was used to verify and calibrate 

the test set up for measuring the ME response. Prior to testing the ME measurement 

set-up, the reference sample was electrically poled by applying electric fields on the 

order of 100 MV/m between its top and bottom electrode using a ferroelectric tester. 

The ferroelectric loop was measured and is shown in Figure 5-25. After that, the 

laminated reference sample was placed in the ME experimental set up.  

The measured results confirmed proper and correct functioning of the dynamic 

lock-in amplifier test set up used in this research. The ME effect was characterized by 

measuring the longitudinal ME voltage coefficient 𝛼𝑀𝐸. A pair of Helmholtz coils was 

used to generate an AC magnetic field with amplitude of 1.9 Oe and frequency of 1 kHz 

that is superimposed to a DC bias field driven by an electromagnet. Both fields are 

applied in-plane of the reference sample and the generated small signal voltage across 

the sample thickness is measured. The maximum ME voltage coefficient 𝛼𝑀𝐸 for our 

fabricated reference laminate sample showed a coefficient of 4 V/cmOe measured at 17 

Oe of 𝐻𝐷𝐶  of magnetic field bias. This measured value is comparable to the reported 

P(VDF-TrFE)/Metglas laminate composite which showed a coefficient of 6.9 V/cmOe 
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[19]. Both the ME response curve and the VSM magnetization loop of the reference 

sample are shown in Figure 5-25.  
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Figure 5-25: a) Ferroelectric loop of the reference laminate ME sample, b) ME voltage coefficient response curve of 

reference sample and its corresponding VSM magnetization loop 
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The magnetoelectric voltage coefficient 𝛼𝑀𝐸  is found to increase when applying 

positive DC bias reaching a maximum point then decreases afterwards to zero. For 

negative DC bias, 𝛼𝑀𝐸  decreases instead to a minimum point then increases all the way 

back to zero. This observation is attributed to the positive magnetostriction of the 

Vitrovac substrate. According to equation 2.10, the maximum 𝛼𝑀𝐸 corresponds to the 

point of maximum slope of the magnetostriction curve, i.e. 𝑑𝜆/𝑑𝐻. Since the slope of 

the magnetostriction curve of the Vitrovac at the negative DC bias is negative, 𝛼𝑀𝐸 is 

negative too. Experimentally, the generated voltage from the ME sample at the positive 

bias side is in phase with the reference signal of the lock-in amplifier that is driving the 

Helmholtz coils. The positive peak of 𝐻𝐴𝐶  produces elongation, giving positive voltage on 

the P(VDF-TrFE), and the negative peak produces compression, giving negative ME 

voltage. Hence these two signals are in phase. On the other hand, the positive peak of 

𝐻𝐴𝐶  at the negative bias yields compression, and the negative peak yields elongation. 

Hence, the ME voltage is out of phase with the reference signal. This way, ME voltage 

increases on the positive bias and decreases on the negative bias for composites with 

positive magnetostriction. The opposite is true for composites with negative 

magnetostriction.  Figure 5-26 illustrates the ME voltage with respect to the reference 

voltage and explains the expected ME behavior. The points of maximum slopes are the 

two peaks in the 𝛼𝑀𝐸  response curve 



154 
 

 

 

Figure 5-26: Illustration of the relation between the phase of the generated ME voltage with respect to the slope of 

the magnetostriction curve and the reference signal provided by the lock-in amplifier  

 

5.3.2 ME of Nanocomposite/Vitrovac Heterogeneous Structures 

As mentioned earlier in section 4.4.1, the main goal of this study is to investigate 

the effect of NWs concentration on the ME voltage coefficient  𝛼𝑀𝐸 when laminating 

the nanocomposite with Vitrovac.  

