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Abstract

Modeling of magnetoelectric composite structures

Tomás Ignacio Muchenik Ceña

Novel models to predict magnetoelectric (ME) properties of composites made of piezoelec-

tric (PE) and piezomagnetic (PM) phases is proposed. Two different composite arrangements

are used: laminate and particulate. ME properties for laminate arrangement are obtained

by applying the multiphysics equations for all four possible laminate configurations (TT,

LT, TL, and LL), with appropriate boundary conditions. Closed form, explicit formulas are

derived for the calculation of the ME charge and voltage coefficients as a function of mate-

rial properties of both phases and PM volume fraction. A new coefficient, the ME coupling

factor, is proposed in order to assess the conversion of magnetic work into electric work.

The predicted ME voltage coefficient is in agreement with previous work and experimental

data. A new approach is proposed to take into account the conductivity of the PM phase,

resulting in calculated ME charge coefficients within 30% of experimental data. The volt-

age, current, and electric power generated by unit of magnetic field applied to the composite

define the intrinsic voltage, current, and power conversion factors. Since the PM phase of

the composite has a higher magnetic permeability than the surrounding medium, a far filed

magnetic field is not fully utilized due to demagnetization. Thus, novel explicit equations

are developed here to calculate the extrinsic voltage, current, and power conversion factors

accounting for demagnetization. The proposed formulation is applied to various materials



and geometries to illustrate the process of material and device-geometry selection leading

to an optimum design. The magnetoelectric (ME) properties of particulate composites are

calculated using Eshelby theory and two homogenization techniques: dilute approximation

and Mori-Tanaka mean field theory. A method that allows the calculation of all ME prop-

erties under any boundary conditions is proposed. These boundary conditions are dictated

by the experimental configuration, e.g. films on a substrate, free-standing composites, etc.

Predictions are compared with calculations reported by Harshe et al. and Nan et al., and

good correlation is obtained with those, but to achieve good correlation with experimental

data, the conductivity of the piezomagnetic (PM) phase must be taken into account, and

a method is proposed to that effect. Percolated composites do not have any piezoelectric

(PE) or ME properties because the charge leaks through the conductive PM phase. The

experimental parameters that influence the percolation threshold are discussed and the best

particulate composite design is proposed. Unlike previous models that did not account for

conductivity, correlation between the proposed model and experimental data is much better.
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Chapter 1

Introduction

1.1 Objective

In the present work, multiphysics models are presented to predict the ME properties for both

laminate and particulate composites. In the case of ME laminate composites the current

models in literature deviate from experimental results because they do not consider the high

conductivity of the PM phase. The objective of this work is to properly account for this and

obtain good correlation with experimental data. The ME properties calculated in literature

do not address the applications for energy harvesting. The objective of this work is to develop

a ME coupling factor to calculate the electric power that can be harvested by a ME composite

when exposed to magnetic fields, and vice versa. If the magnetic field is not applied directly

into the boundaries of the composite, a demagnetizing effect will reduce the applied magnetic

field. The objective of this work is to account for this demagnetizing effect and define the

extrinsic ME properties. The final objective is to design and select the optimum material

combination from the available PM and PE phases, optimum volume fraction and optimal

configuration, as a function of the desired device aspect ratio.

In the case of ME particulate composite, the implications of the conductive PM phase

are more important. For example, the fabricated ME particle composites, reported in the

1
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bibliography, that have PM phase as a matrix do not show any ME output, but the models

in literature predict ME output. Furthermore, these ME properties will also vanish in the

case of percolated PM phase. The objective of this work is to be able to account for the

conductivity of the PM phase to be in agreement with reported experimental data. The

objective of this work is to also account for the effect that different mechanical boundary

conditions (free standing, thin film) have in the ME properties.

1.2 Magnetoelectric effect

There are different ferroic orders, e.g., ferroelectric, ferromagnetic, ferroelastic. The mate-

rials in which different ferroic orders coexist are called multiferroic materials. One case of

these materials are the magnetoelectric (ME) materials, these materials are ferroelectric and

ferromagnetic and at the same time they posses a coupling between these two ferroic orders.

Recently these materials have attracted an increasing interest due to the discovery of new

materials that make possible several applications (For an historical review see section 1.3).

The direct magnetoelectric coupling is the appearance of an electrical polarization P when

a magnetic field H is applied, this can be expressed by the equation:

∆P = β∆Hor∆E = α∆H (1.1)

Where ∆E is the change in the electric field, α is the ME voltage coefficient and β is

the ME charge coefficient. This means that the electric polarization can be changed with an

external magnetic field or a voltage can be produced with a magnetic field if the material

possesses ME coupling. The ME materials not only posses direct ME effect, they also posses

the so called converse ME effect. The converse ME effect is the appearance of a magnetization

(magnetic polarization) M when a electric field is applied. This can be expressed with the

following equation,
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∆M = γ∆E (1.2)

This means that the magnetization of the material can be modified with an external

electric field by the converse ME effect that the ME materials posses. In order to obtain

these relations between the electric and magnetic fields in a non homogeneous material and

using Cartesian coordinate system a more general deduction has to be made [1]. To do this

first the expansion of the free energy of a material has to be considered

F ( ~E, ~H) = F0 − P S
i Ei −MS

i Hi

−1

2
ε0εijEiEj −

1

2
µ0µijHiHj − αijEiHj

−1

2
βijkEiHjHk −

1

2
γijkHiEjEk − . . . (1.3)

with ~E and ~H as the electric field and magnetic field, respectively. Differentiations leads

to the polarization

Pi( ~E, ~H) = − ∂F
∂Ei

(1.4)

= P S
i + ε0εijEj + αijHj

+
1

2
βijkHjHk + γijkHjEk − . . . (1.5)

and to the magnetization

Mi( ~E, ~H) = − ∂F
∂Hi

(1.6)

= MS
i + µ0µijHj + αijEj

+βijkEjHk +
1

2
γijkHjEk − . . . (1.7)



CHAPTER 1. INTRODUCTION 4

where ~P S and ~MS denote the spontaneous polarization and magnetization and ε̂ is the

electric permittivity and µ̂ is the magnetic permeability. The tensor α̂ correspond to induction

of polarization by a magnetic field or of magnetization by an electric field which is designated

as the linear ME effect. The matrix α̂ shows the coupling between the electric and magnetic

fields in a more detailed way, e.g. when a magnetic field is applied in the x direction an electric

polarization can be generated in the y direction because of the non diagonal components of

α̂. Another advantage of the tensor notation is that shows the non homogeneous behavior of

the ME materials, e.g. when a single crystal is used, the different orientations shows different

ME coupling and as it will be discussed afterwards the laminate composite materials that

present a huge anisotropy since they have ME coupling in only one direction. After the α̂

matrix there are higher orders of ME coupling that are not linear e.i. β̂ and γ̂. In the vast

majority of research on the ME effect this higher order coupling is not investigated and the

ME effect is considered to be only the linear ME effect, a convention that will be used in this

work also.

Since the first observation of the ME effect a lot of research has been made due to the

potential applications, e.g., magnetic sensors, energy harvesters, memory devices, etc. The

most promising applications will be summarized in section 1.6. In order to make these ap-

plications possible a high linear ME coefficient at room temperature is required. Historically

several approaches have been made to achieve these properties in single phase materials and

composite materials. These different approaches are reviewed in the next section.

1.3 Historical review

The first important achievement in the area of ME effect was made by Rontgen in 1888 [2].

He showed that a dielectric material that is moving can be magnetized when an external

electric field is applied. This effect is known as the direct ME effect. After this discovery

the converse ME effect was observed by Wilson [3]. He measured the electric polarization of
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a dielectric material (in this case ebonite) when it is set rotating in a magnetic filed parallel

to the axis of revolution. He found out that the produced polarization is proportional to

the applied magnetic field. In 1894 Pierre Courie [4] first proposed that the ME effect

was possible in static materials. He proved this by crystal symmetry considerations, i.e.

an asymmetric molecule may become magnetically polarized when one places them in an

electric field. He was not able to quantify the effect, meaning that he did not know if

it was feasible to measure the effect and under what conditions e.g. temperature of the

experiment. The term “magnetoelectric” was coined by Debye [5] a few years after the

first (unsuccessful) attempts to demonstrate the static ME effect experimentally. The ME

effect was experimentally discovered by Rado et al. [6] back in 1961 using single crystal

Cr2O3. They found that the voltage produced was proportional to the applied electric field.

Additionally they characterized the ME response as a function of the temperature, this results

can be seen in Figure 1.1. A clear disadvantage of this material is that does not present ME

response at temperatures higher than −70 ◦C. Another drawback of these ME materials is

that the ME coupling is really small for technical applications like ME sensors or harvesters,

the maximum value, that can be seen in the Figure 1.1, is 4.13 ps m−1 at 263 K according to

[1, 7]. In order to increase the ME coefficient several works have been made in materials with

other compositions. As a result of this work about 80 materials were found that displays

ME effect [8]. The three largest coefficients have been observed for LiCoPO4, yttrium iron

garnet (YIG) and TbPO4. The ME effect in LiCoPO4 was reported by Rivera [7]. In this

case the value of the ME coupling was 30.6 ps m−1 measured at 4.2 K. They found that the

Néel temperature was 21.9 K. In the case of YIG a ME effect of 30 ps m−1 was reported by

Krichevtsov et al. [9]. The value of the ME effect reported by Rado et al. in TbPO4 was

36.7 ps m−1 [10]. This value was obtained at a temperature of 2 K.