Figure 5-27 shows the results obtained for the heterogeneous samples with 

different NW concentrations. The ME response is observed to increase (measured 𝛼𝑀𝐸= 

6.8 V/cmOe) higher than the P(VDF-TrFE)/Vitrovac reference sample (𝛼𝑀𝐸= 4 V/cmOe) 

when using nanocomposite with 15 wt% NWs loading. This is in agreement with the 

piezoelectric coefficient and XRD analysis mentioned earlier in this chapter. As the NW 
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concentration of the used nanocomposite increases, the ME response decreases. The 

ME response is measured (𝛼𝑀𝐸= 1.6 V/cmOe) below that of the reference sample (𝛼𝑀𝐸= 

4 V/cmOe) when using 30 wt% nanocomposite. Significant drop of the ME response 

(𝛼𝑀𝐸= 30 mV/cmOe) is observed when using higher concentration of 50 wt% 

nanocomposite. The higher loadings of NWs lead to significant interruption to the 

polymer ordering of ferroelectric chains [12, 15, 17] 
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Figure 5-27: Summary of the effect of nanocomposite NW concentration on the ME response of the heterogeneous 

nanocomposite/Vitrovac laminates (inset shows rescaled version of red curve). 
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The main conclusions from this study can be summarized here as:  

1. Concentrations of NWs inside the nanocomposites should be maintained around an 

optimum value of around 20 wt% to obtain high piezoelectric coefficients [12].  

2. Extremely high concentrations of NWs cause disruptions of the ferroelectric chains 

and hence cause a significant reduction of the ME coupling [12, 17].  

5.3.3 ME of Fe, Ni and Galfenol NW-Based Nanocomposites  

Prior to ME characterization, all fabricated nanocomposites are electrically poled 

by the high voltage corona set up to enhance the piezoelectricity of the ferroelectric 

P(VDF-TrFE) polymer matrix. All samples are flexible and free-standing with average 

thickness of 20 μm. Here in this section, investigations on the effect of NWs alignment 

and type on the ME voltage coefficient response are discussed. The section starts with 

measurements of the ME coefficient for nanocomposites with random alignment of 

NWs inside the polymer compared with the ones which have aligned NWs. The section 

concludes with the measurements of ME coefficients obtained from Fe NWs-based, Ni-

NWs-based and galfenol NWs-based nanocomposite.   

5.3.3.1 Effect of NWs Alignment 

Fe NWs were selected as NWs fillers to fabricate the necessary nanocomposites 

with random as well as aligned orientation of NWs inside the polymer. The 

nanocomposite used is made with NWs concentration of 25 wt% of 5 μm long Fe NWs 

content. The first nanocomposite is fabricated random orient of NWs. The second 

nanocomposite is fabricated such that Fe NWs are aligned in one direction of the film 
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plane. The alignment procedures were mentioned earlier in the previous chapter 

(chapter 4). 

Figure 5-28 shows the ME voltage coefficient curves obtained from these two 

nanocomposites. The maximum measured 𝛼𝑀𝐸  for the nanocomposite with random 

orientation of NWs is 15mV/cmOe at 2.6 kOe of DC bias. The ME response curve 

obtained from this nanocomposite show isotropic ME response regardless of the 

measuring direction. This is as expected due to the random orientation of NWs inside 

the polymer matrix.  

On the other hand, a clear evidence of the directional dependency of the ME 

response on the direction of the applied fields is observed for the nanocomposite with 

aligned NWs. This result represent the first demonstration of strong anisotropic ME 

response for ME polymer nanocomposites. Maximum ME coefficient measured along 

the NWs aligned direction is 12 mV/cmOe measured at 1.6 kOe of DC bias. 

Both the aligned and the random based nanocomposites showed comparable 

values of ME coefficients. Nevertheless, maximum 𝛼𝑀𝐸 for the nanocomposite with 

aligned NWs is observed to be at much lower bias field than the random 

nanocomposite. This observation is in agreement with the VSM curves shown earlier in 

this chapter (Figure  5-20, Figure  5-21) which shows that nanocomposites with aligned 

NWs saturate at low fields around 1.6 kOe in the aligned direction of the NWs, and 

nanocomposites with random NWs saturate at much higher fields close to 3 k Oe.   
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Figure 5-28: Effect of NWs alignment on the ME response for Fe NW-based nanocomposite with 25wt% of Fe NWs.  a) 

random NWs alignment, b) aligned NWs  

This observation suggests that the primarily contribution of the ME response 

measured for nanocomposites is the magnetostriction of the NWs inside the polymer. 

More interestingly, alignment of NWs proved an effective approach to fabricate novel 

nanocomposites with anisotropic ME behavior.  
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5.3.3.2 Effect of NWs Material  

As evident from the NWs alignment study above, ME effect in nanocomposites 

with aligned NWs originates mainly from the magnetostriction effect of the aligned 

NWs. Therefore, NWs with a higher magnetostriction would yield, in principle, stronger 

ME coupling. In this study, galfenol NW-based ME nanocomposite is developed for the 

first time and results are compared to Fe and Ni NW-based nanocomposites.  

The three developed nanocomposites are made with Fe NWs, Ni NWs and galfenol 

NWs. NWs concentrations is kept at 25 wt% for all of the samples to get 

nanocomposites with good piezoelectric properties. . The first nanocomposite is made 

with 5 μm long Fe NWs, the second is made with 8 μm long Ni NWs and the last one is 

made with 3 μm long galfenol NWs. Furthermore, all nanocomposites are fabricated 

such that NWs are aligned inside them. Figure 5-29 shows ME measurements for the 

different fabricated nanocomposites. From the results shown, the maximum 𝛼𝑀𝐸 

obtained for the Fe NWs-based nanocomposite is 12 mV/cmOe and for the 

nanocomposite made with Ni NWs is 30 mV/cmOe. On the other hand, the galfenol 

based nanocomposite showed higher maximum 𝛼𝑀𝐸   of 80 mV/cmOe.  

   

 



160 
 

-2000 -1000 0 1000 2000

-20

-10

0

10

20

-20

-10

0

10

20

Nanocomposite with Fe NWs

 

 

 

H
DC

(Oe)




(m

V
/c

m
O

e
)

 Aligned directionb)
 Non aligned direction

-2000 -1000 0 1000 2000

-40

-30

-20

-10

0

10

20

30

40

-40

-30

-20

-10

0

10

20

30

40

 

Non-Aligned direction

 

 

 



(m

V
/c

m
O

e
)

H
DC

(Oe)

Nanocomposite with Ni NWs

b)

Aligned direction

-2000 -1000 0 1000 2000

-120

-80

-40

0

40

80

120

-120

-80

-40

0

40

80

120

Aligned direction

 

 

 



(m

V
/c

m
O

e
)

Nancomposite with Galfenol NWs

H
DC

(Oe)

c)

 Non aligned direction

 
Figure 5-29: Effect of NWs material on the ME response in nanocomposites with 25wt% of NWs contents, a) : 

nanocomposite with Fe NWs, b) nanocomposite with Ni NWs, and c) nanocomposite with galfenol NWs. 
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From the above measurements, it is clear that the galfenol NW-based 

nanocomposites shows the highest ME coefficient that the other two. This is attributed 

to the magnetostriction of galfenol which is higher than Ni and Fe. Ni NWs-based comes 

in the second place and then Fe NW-based nanocomposites at last which has the lowest 

magnetostriction constant among the three. Going back to Table 2-2, we can see that 

magnetostriction of Ni (~-40 ppm) is about double that of Fe (20 ppm). Based on this 

relation and the fact that measured ME coefficient for the Ni based nanocomposite is 

about two times higher than that of Fe based counterpart, we can assume a linear 

relation of 𝛼𝑀𝐸 with the magnetostriction of the fillers. Utilizing this assumption, the 

magnetostriction of the galfenol NWs fabricated in this dissertation can be further 

estimated from the ME coefficients obtained from its nanocomposite. Since 

𝛼𝑀𝐸  obtained from galfenol NW-based nanocomposite is about 7 times that of Fe NW-

based nanocomposite, the magnetostriction of galfenol can be estimated to be around 