After these investigations with single phase materials, the interest in the ME coupling

phenomena decreased. This decrease was due to several reasons. With the understanding of

the microscopic mechanisms driving ME behavior it became clear that the coupling would
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Figure 1.1: Voltage induced at different temperatures on the experiment designed by Rado et
al. Reprinted with permission from [6]. Copyright (1961) by the American Physical Society.

hardly exceed about 10 ps m−1, that did not make any application possible. Another reason of

this decrease was that the temperature (Curie or Néel temperature) in which these materials

show ME coupling is far below room temperature. The discovery of the ME composite

materials increased the interest in ME materials again. The drawbacks in the single phase

materials were solved and more degrees of freedom in the design of these composites for

different performance and applications were available.

1.4 ME effect in composite materials

The physical properties of a material that is formed from two or more single-phase compounds

are determined by the properties of the constituents as well as by the interaction between

them. Two effects can be distinguished [11]. First the sum property, is a weighted sum of

the contributions from the constituents phases, the weight being determined by the fractions

of these phases. An effect described by Bi = σiA with i = 1,2 denoting the constituents of
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Figure 1.2: Composite properties; (a) sum properties, and (b) product properties. Reprinted
from [11], Copyright (2002), with permission from Springer.

a two phase composite, will display the sum effect B = σA, with σ = f1σ1 + f2σ2 and fi

as compositional fractions. Density and resistivity are examples of sum properties. Another

effect are the product properties; this refer to effects which are present in the composite, but

in none of its compounds. The effects B1 = σ1A and C2 = σ2B can lead to the product

effect C = σA with σ = φσ1σ2, where φ is a function of the fractions fi and the connectivity

between the constituents. These properties are summarized in Figure 1.2.

Where sum properties denote the average of the effects which are already present in the

constituents of the composite, product properties refer to novel effects originated in the inter-

action between constituents. Composites can therefore be used to generate ME behavior from

materials which in themselves do not allow the ME effect. This is conveniently achieved by

combining magnetostrictive and piezoelectric materials. A magnetic field applied to the com-

posite will induce strain in the magnetostrictive constituent which is mechanically transferred

to the piezoelectric constituent, where it induces an electric polarization. An equation that

represents the mechanical coupling between the piezoelectric and magnetostrictive materials

is:

MEeffect =
electrical

mechanical
× mechanical

magnetic
(1.8)
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1.4.1 Discovery of ME effect in composite materials

The idea of synthesizing a composite medium displaying a ME effect was first formulated by

Tellegen in 1948 [12], that is, more than a decade before the first observation of intrinsic ME

behavior in single-phase compound. Tellegen suggested a suspension of macroscopic particles

that carry both electric and magnetic dipole moments. Actually, van der Boomgaard et al.

grew the first artificial ME material by combining ferroelectric piezoelectric BaTiO3 and

ferromagnetic CoFe2O4 in an eutectic composite by unidirectional solidification [13, 14].

The strain caused by a magnetic field in the magnetostrictive materials is not linearly pro-

portional to the field strength but is related to the square of the magnetic field strength. This

makes the product property, the magnetoelectric effect in the piezoelectric-magnetostrictive

composites, a non-linear effect unlike the single phase materials where the magnetoelectric

effect is a linear effect over a wide range of the values of the magnetic or electric field [11].

Also the magnetoelectric effect in these composites shows a hysteresis behavior. This makes

the applications of such composites difficult in linear devices. Linearity in such composites

is achieved by applying a bias magnetic field across them so that the magnetoelectric effect

over a short range around this bias can be approximated as a linear effect. The hysteretic

nature of this effect can be used in memory devices, for which there is no necessity of a bias

magnetic field.

In composite materials the ME effect is defined for a weak (up to 10 Oe) ac magnetic

field applied in the presence of a large (up to 10 kOe) dc bias field with frequencies of the ac

field between 100 Hz and 1MHz. The voltage produced by the ac field is proportional to the

ac field amplitude. This establishes an analogy to the linear ME response of the single-phase

compounds and reveals the ME voltage coefficient dE/dH, which is typically specified in

units of mV cm−1 Oe−1. This value is calculated with the following formula:

dE/dH =
Vout
tHac

(1.9)
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Where Vout is the voltage measured by the amplifier, t the thickness and Hac is the AC

magnetic field applied. Depending on the growth conditions the composition used by van

der Boomgaard et al. revealed ME voltage coefficients of up to 130 mV cm−1 Oe−1, which

corresponds to α = 720 ps m−1. Thus, even the earliest experiments on composite magne-

toelectrics the ME response exceeds the largest values observed on single-phase compounds

by more than an order of magnitude [13].

The use of the product properties in ME composites, given by the equation 1.8, is a

mighty addition to the ME coupling phenomena. These composites can be tunned to opti-

mize the performance in each particular application, examples of the new variables in ME

composites are; the stoichiometry between the piezoelectric and magnetostrictive phases and

the microstructure of the composite.

1.4.2 ME composites made by ceramic sintering

After the work done by van der Boomgaard et al. [13] several works have been made using

ceramic double sintering process. The unidirectional solidification used by van der Boom-

gaard et al. requires high temperatures and a critical control over the composition especially

when one of the components (oxygen) was gas in order to avoid unexpected third phases in

the composite. The ceramic sintering is a much easier and cheaper ME composites fabrica-

tion technique compared with unidirectional solidification. Moreover, molar ratios of phases,

grain size of each phase , and sintering temperature are easily controllable.

There are three important issues in the fabrication of ME particulate composites that

must be addressed in order to achieve a high ME voltage. First, no chemical reaction should

occur between the piezoelectric and magnetostrictive materials during the sintering process.

The chemical reaction may reduce the piezoelectric or magnetostrictive properties of each

phase. Second, the resistivity of magnetostrictive phase should be as high as possible. If the

resistivity of magnetostrictive is low, the electric poling becomes very difficult due to leakage

current. Also, the leakage current reduces the magnetoelectric properties of the composites.
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When the ferrite particles make long connected chains (percolation), the electric resistivity of

composites is reduced significantly, because of the low resistivity of ferrite. Therefore, good

dispersion of the ferrite particles in the matrix is highly required in order to sustain sufficient

electric resistivity of the composite. Third, mechanical defects such as pores in the interface

between two phases should not exist in the composite for good mechanical coupling.

An example of this is the work done by Kothale et al. [15]. In this work they mixed

Cu0.6Co0.4Fe2O4 and Ba0.8Pd0.2TiO3 powders and sinter them at 1050 ◦C. In this work,

they did not observe any phase interaction between the ferrite and the ferroelectric phase

characterized by XRD. They analyzed different stoichiometries; 15, 30 and 45 % of magne-

tostrictive phase. The maximum value of ME coupling was achieved for the lowest amount of

magnetostrictive phase. This is due to the fact that when high amounts of magnetostrictive

phase are added, the leakage currents drastically decrease the ME coupling.

Another work in ME composites obtained by conventional ceramic sintering is the work

made by Zhai et al. [16]. They used CoFe2O4 for the magnetostrictive phase and PZT

for the piezoelectric phase. They characterized the piezoelectric constant (d33) for different

PZT compositions and they found that the presence of CoFe2O4 decreases the piezoelectric

properties, these results can be seen in Figure 1.3. By adding 10 vol% of CoFe2O4 to the

PZT, the d33 decreases three times and when the amount of PZT is equal to the CoFe2O4

the piezoelectric response is zero. The reason for this is that the resistance of the ferrite is

much smaller than that of PZT. This makes the current leak through the composite. When a

composite contains too much ferrite, it cannot be poled at high voltage for its low resistance

and as a consequence cannot get a good piezoelectric effect.

The Figure 1.4 shows the ME voltage coefficient for various PZT contents. With low PZT

content, there is no ME effect due to d33 = 0. As PZT content increases, the dE/dH of the

composites increases due to the increase in d33. The composites with 80 vol% PZT shows the

higher ME voltage coefficient, with a value of 30.2 mV cm−1 Oe−1. At higher PZT content

the magnetostriction of the composites is small which leads to the decrease in dE/dH.
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Figure 1.3: Variation in piezoelectric properties for different PZT contents. Reprinted from
[16], Copyright (2003), with permission from Elsevier.

Figure 1.4: Variation of the magnetoelectric properties for different PZT contents. Reprinted
from [16], Copyright (2003), with permission from Elsevier.
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Another work in sintered composites is that of Ryu et al. [17]. In this work they used

PZT as the piezoelectric phase and NiCo0.05Cu0.05Mn0.1Fe1.8O4 as a magnetostrictive phase.

They used this Ni-ferrite because of its high magnetostrictive coupling and high resistivity

They used different compositions of the Ni-ferrite and different sintering temperatures, from

1100 to 1300 ◦C to investigate the sintering behaviors, microstructures and piezoelectric and

magnetoelectric properties of these particulate composites. The particle size of the Ni-ferrite

phase obtained by solid state sintering was in the order of 3 µm. After mixing the powders

and sintering, they did not find any additional phase formation but the peak intensity of the

ferrite phase decreased when sintering at 1300 ◦C. This can be due to the diffusion of the Fe

ions into the piezoelectric phase. This detrimental effect can be seen in the piezoelectic and

in the magnetoelectric properties. When the temperature was increased from 1150 to 1250 ◦C

the ME effect increased due to the better connectivity between the ferrite and the PZT grains.

With regards of ferrite composition they found that when the concentration is increased the

agglomerated clusters size increased. This leads to a decrease in the piezoelectric properties

and increase of the conductivity. At the same time, with higher amounts of ferrite phase

the magnetostriction of the composite increases. This gives a compromise to obtain the

maximum ME coupling. As a result of this study they obtained an optimum ME coefficient

of 115 mV/cm Oe for a 20% ferrite particulate composite sintered at 1250 ◦C.

In order to improve the connectivity of the particulate composite, Laletin et al. [18]

analyzed the influence in the particle surface area (particle size) in the ME effect of the

composite. As a piezoelectric phase they used TsTBS-3 barium lead zirconate titanate and

as a magnetostrictive phase they used NiFe1.9Co0.02O4. They had chosen this Ni-ferrite

because of it’s high resistivity, 9 × 109Ω cm, that can improve polarization and ensures

higher ME performance. In this work they used specific surface areas from 0.8 to 7.6 m2/g

and sintering temperatures from 1130 to 1210 ◦C. The effect of the surface area change and

temperature can be seen in Figure 1.5; the ME effect increases when the surface area increases

and when the sintering temperature increases. There is a 60% increment of the ME coupling
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Figure 1.5: ME voltage coefficient for powders obtained at sintering temperatures of (1)
1130, (2) 1170, and (3) 1210 ◦C. Reprinted from [18], Copyright (2012), with permission
from Springer.

with the increment in the surface area. This is due to the formation of an homogeneous

composite material given by the better dispersion, improvement of the dielectric properties,

increase of the contact area between phases and increase of the density of the material. The

maximum ME effect coupling that they obtained was 107.9 mV/A, that is 85.9 mV/Oe cm,

for the samples sintered at 1210 ◦C with a powder surface area of 6.5 m2/g.

As it was demonstrated before, smaller particle sizes improve the ME performance in

particulate composites but this effect is valid for grain sizes bigger than 1 µm. This was

demonstrated by Adnan Islam et al. [19]. They studied the effect of the particle size, in the

nm region, in PZT - 20% CFO particulate composite. They found that the ME coupling

decreases when the grain size is smaller than one micrometer and the bigger drop is noticed

when the grain size is smaller than 200 nm. This is due to the fact that the domain wall

motion is restricted with the grain boundaries in piezoelectric materials. For larger grains,

where the size of the domain is smaller than the size of the grains, the movement of the
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Figure 1.6: Effect of ferroelectric grain size on (a) the piezoelectric and dielectric and (b)
ME coupling of PZT - 20% NZF composite. Reprinted from [19].

domain walls is easier. On the other hand, in small grains, the movement of domain walls

is restricted by the grain boundary. As a result during poling, the domain switching will be

difficult which reduces the piezoelectric properties [20]. This will be explained in more detail

in section 1.4.3. The results obtained by Adnan Islam et al. can be seen in Figure 1.6. The

ME coupling increases from 54.4 to 157.5 mV/cm Oe when the particle size increases from

97 to 830 nm, respectively. For higher particles sizes the influence is not as important as it is

in the nm range. This shows the importance of the grain size with the final ME properties.

Another approach to reduce the electric percolation, leakage currents, is the coating of the

magnetic phase as it was made by Nan et al. [21]. He used Tb-Dy-Fe alloy (called Terfenol-

D) as a magnetic phase, PZT for the piezoelectric phase and PVDF polymer binder. In this
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Figure 1.7: ME coupling for different f (Terfenol-D %) without (solid dots) and with (open
dots) surfactant. Reprinted from [21], Copyright (2003), American Institute of Physics.

approach, since the Terfenol-D cannot be heated to high temperatures, a polymer is used

to sinter the composite at low temperature ∼ 190 ◦C and be able to mechanically transfer

the stress generated by the magnetostrictive phase to the piezoelectric phase. A surfactant

was added to the Terfenol-D in order to investigate the influence of the particle coating

with the leakage currents. The results obtained can be seen in the Figure 1.7. It can be

observed that, the addition of the surfactant do not increase the amount of magnetic phase

that can be added without having the percolation produced by the leakage currents. Also,

the addition of the surfactant decreases the ME coupling; this is due to the decrement of the

mechanical transfer of the deformation generated in the magnetic phase. Using Terfenol-D

instead of oxides like CoFe2O4 decrease the amount of magnetic phase that can be added

without having leakage currents to 6%. This is the reason why in this system the maximum

ME coupling that can be obtained is 42 mV/Oe cm.
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1.4.3 Laminate composites

In order to improve the particulate composites different sintering temperatures, grain sizes

and mole fractions were examined as summarized in Section 1.4.2. However, in spite of all

these efforts substantial improvement of the ME response of these particulate composites

beyond ∼ 100 mV/Oe cm was not achieved, although theories predicted voltage coefficients

one or two orders higher than the observed ones. Several reasons for this discrepancy were

identified;

• Atomic diffusion between the magnetostrictive and piezoelectric phase generate atomic

impurities and sometimes some non desired phases are generated. This is generated

due to the high sintering temperatures used to sinter the composite materials (∼ 1200

◦C).

• Mechanical defects between the magnetoelectric and the piezoelectric phase in order

to ensure the mechanical transfer of the stress generated in the magnetic to the piezo-

electric material cannot be achieved. These defects can be pores or microscopic cracks

between the constituents, in order to decrease the porosity and cracks the sintering

temperature has to be increased but this has a negative effect because the atomic dif-

fusion increases when the temperature is increased. A compromise between these two

effects has to be made in order to obtain the optimum performance. Another option

is to change the solid state sintering technique for other techniques where composite

without cracks or porosity is obtained at a lower temperature.

• High leakage currents when the magnetic phase composition is increased over 20%. This

is due to the percolation of the conductive magnetic phase. This makes a challenge

to electrically pole the piezoelectric phase and in addition the ME effect is drastically

decreased due to the high leakage currents. Therefore good dispersion of the conducting

phase in the piezoelectric matrix in order to avoid contact between particles and reduce

the leakage currents is required to improve the ME coupling. With this objective Nan
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et al. [21] used a coating of the magnetic particles to decrease the contact between them

and decrease the conductivity, but as a result of this the ME coupling was decreased.

These obstacles were overcome in 2001 by using laminar instead of particulate composites.

This discovery was made by Ryu et al. [22, 23]. In this work they stacked, in a sandwich

structure, two Terfenol-D disks with a PZT disk. In order to ensure the conductivity of the

junction they used silver epoxy to bound the disks. A picture and schematic of the laminate

structure can be seen in Figure 1.8. As a result of this structure the ME coupling was

increased to 4680 mV/Oe cm. This value is 40 times higher compared to the ME coupling

obtained in the particulate structures. This is mainly because of two reasons; first the leakage

currents in the piezoelectric phase are suppressed since the magnetic and piezoelectric phase

are not connected and secondly the magnetic and piezoelectric laminae can be fabricated on

their own and then be bounded with conductive epoxy at low temperature which prevents

from any kind of interaction between the phases. Different PZT compositions were studied in

this work and they found that the ME voltage depends linearly with the piezoelectric voltage

coefficient (g33).

The ME response of the laminated composites is determined by four major aspects which

will be discussed; (i) the magnetic, electrical and mechanical coefficients of the constituents,

(ii) the respective thickness and number of piezoelectric and magnetostrictive layers, (iii) the

type of bonding between constituents, (iv) the orientation of the constituents and the applied

fields.

Materials selection

As it was described before, the materials properties used has a significant effect in the

output ME effect. An example of this is the use of different piezoelectric phases in the

work made by Ryu et al. [11]. In order to improve the ME coupling he changed the PZT

for Pb(Mg1/3Nb2/3)O3 − PbT iO3 PMN-PT single crystal, using the same thicknesses and

Terfenol-D laminaes. The piezoelectric voltage coefficient (g33) of the PMN-PT and PZT
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Figure 1.8: Magnetoelectric laminate composite using Terfenol-D and PZT disks. (a)
schematic structure, and (b) photograph of the device. Reprinted from [23], Copyright (2001),
John Wiley and Sons.

are 44.45 and 26.11 mV m/N, respectively. As a result of the increase of the piezoelectric

coefficient, the ME voltage increased from 5.1 to 10.3 V/cm Oe for the PZT and PMN-PT,

respectively. An increase of 70 % in the piezoelectric constant is transformed into an increase

of 101 % in the ME response.

Another example of different piezoelectric phases is the work made by Mori et al. [24].

In this case they used polyvinylidenedifluoride (PVDF) instead of lead based piezoelectric

materials. The PVDF has a g31 of 216 V m /N that is almost 5 times higher compared to

the lead piezoelectrics. In this case the Young’s modulus must be considered as well because

the stress generated in the piezoelectric phase is highly dependent on the Young’s modulus.