~140 ppm. Looking at the reported magnetostriction values of bulk galfenol 

(Figure 5-30) as a function of Ga content, the estimated value is a bit lower than the 

corresponding value of Fe86Ga14 (~200 ppm). This discrepancy could be related to the 

fact that the direction of highest magnetostriction is misaligned with the NW’s long axis 

(Figure 5-13). This demonstrates that measurement of the ME effect of NW-based 

nanocomposites can be used to estimate the magnetostriction of the magnetic filler in 

their dispersed state and at the nanoscale. 
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One important observation for the Ni NWs based nanocomposite is that the 

measured ME voltage shows a decreasing tendency when applying a positive DC 

magnetic field bias, unlike the case for the Fe or galfenol based nanocomposite. This 

behavior can be fully attributed to the negative magnetostriction of Ni, whereas Fe and 

galfenol both possess positive magnetostriction  

 

Figure 5-30: Magnetostriction of FeGa as a function of Ga content [20, 21] 

The above ME response curves confirm that the ME coupling is driven by a strain 

mediated effect and mainly due to strain transfer caused by the non-linear 

magnetostriction effect of the NWs. The highest ME response was obtained with the 

galfenol NW-based nanocomposites since galfenol has the highest magnetostriction. It is 

worth noting that these are the first results ever reported for galfenol NW-based 

nanocomposites.  
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6 Summary and Perspectives 

This chapter summarizes the key findings and achievements of this dissertation 

work. Furthermore, the chapter gives an overview of future research perspectives that 

could be done to enhance the ME properties of NW-based nanocomposites. The chapter 

also highlights some remaining challenges that need to be addressed and investigated 

to improve research in this direction. 

6.1 Summary 

The fundamentals of ME composite materials and the parameters that define the 

ME coupling were discussed with the aim of understanding the key factors leading to 

stronger ME coupling. A brief history of the evolution of ME phenomenon was 

presented along with a literature review on ME polymer nanocomposites. Subsequently, 

the experimental techniques used in the fabrication and characterization of ferroelectric 

P(VDF-TrFE) films, electrodeposited ferromagnetic NWs (Fe, Ni and galfenol) and ME 

NW-based nanocomposites were discussed. The experimental setups used for 

measuring the ferroelectric polarization loops, magnetization curves, piezoelectric 

coefficient, ME voltage coefficient were also discussed. Moreover, other 

characterization tools employed in this work were also presented and highlighted.    

Highly uniform and homogenous electrodeposition of high aspect ratio 

ferromagnetic NWs utilizing in-house fabricated AAO membranes was demonstrated. 
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Polycrystalline Fe NWs were electrodeposited by DC and pulsed electrodeposition 

routes. Polycrystalline Ni NWs were electrodeposited by DC electrodeposition method. 

For the first time, single-crystal highly magnetostrictive galfenol NWs were 

fabricated by standard DC electrodeposition method. The electrodeposition of galfenol 

NWs with desired alloy composition (Fe1-xGax, 0.09 < x < 0.20) that is highly 

magnetostrictive was found to be strongly dependent on the working potential. 

Electrodeposition of galfenol was found to occur only at a tiny working potential 

window between -1.08V and -1.18V. Operating outside this window causes hydrogen 

evolutions or results in no electrodeposition at all.  

Morphology and composition of electrodeposited galfenol NWs were examined 

using SEM, HRTEM and EDX. The alloy composition of Fe86Ga14 was obtained, and SAED 

diffraction patterns confirmed single crystallinity of the fabricated galfenol NWs. A study 

of the magnetic properties of individual galfenol NWs was conducted for the first time. 