Particle size is another factor that influences the properties of the piezoelectric and mag-

netic phases. By controlling the particle size, the electric and magnetic properties can be

optimized and as a result an optimum ME coefficient can be achieved. Several works to

study the influence in the particle size in the piezoelectric coefficient of the PZT have been
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Figure 1.9: Grain-size dependence of remnant polarization Pr and hydrostatic coefficient dh
for niobium-doped PZT (52/48). Reprinted from [20], Copyright (1998), John Wiley and
Sons.

made. An example of this is the work conducted by Randall et al. [20]. In order to obtain

different grain sizes they sintered PbZr0.52Ti0.48O4 at different temperatures, as it can be

expected the grain size increased with the sintering temperature. After this, they measured

the remnant polarization and hydrostatic piezoelectric coefficient; these results can be seen

in Figure 1.9. The figure shows that the polarization and dh has a critical size around 0.8

and 2.4 µm, respectively.

In the case of the magnetostrictive phase there is not much work done but a lot of studies

have been made in the study of the magnetic properties. It was shown by Uestuener et al. [25]

that as particle size decreases (in the µm scale), coercivity increases and for very low value of

particle size ferromagnetic to superparamagnetic transition occurs. It has been shown that

with increasing particle size from 1 nm and above, the magnitude of coercive field increases

and reaches a maximum before dropping again with further increase in size. The particle size

where maximum in coercive field occurs corresponds to the size of the single-domain particle.
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Thicknesses of the layers

Depending on the materials parameters of each layer, the optimum thickness ratio has to be

calculated in order to ensure the optimum ME coupling. When the magnetic phase thickness

is too big, compared with the piezoelectric thickness, the composite will produce a large

deformation but since the piezoelectric phase is too small it will not produce a large electric

field. If we consider the case where the thickness of the piezoelectric phase is bigger than

the magnetic phase, there will be good piezoelectric coupling in the composite but the thin

magnetic phase will not be able to produce a significant strain in the piezoelectric phase. This

is the reason why a compromise of the thickness percentage between the phases is required.

This relationship depends on each individual set of magnetic and piezoelectric materials since

the magnetostrictive and piezoelectric coupling and the elastic modulus has a big influence

on it. A detailed study is made in Chapter 2 and Chapter 3.

Bonding

Different approaches have been made in order to achieve good mechanical bonding and con-

ductivity between the laminae. Ryu et al. [11] used silver epoxy to bond PMN-PT to

Terfenol-D and the laminate was heated to 80 ◦C in order to improve the mechanical prop-

erties of the epoxy.

A similar technique to bond the piezoelectric and magnetostrictive phases is the one used

by Mori et al. [24]. They used 110 µm thick PVDF with silver electrodes and 3 mm thick

Terfenol-D. In order to bond these layers they used conductive epoxy and as a result they

obtained a ME coupling of 1.43 V/cm Oe.

A different approach is the one made by Cai et al. [26]. They fabricated a three phases ME

composite with Terfenol D, PZT and PVDF. They made laminae of particulate composites

using Terfenol D and PVDF and PZT and PVDF. After this two laminae were fabricated they

were stacked and hot molded. Using a hot press ensures good interfacial bounding between

composite layers because of the low melting temperature PVDF polymer. The PVDF is used
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as a matrix binder and after the hot pressing at 180 ◦C it ensures good mechanical transfer

of the stress generated. This structure results in a ME coupling of 90 mV/cm Oe.

Orientation with the magnetic field

The magnetic field can be applied in the longitudinal and in the transverse direction giving

as a result very different ME couplings. A representative study in the influence of the applied

magnetic field is the work made by Srinivasan et al. [27]. They studied the ME coupling

for the transverse and the longitudinal mode in Co1−xZrxFe2O4-PZT laminate composites.

Since the deformations produced in the PZT are small, the voltage generated is proportional

to the deformation that the magnetic phase produces. The magnetic phase can only transfer

the in-plane deformation because the out of plane direction cannot produce any strain in the

laminate structure. Then if we apply a magnetic field in the plane the magnetostriction will

be proportional to λ11 and if the magnetic field is applied perpendicular to the plane the

in-plane magnetostriction will be given by λ13. In the work made by Srinivasan et al. they

measured the magnetostriction λ11 and λ13 for different applied magnetic fields. The results

obtained can be seen in Figure 1.10. It can be clearly seen that the λ11 is two times higher

compared with λ13. Another important factor that can be seen here is that the saturation

magnetization is highly dependent on the composition of the Co1−xZrxFe2O4, when x=0 the

saturation of λ11 is at 5kOe but when x=0.2 and 0.4 the saturation magnetization is 2 kOe

and 0.6 kOe, respectively. The maximum magnetostriction that can be achieved depends on

the composition of the CZFO too, being maximum for x=0 and 0.2.

As it was mentioned before, the ME coupling is directly related with the magnetostriction.

But since the ME effect is measured as the change in voltage with the change in AC magnetic

field the ME effect follows the derivative of the magnetostriction with respect to the applied

magnetic field. This effect can be seen in the Figure 1.11. Here when the magnetostrictive

phase is saturated, there is no voltage generated with the AC magnetic field and the maximum

value of the ME effect is achieved when the slope of the magnetostriction is maximum.
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Figure 1.10: Room-temperature in-plane parallel (λ11) and perpendicular (λ13) magnetostric-
tion versus magnetic field for CZFO bulk samples (x=0, 0.2, 0.4) made from thick films.
Reprinted with permission from [27]. Copyright (2003) by the American Physical Society.

Figure 1.11: ME coupling for CZFO-PZT composite in longitudinal and transverse mode.
Reprinted with permission from [27]. Copyright (2003) by the American Physical Society.
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The effect of the magnetic field and the polarization orientation in the ME properties of

the composite is further discussed in Chapter 2 and Chapter 3.

1.4.4 Resonance frequency

Up to now the influence of the AC magnetic field frequency that is used in order to generate

the ME response has not been discussed. The reason for this is that for the frequency used (1

- 104 Hz) the ME effect remains constant, independently of the frequency. In 2003 Bichurin et

al. investigated the influence of higher AC frequencies in the ME response [28]. They used a

laminate composite made of a multilayered composite, 22 layers, of NiFe2O4 NFO and PZT

with thicknesses of 13 and 26 µm, respectively. The response of this laminate composite with

the frequency can be seen in Figure 1.12. Here it can be seen that this material possesses

an electromechanical resonance at 350 kHz. If we compare the ME coupling at 100 Hz to

350 kHz the values obtained are 30 and 1200 mV/cm Oe. This is an increase of 40 times

when the ME composite is excited at its resonance frequency compared with low frequencies.

This effect in the electromechanical resonance can be seen in the impedance response of the

composite also. When close to the resonance frequency the impedance has a peak, as it can

be seen in Figure 1.12.

1.5 Thin films ME composites

The investigation of ME nano-structured films has recently been accelerated by the advances

in thin-film growth techniques. These techniques have provided routes for novel structures

and phases, and have the properties of traditional functional materials modified by strain

engineering and inter-phase control. An ever-increasing number of works have been devoted

to research of composite ME films in the last seven years. So far, a number of ME films of

ferroelectric (e.g., BTO, PbT iO3 (PTO), PZT and BFO) and magnetic (e.g., CFO, NFO,

Fe3O4, La1−xSrxMnO3 (LSMO) and metals) with different nano-structures (e.g., 0-3 type
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Figure 1.12: Variations of longitudinal ME coupling with different frequencies. The inset,
impedance vs. frequency for a 10-mm disk of PZT. Reprinted with permission from [28].
Copyright (2003) by the American Physical Society.

particulate films, 2-2 type layered structures, and 1-3 type vertical structure) have been

prepared via physical deposition techniques (e.g., PLD, molecular beam epitaxy (MBE) and

sputtering) and chemical processing (e.g., spin coating and metal-organic chemical vapor

deposition (MOCVD)).

Compared with bulk ME composites, composite thin films have unique superiorities. Dif-

ferent phases could be combined at atomic-level, and by precise control of the lattice match-

ing, epitaxial or superlattice composite films can be designed, facilitating the understanding

of ME coupling at atomic scale. The thin film technology allows to integrate ME composites

into a circuit in a confined space. To achieve this, preparation of ME composite thin films

with high quality is highly desired, which can be achieved by utilizing a wide variety of grown

techniques like PLD, MBE, sputtering, spin coating, MOCVD, and more.
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1.6 Applications

1.6.1 Magnetic sensors

The working principle of magnetic sensing in the ME composites is simple and direct. When

probing a magnetic field, the magnetic phase in the ME composite strains, producing a

proportional charge in the piezoelectric phase. Highly sensitive magnetic field sensors can be

obtained using the ME composites with high ME coefficients. The ME composites can be

used as a magnetic probe for detecting ac or dc fields.

Dong et al. developed a trilayer laminate made of Terfenol-D and PMN-PT that shows

induced voltages for magnetic fields down to 10−12T [29, 30]. The induced voltage showed

a linear response with the applied magnetic fields. Different frequencies of the applied mag-

netic field were used, a significant improvement was observed when the resonance frequency

was used. Magnetic fields at ultra low frequencies were detected using a multilayered ME

composite with high ME charge coupling and large capacitance [31]. This sensor reported a

sensitivity of 10−7T at frequencies as low as 10 mHz.

In the case of detection of dc magnetic fields, a small constant drive AC field is required

[30]. This configuration showed a sensitivity limit of about 10−7T , using a constant amplitude

low frequency drive, which can be enhanced to 10−8T under resonant drive.

1.6.2 Magnetoelectric harvesters

The ME composites can also be used as transducers. These specific transducers, that trans-

form magnetic fields and mechanical stresses to electrical energy through the ME coupling,

are called magnetoelectric harvesters. The magnetic and mechanical energy is present in

most environments; this makes them a convenient way to power wireless sensors, mobile

electronics and other devices in remote locations [32]. The environment power sources for

the harvesters can be, vibrations, human motion, acoustic noise, and also electromagnetic

energy coming from the environment such as radio and television broadcasting.
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Recently the wireless technology allow us to place sensors in multiple locations without

the necessity of wires. This allows to monitor factories, the human body and the ocean in

more remote locations [33]. Due to the fact that the wireless sensors do not rely on wires

to transmit the data, they have to be powered with batteries or any other wireless power

system. In the case of wireless sensors powered by batteries, the useful life of the sensor is

determined by the batteries volume. In many of the sensor applications, the replacement of

the batteries is extremely challenging and in some cases impossible. This opens the necessity

of a new system to power these devices and recharge them in order to avoid the replacement

or the volume increment of the batteries.

The first vibration harvesters were made with piezoelectric materials. These devices

transform mechanical vibrations to electrical energy [34, 35]. Here, the amount of energy

generated depends fundamentally on the quantity and form, of the mechanical vibrations

available, and the efficiency of the particular harvester. The harvester can be made with

different geometries in order to achieve the maximum coupling between the environmental

vibrations and the transducer. This requires a tuning of the harvester with the particular

vibrations of the environment; this means that the resonance frequency of the device should

match the frequency of the energy source in order to achieve maximum coupling. The reso-

nance frequency is given by the harvester geometry. Usually, this geometry consists in a frame

that is attached to a mass, when it is exposed to vibrations the frame and the inertial mass

has a relative displacement. This relative displacement can be transformed to energy with

the appropriate transducer, for example a piezoelectric material. The piezoelectric materials

transform the relative displacement to polarization that can be stored with the appropriate

electronics. The mechanical system can be improved with more complex geometries including

hydraulic systems or changing linear displacement to rotary displacement [34].

An example of these devices is the piezoelectric vibrational energy harvester developed

by Andosca et al. [36]. They made a micro scale cantilever with a dead mass in the end.

This structure was constructed using a micro-fabrication technique over a Si wafer. In this
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Figure 1.13: Illustration of the piezoelectric cantilever harvester developed by Andosca et al.
Reprinted from [36], Copyright (2012), with permission from Elsevier.

harvester they used AlN (piezoelectric material) as active material. The main advantages

of AlN over PZT is that it does not have lead, which may cause hazard to the environment

and is easier to deposit using a sputtering station due to the fact that there are less elements

involved and no oxidation is required. An illustration of this cantilever can be seen in Figure

1.13. The cantilever is composed by the structural layers, like the Si and SiO2, and the active

material (AlN) and electrodes (Mo). The end-mass is used to tune the resonance frequency

and increase the strain generated in the piezoelectric material. This device was tested at its

resonance frequency, of 58 Hz, with an external acceleration of 0.7 g (g=9.81 m/s2) and as a

result generated a power of 63 µW. If we consider the volume of the device, 1 cm3, it gives

a power density of 90 µW/cm3g. This harvester was successfully used to power a wireless

sensor node using a Harvester 3 with the THINERGY IPS-EVALEH-01 Energy Harvesting

Evaluation Kit provided by Infinite Power Solutions (IPS; www.infinitepowersolutions.com).

This demonstration was made in the laboratory conditions but in many applications this

harvester could be used due to the fact that the acceleration and frequency used are similar

to those found in industries using 60Hz AC electricity. For other applications the resonance

frequency should be tuned to match the excitation frequency.

In the case of ME harvesters several works have been made since 2003 [32, 33, 37, 38,

39, 40]. Dong et al. [32, 37] developed a ME harvester that can synchronously harvester



CHAPTER 1. INTRODUCTION 28

Figure 1.14: (a)Schematic of the ME laminate configuration and (b) photo of the ME laminate
proposed by Dong et al. Reprinted with permission from [32]. Copyright [2008], American
Institute of Physics.

mechanical and magnetic energy. This was achieved through a ME laminate composite made

of piezoelectric PZT fibers stacked between two magnetostrictive FeBSiC alloy laminae. The

ME laminate configuration can be seen in Figure 1.14. This ME composite is able to harvest

magnetic fields using the longitudinal vibrating mode and harvest mechanical vibration using

the bending mode. Regarding the magnetic harvesting, they applied an AC magnetic field

of 1 Oe. The AC frequency was set at the mechanical resonance (∼21kHz) of the laminate

in order to achieve maximum power. In order to calculate the generated power, they applied

an external load of 50 kΩ, giving a resultant power output of 420µW/Oe. Dividing by the

volume of the harvester, an output power density of 2.1 mW/Oe cm3 was obtained from this

work. Since there are not many magnetic sources at ∼21kHz, they customized the geometry

in order to change the resonance frequency to 20-40 Hz. With this geometry they achieved a

power density of 0.4 mW/Oe cm3. In this work they harvested mechanical vibrations while

magnetic fields were harvested also.
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Figure 1.15: Schematic of the ME laminate configuration proposed by Li et al. Reprinted
from [38], Copyright (2010), with permission from Elsevier.

A similar work was completed by Li et al. [38]. They made a ME energy harvester with

PZT plates and Terfenol-D plate on an ultrasonic horn substrate. The ME composite is

placed over an ultrasonic horn in order to increase the oscillation displacement generated

by the magnetostrictive plate [41]. This composite ultrasonic horn can be seen in Figure

1.15. With this configuration, they obtained a ME voltage coefficient of 2V/Oe and a power

coefficient of 20 µW/Oe at resonance. Dividing by the volume of the device (1.5cm3), it gives

a ME power density of 13.3 µW/Oe cm3. This is six times higher than the ME power output

obtained by Dong et al. [32], showing the advantages of the ultrasonic horn geometry. With

this ME composite they designed an electronic setup that is able to accumulate the weak

power produced by the ME harvester and provide a high power output in a short cycle. This

is achieved by a switching circuit. When the circuit is charging the storage capacitors are in

parallel, and when the circuit is discharged, the capacitors are switched to serial giving as a

result a higher voltage/power for a short period when discharging. This device was used to

power a temperature and humidity wireless sensor node. This sensor was powered wirelessly

by an 1 Oe ac magnetic field generated in the main node. The sensor was successfully

operated at a distance of 60 meter without a loss of data and an operation cycle of 620 ms.
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Figure 1.16: Schematic diagram of the vibration energy harvester proposed by Dai et al.
Reprinted from [43], Copyright (2009), with permission from Elsevier.

A different approach is to use ME composites to harvest mechanical vibrations [39, 40, 42].

In order to achieve this, the devices generate an AC magnetic field from the mechanical vi-

brations, for example a vibrating permanent magnet, and this AC magnetic field is harvested

by the ME composite. At the same time the mechanical vibrations are transmitted to the

ME composite generating more power. This configuration gives, as a result, a more efficient

way to transform mechanical vibrations to useful electric power. An example of these devices

is the one proposed by Dai et al. [43]. In this work they generated an AC magnetic field

with a setup of permanent magnets vibrating due to the mechanical vibrations. This AC

magnetic field was transformed to electrical power with a ME composite. A schematic dia-

gram of the proposed vibration energy harvester can be seen in Figure 1.16. In this case, the

ME composite was made of two layers of Terfenol-D surrounding a PZT layer. The power

density output that they obtained was of 0.47 mW/cm3g. This is 5 times higher than the

electrical power obtained with piezoelectric harvesters.

Another approach was developed by Huang et al. [42]. They developed a ME vibrations



CHAPTER 1. INTRODUCTION 31

Figure 1.17: Schematic and photograph of the rotational vibration energy harvester developed
by Huang et al. Reprinted from [42], with permission from SPIE.

harvester made out of a ME composite composed of two Terfenol-D magnetostrictive layers

and an internal PZT layer with a total thickness of 5 mm. They developed a harvester

that transforms the external vibration energy into a rotation of the ME composite. This ME

composite is set in a constant magnetic field. Due to the relative motion of the ME composite,

the magnetic energy is transformed to an AC magnetic field. As a result of the mechanical

vibrations, the ME composite is able to produce a polarization that can be externally stored.

The schematic of this circular harvester system can be seen in Figure 1.17. This setup is able

to harvest up to 10 mW of electrical power when it is exposed to an acceleration of 0.5 g at

30 Hz. Considering the volume of only the ME composite (1 cm3 in this example) the power

density of this harvester was found to be 20 mW/cm3g. Note that in this calculation only

the volume of the ME composite is considered and not the magnets and the beams needed

for the ME harvester.

Moss et al. developed another setup that transforms mechanical vibrations using a ME

composite [40]. The device consists of a permanent magnet with a ME composite attached

to the top. In order to generate an electric polarization through the ME composite, a chrome

ball is placed on the top of the composite; when the ball vibrates as a reaction of the external

vibrations, it generates an AC magnetic field over the ME composite that is transformed to

electrical power. A schematic diagram of the energy harvester can be seen in Figure 1.18.
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Figure 1.18: Schematic diagram on the energy harvester developed by Moss et al. Reprinted
from [40], Copyright (2012), with permission from Elsevier.