To this end, MFM was utilized, and a single domain magnetic structure was found. Also, 

two distinctive remanence states were found which were attributed to the 

misalignment of <100> crystalline axis with the NW long axis.  

It was shown that the addition of a moderate amount of ferromagnetic NWs to the 

ferroelectric P(VDF-TrFE) polymer matrix does not have adverse effects on its 

ferroelectric properties. In fact, the addition of small concentration of NWs enhances 

the piezoelectric response as it promotes more 𝛽-phase formations inside the P(VDF-
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TrFE) matrix. However, a higher concentration of NW fillers (more than 45 wt%) 

significantly lowers the piezoelectric response.  

The developed NW-based nanocomposites show pronounced ferromagnetic 

behavior. The magnetic response was found to be directly related to the orientation of 

the NW fillers. Nanocomposites with random oriented NW fillers exhibit an isotropic 

magnetic response, whereas nanocomposites with aligned NW fillers show an 

anisotropic response as measured by VSM.  

Anisotropy of the measured ME effect of the developed nanocomposites was 

found to be correlated with the magnetic anisotropy of nanocomposite. Magnetically 

isotropic nanocomposites showed isotropic ME responses whereas magnetically 

anisotropic nanocomposites exhibit anisotropic ME behavior. This is an important result 

since it gives an additional degree of freedom to optimize the functionality for the 

different needs of specific applications, specifically anisotropic sensors and actuators. 

 Finally, the ME voltage coefficient ( 𝛼𝑀𝐸 ) was found to be proportional to the 

magnetostriction of the NW fillers. Ni NW-based nanocomposites showed higher  𝛼𝑀𝐸 

than Fe NW-based ones. Galfenol NW-based nanocomposites showed the highest 𝛼𝑀𝐸 

(~100mV/cmOe). These results are of great interest as they show that ME coefficient 

can be optimized by using highly magnetostrictive NWs fillers. Referring to Table 2-2, 

the huge reported values (~2400mV/cmOe) obtained by measuring the ME current 

rather than the voltage are questionable. In fact, those two enormous values were 
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conducted by the same research group, and most probably, there is a factor of error in 

their method.  

While galfenol has been extensively used as a bulk material and in thin film form 

before, galfenol NWs have never been utilized in an application. This dissertation work 

demonstrates for the first time the development of galfenol NW-based flexible ME 

nanocomposites. This presented dissertation work gives the potential of using ME 

nanocomposites in flexible electronics applications ranging from wearable portable 

devices to sensors and energy harvesting. 

6.2 Future Perspective 

Findings and results of this dissertation open up the door for several interesting 

investigations in the future. Having developed a fabrication process for single crystal 

galfenol NWs, an in-depth study of their magnetostrictive properties in comparison with 

the properties of their bulk form will be of great interest from a general point of view.  

The simple fabrication method introduced for galfenol NWs in this thesis is cheap 

and provides the flexibility to change the dimensions of the NWs in a wide range. 

Combined with the strong magnetostrictive properties, the developed galfenol NWs are 

very attractive for future work especially for novel sensor and actuator devices. 

The use of surfactants during the fabrication of ME nanocomposites can be 

explored to improve dispersion efficiency of NWs inside the polymer. Moreover, 

fabrication of a nanocomposite using a combination of several NWs, with different 

magnetic properties, can allow making an entirely tunable new generation of ME 
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nanocomposites with tailored ME properties. This could be useful for new applications 

requiring simultaneous magnetic fields with different intensities.   
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APPENDICES 

APPENDIX A: Supplementary Information on Magnetic NWs Electrodeposition 

 

The chemical solutions used for the fabrication of AAO membranes are listed in 

the following Table  0-1 along with their preparation methods: 

 