This setup produces a power of 121 µW when a 61 mg acceleration is applied. Considering

the volume of the device (31 cm3), the power density of the device is 0.064 mW/cm3g. This

set up produces 7 times less energy than the proposed by Dai et al., but it shows that different

configurations could improve the performance of the device [43].

A problem with all of the above devices is that the frequency tolerance of the vibration

source is too small; this means that the frequency of the mechanical vibrations has to be close

to the resonance frequency in order to produce a high power output. This is a big drawback,

due to the fact that in nature waste vibrations are present in a broad and non-constant

frequency spectrum. In order to solve this problem, several solutions have been proposed in

literature, such as active/passive tuning techniques [44] and widening of the bandwidth [39].

In active/passive tuning techniques, the parameters of the generator such as the mass or the

stiffness are altered so that the resonance frequency is tuned to match the environmental fre-

quency. In the active tuning technique, this adjustment is done continuously, this means that

the tuning mechanism has to continuously supply power to achieve the resonance frequency

change. Whereas in the case of passive tuning technique, the tuning actuators supply power

initially to tune the frequency, and then turn off after the adjustment, maintaining the new
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Figure 1.19: Schematic of active piezoelectric vibration harvester developed by Roundy et
al. Reprinted from [44], with permission from SPIE.

resonance frequency.

Roundy et al. [44] developed an active tuning device based on a cantilever beam made out

of PZT with two different electrodes. One of the electrodes is used to collect the generated

power produced by the vibrations and the other half is used for frequency tuning. When a

voltage is applied though the tuning electrode the apparent stiffness of the cantilever change

produces a change in the resonance frequency. A schematic of this cantilever beam can be

seen in Figure 1.19. As it was shown in this work, mathematically and experimentally, active

tuning techniques are not feasible because the tuning actuators require more power than

the power that the device can generate. On the other hand, passive tuning techniques also

require actuators and sensors, which increase the complexity and the cost of the device.

Another solution to improve the operational frequency of the harvesters is to widen the
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bandwidth of the generator. Sari et al. [45] developed a generator that instead of using

piezoelectric materials they used a electro-magnetic power generator as a harvester. These

devices consist in a coil and a permanent magnet. The power is generated when the rel-

ative distance between the magnet and the coil is changed, for this the coil is placed over

a cantilever. Under vibration of the cantilever, the relative distance between the coil and

the magnet changes generating an electric power. In order to harvester a broad spectrum

of frequencies, they developed a series of cantilevers with varying lengths in order to obtain

different resonance frequencies of each cantilever. The proposed set up can be seen in the

Figure 1.20 a. They derived an expression for the power output in order to calculate the

optimum cantilever length distribution and correspondent resonance frequency response. In

order to derive this expression, they used the Newton’s 2nd law and an electrical equivalent

circuit. To obtain a broad harvesting frequency the output of different cantilevers is super-

posed. This response was predicted by the expression obtained by Rundy et al. and it can

be seen in Figure 1.20 b. With the results obtained with this analysis, they fabricated an

array of 40 cantilevers with different resonance frequencies. This device generates 0.4 µW

continuously within a frequency band of 800 Hz (4.2-5 kHz).

Another approach to broaden the bandwidth of the harvester was made by Yang et al.

[39]. The system that they developed consists of two cantilever beams, a permanent magnet

and a ME transducer. These two cantilever beams have two different resonance frequencies.

With this configuration if one of the cantilevers is vibrating the relative distance between

the magnets and the ME transducer will change, generating a power outlet. A schematic

diagram of this set up can be seen in Figure 1.21. With this setup they were able to harvest a

bandwidth of 4.6 Hz, from 27.2 to 31.8 Hz giving a constant power output of 2.55 mW/cm3g.
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Figure 1.20: Schematic expected responce of a power generator with (a) only one resonance
frequency and multiple resonance frequencies developed by Sari et al. Reprinted from [45],
Copyright (2008), with permission from Elsevier.

Figure 1.21: Schematic developed by Yang et al. c©[2010] IEEE. Reprinted, with permission,
from [39].
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1.7 Magnetoelectric modeling

Different models had been proposed to predict the magnetoelectric response in composite

structures. All these models predict the magnetoelectric coupling between the piezoelec-

tric and piezomagnetic phase through mechanical coupling. These models are implemented

analytically and numerically using different materials, geometries, and methods.

An important property of the magnetoelectric composites is the electric conductivity.

The conductivity of the composites has to be low in order to maintain the voltage gener-

ated through the thickness or collect the charge. When the conductivity of the composite is

excessively high, the magnetoelectric effect cannot be measured. In the case of a laminate

structure, the conductivity of the composite can be easily calculated and by proper manu-

facture can be kept low. In the case of particulate composites, to keep the conductivity low

is a challenge due to the high conductivity of the magnetic phase. Up to now there is no

model that can predict the conductivity of these particulate composites. This will be further

discussed in Chapter 4.

1.7.1 Analytical models

Harshe1993

The first analytical model of magnetoelectric composites was the one reported by Harshé et

al. [46]. In here the constitutive equations used are the piezoelectric effect:

D = dσ (1.10)

E = gσ (1.11)

g = − d

εT
(1.12)

where D is the electric displacement, d is the piezoelectric coefficient, σ is the stress, E is
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the electric field, g is the piezoelectric voltage coefficient and ε is the dielectric permittivity.

The constitutive equations for the magnetostrictive phase at low magnetic fields and assuming

no hysteresis con be expressed as follows:

s = λH2 (1.13)

where s is the strain, λ is the magnetostriction coefficient and H is the magnetic field. In

this work the magnetostriction was taken as pseudo-piezomagnetic, which means that near

a given magnetic field, H0, the slope of the magnetostriction curve can be assumed to be

constant. This pseudo-piezomagnetism at a bias field H0 can be expressed as:

s = kH (1.14)

where k is the pseudo-piezomagnetic coefficient. These constitutive equations were used

to model a laminate structure, 2-2 composite, using CoFe2O4 as magnetostrictive phase and

BaTiO3 and PZT as piezoelectric phase. Harshé et al. calculated the magnetoelectric voltage

coefficient for different thickness of the piezoelectric and piezomagnetic phase [46]. In order

to obtain the optimum performance a compromise between the thicknesses has to be made.

In addition to this they studied the influence of the dielectric constant in the magnetoelectric

coefficient showing a decrease of the magnetoelectric coefficient when materials with higher

dielectric constants are used.

Harshe1993a

In the second publication by Harshé et al. the same constitutive equations were used to

predict the magnetoelectric voltage coefficient on a 0-3 and 3-0 (piezoelectric-piezomagnetic)

composite structure. This structure consist of cubed particles (piezoelectric or piezomagnetic)
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in a matrix (piezomagnetic or piezoelectric). The properties used for each phase are CoFe2O4,

BTO and PZT. They found that the theoretical magnetoelectric coefficient is one order of

magnitude higher than the laminate structure previously reported. In addition, the composite

structure was fabricated using solid state sintering. The experimental results obtained showed

that the measured magnetoelectric coefficient is two orders of magnitude lower than the

calculated. This is attributed to the high conductivity given by the connected conductive

particles.

Nan1994

In the work of Nan in 1994, the interaction between the piezoelectric and piezomagnetic

phases in a magnetoelectric composite were studied [47]. The piezoelectric and piezomagnetic

phases have linear coupling between the electric fields and deformation and between the

magnetic fields and deformation, respectively. In [47] the magnetic phase is assumed to have

a linear response, piezomagnetic, with the applied magnetic fields.

The work presented by Nan models the magnetoelectric effect by the mechanical cou-

pling between the piezoelectric and piezomagnetic phase described by the equation 1.8. The

constitutive equations used to couple the magnetic-electrical-mechanical interactions in each

phase are:

σ = Cs− eTE − qTH

D = es+ εE + αH (1.15)

B = qs+ αTE + µH

where σ, s, E, H, D, B are the stress tensor, strain tensor, electrical field, magnetic field,

electrical displacement and magnetic induction, respectively. C, ε and µ are the stiffness

tensor (measured at constant electrical and magnetic field) and dielectric and magnetic per-
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meability tensors (measured at constant strain), respectively. e, q and α are the piezoelectric,

piezomagnetic and magnetoelectric coefficient tensors, respectively. Of these tensors, C is a

forth-rank tensor; e and q are third-rank tensors; ε, µ, α, s and σ are second-rank tensors;

E, D, H and B are first-rank tensors.

The piezoelectric phase does not present piezomagnetic or magnetoelectric coupling. This

means that q = 0 and α = 0 reducing the equation 1.15 to:

σ = Cs− eTE

D = es+ εE (1.16)

B = µH

The piezomagnetic phase does not present piezoelectric or magnetoelectric coupling (e = 0

and α = 0), reducing equation 1.15 to:

σ = Cs− qTH

D = εE (1.17)

B = qs+ µH

The mechanical transfer of the stress and strain between these phases gives as a result

magnetoelectric coupling in the composite structure, which is not present in the constituent

phases. In the work presented by Nan the magnetoelectric coupling of the composite was

calculated by using the corresponding boundary conditions and geometry. In this work two

different geometries were used 1-3 and 3-1 (piezoelectric-piezomagnetic) structures. In the

case of the 1-3 structure the piezoelectric is connected in one axis and the piezomagnetic in

the three axis, which represents piezoelectric fibers in a piezomagnetic matrix. And the case
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of the 3-1 piezoelectric-piezomagnetic the piezoelectric phase is connected in one axis and the

piezomagnetic phase in the three axis. This geometry would not allow the piezoelectric phase

to generate an electric field, or electric displacement, in practical applications due to the fact

that the conductivity of the composite would be too high. The conductivity of the magnetic

phase is several orders of magnitude higher than the piezoelectric phase (Conductivity of

Terfenol-D, CoFe2O4 and PZT are 104, 10−2 and 10−8 S/cm). In this model the effect of the

conductivity in the magnetoelectric performance is not evaluated, making it unrealistic.

The magnetoelectric coupling can be defined by measuring the generated voltage or the

charge when a magnetic field is applied. These different coefficients are called magnetoelectric

voltage coefficient and magnetoelectric charge coefficient. In order to measure the voltage the

circuit between the electrodes has to be open to prevent the capacitor to be discharged and

the voltage between electrodes has to be measured. The magnetoelectric charge coefficient is

measured by using a closed circuit and measuring the charge, or current, that is generated as

a response of the applied magnetic field. When these parameters are calculated using models

the corresponding boundary conditions have to be applied. After one coefficient is calculated

the other one can be calculated using the following equation:

α = −β
ε

(1.18)

where α is the magnetoelectric voltage coefficient, β is the magnetoelectric charge coeffi-

cient, and ε is the dielectric constant of the composite in the direction of the electric field or

charge displacement.

The results obtained by Nan show a compromise between the amount of the piezoelectric

and piezomagnetic phase. The optimum volume fraction is different for the case of magneto-

electric voltage coefficient and the magnetoelectric charge coefficient. That is why depending

on the application, where voltage or charge will be measured, different volume fractions have

to be used to optimize the output. In [47] shows that the aspect ratio has a large influence
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in the magnetoelectric coupling. The magnetoelectric coupling shows an increase when the

fibers have a higher aspect ratio.

Osaretin2010

An analytical model to calculate the magnetoelectric coupling in laminate composites was

made by Osaretin et al. [48]. In [48] the constitutive equations are slightly different than

ecuation 1.15, i.e., using stress, σ, as independent variable rather than strain, s:

s = Sσ + dE + qH

D = dσ + εE + αH (1.19)

B = qσ + αTE + µH

where S is the compliance, d is the piezoelectric constant, q is the piezomagnetic constant,

ε is the electric permittivity and µ is the magnetic permeability. In [48] two main modifica-

tions were made in comparison to the work made by Harshé et al.. First, they introduced

the use of coupling parameter, k. Second, they applied different boundary conditions.

The coupling parameter, k, is used to model the non perfect mechanical interaction in

the boundary. This coupling parameter is defined as:

k =
se

sm
(1.20)

where the superscript e and p represents for the piezoelectric and piezomagnetic phase,

respectively. This assumes that the strain induced in one phase may not be completely

transfered to the other phase due to several factors like mechanical defects, bonding material,

etc. These factors are contained and described by the interface coupling parameter. This

parameter cannot be measured experimentally. In some works this parameter is used to fit
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Figure 1.22: Comparison of the analytical model made by Bichurin et al., Osaretin et al.
(k = 1) and measured values by Harshé [49, 48, 46]. Reprinted with permission from [48].
Copyright (2010) by the Americal Physical Society.

the model to the experimental data by choosing the corresponding coupling parameter. This

coupling parameter will not be taken into account in Chapter 2 and Chapter 3 because it is

a fitting parameter which cannot be experimentally measured or proven.

The use of more realistic boundary conditions in this work showed that the results ob-

tained by this model are closer to the experimental results than those of Bichurin and Harshé

[49, 46]. This can be observed in Figure 1.22, were it can be seen that the work made by

Osaretin et al. is closer to the experimental data than the work made by Bichurin et al..

1.7.2 Numerical models

Sun2013

Sun et al. calculated the magnetoelectric coupling of composite structures employing COM-

SOL software [50]. In this work the piezoelectric phase is modeled using a linear relation

between the strain and the electric fields but in the case of the magnetic phase quadratic re-

lation between the applied magnetic fields and the strain was used (similar to equation 1.13).
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In order to calculate the magnetoelectric coefficient the model was made in two steps. First

the magnetostrictive equations were solved and with the obtained results the piezoelectric

system was analyzed. This process was repeated until the system converged.

Two different geometries were studied in this work, 1-3 and 3-0. The 1-3 geometry con-

sisted in 9 piezoelectric rods embedded in a magnetic matrix. This configuration electrically

connects the electrodes through the magnetic phase, since the conductivity of the magnetic

phase is several orders of magnitude higher than the piezoelectric phase. In this case no

voltage or charge could be measured, i.e., all the charge would leak through the magnetic

phase. In the case of the 3-0, the geometry consists in spheres of the magnetic phase in a

piezomagnetic matrix. The geometry was made with 125 spheres randomly distributed, using

Monte Carlo method. In this work only one volume fraction of 12.5 % magnetic phase was

used. In order to obtain an accurate result, 100 different random geometries were randomly

made, calculated and averaged. The materials properties used for these models were the

corresponding to PZT - 5H and CoFe2O4. The results obtained for the 3-0 geometry can be

seen in Figure 1.23.

Bouillault

The magnetoelectric coupling on laminated structures was studied by Bouillault et al. for

sensors applications [51, 52, 53, 54]. The model implemented on COMSOL following a similar

convergence method as Sun et al.. This model was used to estimate the voltage response of

a magnetic sensor using as sensing material a laminate magnetoelectric composite. In this

work the performance of the sensor was measured but the magnetoelectric coupling of the

composite was not measured or discussed.
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Figure 1.23: Results obtained by Sun et al.; (a) particles distributed in a matrix randomly,
(b) output electric field as a response of the applied magnetic field, (c) dE/dH as a funtion
of the input magnetic field, (d) Distribution of the electric potential, (e) total displacement
and (d) magnetization. Reprint with permission from [50]. Copyright [2013], AIP Publishing
LLC.



Chapter 2

Charge, voltage, and work-conversion

formulas for magnetoelectric

laminated composites

A novel analytical model for magnetoelectric (ME) laminate composites made of piezoelectric

(PE) and piezomagnetic (PM) phases is proposed 1. The multiphysics equations are applied

to all four possible laminate configurations (TT, LT, TL, and LL), with appropriate boundary

conditions. Closed form, explicit formulas are derived for the calculation of the intrinsic ME

charge coefficient, ME voltage coefficient, and ME coupling factor as a function of material

properties of both phases and the PM volume fraction. The predicted ME voltage coefficient

is in agreement with previous work and experimental data. A new approach is proposed

to take into account the conductivity of the PM phase resulting in calculated ME charge

coefficients within 30% of experimental data, which is a major departure from the available

approaches that either require to impose an additional constraint on the model or simply

ignore the conductivity of the PM phase. To assess the conversion of magnetic work into

electric work , a novel approach is developed to calculate the ME coupling factor in closed

1This chapter was published in Smart Materials and Structures journal [55]. c© IOP Publishing. Repro-
duced with permission. All rights reserved.

45
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form by using the calculated properties of the ME composite structure, thus avoiding the

equivalent circuit assumption, and furthermore novel coupling factor formulas are developed

for all four polarization/magnetization configurations and taking into account the strain

coupling in both in-plane directions. Using actual material properties, conclusions are drawn

regarding the optimal configuration and PM volume fraction necessary to achieve maximum

charge, voltage, and work conversion.

2.1 Introduction

Interest in magnetoelectic (ME) devices is motivated by potential applications such as sensors

[29], energy harvesters [42, 44, 41, 32, 45, 43, 40], and solid state memory [56]. Although ME

materials exist in nature [6], their ME charge coefficient β is too small (4.13ps m−1 2 at 2◦K

[10]) and/or their Néel temperature is too low for practical applications.

On the other hand, composite materials can be built to exploit the product property

between a strongly magnetostrictive (MS) s/H material and a strongly piezoelectric (PE)

E/s material; that is, obtaining the product ME property E/H, where s,H,E, are the strain,

magnetic filed, and electric field, respectively. Unlike naturally occurring ME materials, ME

composites can achieve very strong ME voltage coefficients (α = 5.76V A−1 3 [22], which

corresponds to β ∼ 13000psm−1) at room temperature. Therefore, ME composites are

considered to be metamaterials [57].

While particulate composites are limited in performance by atomic diffusion, mechanical

defects, and leakage currents, laminated composites may overcome or minimize these prob-

lems [22, 33, 58]. Since the constituent PE and MS materials, and the laminated composite

they form, all have other useful properties such as the ability to carry loads (stiffness and

strength), ME composites may be considered to be multifunctional materials as well [59].

PE materials display an approximately linear strain-electric field response over a wide

2C A−1m−1 = sm−1

3V A−1 = 796mV cm−1Oe−1
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range of strain or electric fields. On the other hand, MS materials display a nonlinear strain-

magnetic field (s-H) response. However, most applications use these materials over a small

magnetic-field range centered around a large, fixed magnetic bias. As a result, the behavior

may be approximated as linear, and in this later case the material is said to be piezomagnetic

(PM).