Function 
Solution 

Composition 
Formula Preparation 

Electropolishing 
Perchloric acid  

ethanol 

HClO4  

C2H5OH 

25ml of 70% HClO4 into 75ml of 

C2H5OH 

Anodization Oxalic acid C2H2O4 
3.78g of 99.5% C2H2O4 into 100ml of 

DI water 

Alumina Etching 
Chromium(VI) oxide  

Phosphoric acid 

CrO3    

H3PO4 

1.8g of CrO3 to 50ml of DI water 

then 5.76g of 85% H3PO4 and 

complete with water to 100ml 

Aluminum Etching 
Copper(II) chloride 

Hydrochloric acid 

CuCl2.2H2O  

HCl 

100ml of 37% HCl into 100ml of DI 

water then 3.4g of CuCl2.2H2O 

Pores Opening Phosphoric acid H3PO4 
30mg of 85% H3PO4 into 500ml of DI 

water 

Table 0-1: Chemical solutions used for the fabrication of AAO membranes 

 

The Electrodeposition solution compositions for Fe, Ni and galfenol NWs are 

shown in the following Table 0-2. The quantities are given in grams per one liter of DI 

water. All deposition solutions have to be kept inside a fume hood and purged with 

nitrogen to prevent oxidization. 
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NW 

Material 

Nickel (II) 

sulfate 

 

NiSO4.6H2O 

Nickel (II) 

chloride 

 

NiCl2.6H2O 

Iron(II) 

sulfate 

 

FeSO4.7H2O 

Gallium(III) 

sulfate 

 

Ga2SO4.H2O 

Sodium 

Citrate 

HOC(COONa)(

CH2COONa)2 · 

2H2O 

Ascorbic 

acid 

 

C6H8O6 

Boric 

acid 

 

H3BO3 

Nickel 

(Ni) 
300g/L 45g/L -- -- -- -- 45g/L 

Iron  

(Fe) 
-- -- 45g/L -- -- 1g/L 30g/L 

Galfenol 

(Fe-Ga) 
-- -- 4.17g/L 7.8g/L 10.3g/L -- -- 

Table 0-2: Electrodeposition solution composition for Ni, Fe and galfenol NWs  

 

.  

 

 

 

 

 

 

 



172 
 

APPENDIX B: Supplementary Information on Magnetoelectric Measurements 
 

Table 0-3 lists the equipment used in the experimental set up for measurements of 

the ME voltage coefficient using the dynamic Lock-in amplifier method: 

Equipment Model Manufacturer 

Digital lock-in amplifier SR-850 Stanford Research Systems 

DC source meter 2400-C Keithley Instruments 

Electromagnet EMU-75 SES Instruments & Pvt. Ltd. 

High speed bipolar amplifier  HAS 4012 NF Corporation 

Bipolar operational amplifier BOP 100-4M KEPCO, Inc. 

Hall effect gaussmeter 6010 Pacific Scientific 

Table 0-1: List of equipment used in the ME measurement set up  

Helmholtz coils: 

The Helmholtz coils was prepared in house with two coils of radius and coil 

separation of 25 mm. The coils were made with 30 turns per coil using Litz wires with 

size of 40/46 American Wire Gauge.  

Measurement settings: 

The lock-in amplifier is used to internally provide the AC signal to the Helmholtz 

coil through the high speed bipolar amplifier. The same signal’s frequency is taken as 

the reference frequency by the lock-in amplifier. The small AC single from the 

Helmholtz ℎ𝐴𝐶  is fixed at 2 Oe with 1 kHz in frequency. for all ME measurements. The 
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lock-in amplifier is set at floating ground and differential input with minimum loop areas 

to keep the experiment ground isolated from the grid noise and to eliminate any 

induced and unwanted noise pick up to the measured small signal voltage. Figure 0-1 

shows schematics for the differential input setting for the lock-in amplifier. The time 

constant of the lock-in amplifier is set at 100ms and the dynamic reserve is set at 

maximum (100 dB). Measurements are acquired and recorded by a Labview program.   

 

 

Figure 0-1: Schematics showing the differential mode connection and floating ground setting of the lock-in 

amplifier (from SR850 manual)   
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