Analytical models [46, 47, 48, 49] are useful because they can be used to quickly predict

approximate values for the expected voltage, charge, or work conversion of the device as

a function of material properties for the PE and PM materials as well as a function of

the relative thicknesses, or volume fractions of the constituents. Therefore, an analytical

model for ME laminate composites made of PE and PM layers is developed herein. The

governing equations are applied to all four possible laminate configurations (TT, LT, TL,

and LL), with appropriate boundary conditions. The system of equations is solved using

Wolfram Mathematica [60]. Conclusions are drawn regarding the merits, drawbacks, and

requirements for analysis of each configuration.

Closed form, explicit formulas are derived for the calculation of the ME voltage coefficient,

α, as a function of the material properties of PE and PM phases, and the PM volume fraction,

χ. The predicted ME voltage coefficient is in agreement with previous work and experimental

data.

Also, closed form, explicit formulas are derived for the calculation of the ME charge coef-

ficient β as a function of the material properties of PE and PM phases, and the PM volume

fraction. The values of ME charge coefficient previously calculated in the literature do not

agree with available experimental data. This is due to the fact that the high conductivity of

the PM phase has not being taken into account in previous models [48], giving predictions

three orders of magnitude smaller than experimental values. A new approach is proposed in

Section 2.2.2 to take into account the conductivity of the PM phase, resulting in calculated

ME charge coefficients within 30% of experimental data. The new proposed approach does

not require to impose the additional constraint of zero electric field in the PM. While this
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would be acceptable for the particular case of laminates, it would not apply to more general

cases. For example, such constraint would imply that a finite element implementation for

arbitrary shape of PE inclusions in a PM matrix would have to be programmed with two

different element formulations; one with the correct constitutive equation (2.2) for the PE

phase and another with E=0 for the PM phase, thus canceling (2.2). To avoid such inconsis-

tency and lack of generality, a new approach is proposed within the context of electrostatics,

magnetostatics, and elasticity; that is, without requiring the addition of electrodynamics,

which would increase the complexity of the constitutive equations significantly.

The ME voltage coefficient provides a indication of the ME performance to produce an

electric field E, and thus voltage V = E t from exposure to a magnetic field H, when no work

is drawn from the device4. This definition may lead to maximum ME voltage performance

when the volume fraction of PM phase χ → 1, but a nearly zero thickness of PE would

produce almost no work and thus make it difficult to measure the voltage.

Similarly, the ME charge coefficient provides an indication of the ME performance to

produce an electric displacement D, and thus charge Q = D A (where A is the area of the

device) from exposure to a magnetic field H, again when no work is drawn from the device.

This definition may lead to maximum ME charge performance when the volume fraction of

PM phase χ→ 1, but a nearly zero thickness of PE would produce almost no work and thus

make it very difficult to measure the charge Q or current I =
∫
Qdt.

The ME coupling factor κ provides a indication of the ME performance to convert mag-

netic work into electric work [61, 62]. This coefficient has been calculated in [61] only for

the push-pull configuration, and only the mechanical coupling in the direction of the applied

magnetic field was considered. Furthermore, an equivalent circuit for the composite had to

be assumed in [61]. In this work, closed form, explicit formulas are derived for the calculation

of the ME coupling factor as a function of the material properties of PE and PM phases, and

the PM volume fraction considering mechanical coupling in all directions, without the need

4Where t is the total thickness of the device, E is the average electric field over t, and V is the voltage
measured across the thickness t of the device.
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to assume an equivalent circuit.

The formulas for these coefficients require calculation of the dielectric permittivity of

the device εH at constant magnetic field, H, and magnetic permeability of the device µE

at constant electric field, E. The well known series/parallel capacitor formulas are not

appropriate for PM devices because the application of a magnetic field results in an electrical

displacement and vice versa, due to the inherent coupling present in the device. Thus, a

methodology for the calculation of these coefficients is proposed, which is then used to derive

close form, explicit formulas for their calculation.

This work is concerned with predicting the intrinsic material properties of the composite,

while the extrinsic properties are those that can be measured in an experimental setup. The

difference between intrinsic and extrinsic can be calculated by established formulas for the

demagnetizing effect [63, 64].

Three materials, LSMO/PZT, FeBSiC/PZN-PT, and Terfenod-D/PZT-5H are used to

illustrate salient aspects of the model, of the various configurations, and of the three coeffi-

cients. Application of the proposed formulas highlights a trade off between deformation and

charge/voltage/work as a function of PM volume fraction. Further use of these formulas for

optimization is delayed until Chapter 3.

2.2 Model description

The analytical model is based in the following constitutive equations:

s = Sσ + dTE + qTH (2.1)

D = dσ + εE (2.2)

B = qσ + µH (2.3)

where σ is the stress tensor, s is the strain tensor, E is the electric field vector, H is the

magnetic field vector, D is the electric displacement vector, B is the magnetic flux density
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vector, S is the compliance tensor (measured at constant electric and magnetic field), ε is the

dielectric permittivity tensor (measured at constant stress), µ is the magnetic permeability

tensor (measured at constant stress), d is the PE charge constant tensor, and q is the PM

constant tensor. These equations describe the behavior of the PM and PE phases. As it

was discussed before, all the materials used as a PM are actually magnetostrictive with a

nonlinear relationship between strain and magnetic field, but they are customarily treated as

linear in the close neighborhood of an applied magnetic bias. Then, the PM constant tensor

and all the PM properties are calculated at this magnetic bias.

In this work the materials are assumed to be transversally isotropic. For PE and PM ma-

terials the axis of symmetry is the direction at which the material is polarized or magnetized,

respectively. However, for sake of expedience, this direction is simply called the polarization

(or magnetization) direction. Further, it is convenient to define a material coordinate system

were the 3-direction is aligned with the polarization (or magnetization), see Figure 2.1. Since

each phase can be polarized, or magnetized, in different directions, the global coordinate

system of the composite may not coincide with the material coordinate system.

The compliance tensor S is then defined as follows (Equation 1.92 from [?]):

S =



S11 S12 S23 0 0 0

S12 S11 S23 0 0 0

S23 S23 S33 0 0 0

0 0 0 S44 0 0

0 0 0 0 S44 0

0 0 0 0 0 2(S11 − S12)


(2.4)
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Figure 2.1: Material coordinate system.

The PE charge constant tensor d is defined as

d =


0 0 0 0 d15 0

0 0 0 d15 0 0

d31 d31 d33 0 0 0

 (2.5)

where

dij =
sj
Ei

]
σ=0

=
Di

σj

]
E=0

(2.6)

The PM constant tensor q is defined in the same way, where

qij =
sj
Hi

]
σ=0

=
Bi

σj

]
H=0

(2.7)

The dielectric permittivity ε, and magnetic permeability µ, are diagonal tensors defined
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as

ε = εijδij (2.8)

µ = µijδij (2.9)

where δij is the Kronecker symbol and x3 is the axis of transverse isotropy, which coincides

with the direction of polarization or magnetization (ε11 = ε22 and µ11 = µ22).

ME devices can be built using four different configurations (Figure 2.2): transverse mag-

netization with transverse polarization (TT), longitudinal magnetization with transverse po-

larization (LT), transverse magnetization with longitudinal polarization (TL), and longitu-

dinal magnetization with longitudinal polarization (LL). For simplicity, only two layers are

shown in Figure 2.2, but it is assumed that the actual device is symmetrically laminated.

Furthermore, the laminas are thin in comparison to the in-plane dimensions, resulting in

a state of plane stress [65] and insignificant shear lag effect [63]. As a result, the stresses

considered in this work are averaged through the thickness of each lamina and the intralam-

inar/interlaminar shear strains are negligible [65]. Consequently, the ME pair is assumed to

be fully effective over its entire area.

The PE phase is most commonly polarized in the transverse direction. Otherwise, an

insulator is needed at the interface to prevent charge leakage from the PE through the PM

phase, since the latter is highly conductive. For example, a longitudinally polarized PZT

was bonded to two magnetostrictive FeBSiC alloy (Metglas) foils, using two Kapton films in

between to avoid leakage [66].

The four possible geometric configurations shown in Figure 2.2 (a), (b), (c) and (d) are

implemented by appropriate boundary conditions, as follows.
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Figure 2.2: Laminate configurations: (a) transverse magnetization and transverse polariza-
tion (TT), (b) Longitudinal magnetization and transverse polarization (LT), (c) transverse
magnetization and longitudinal polarization (TL), and (d) longitudinal magnetization with
longitudinal polarization (LL).

2.2.1 Transverse magnetization and polarization (TT)

Using (2.1) for the first term of the strain vector, yields

sx = σx(S11 + S12) + d31Ez + q31Hz (2.10)

where σx = σy because of the symmetry of the applied fields and geometry, σz = 0 because

the laminate is not restrained to deform in the z-direction. Also, PE and PM are polarized

(magnetized) in the z-direction shown in Figure 2.2.a. Equation (2.10) is valid for both PM

and PE phases. Since dPM31 = 0 in the PM phase, (2.10) reduces to

sPMx = σPMx (SPM11 + SPM12 ) + qPM31 HPM
z (2.11)

Since qPE31 = 0 in the PE phase, (2.10) reduces to

sPEx = σPEx (SPE11 + SPE12 ) + dPE31 E
PE
z (2.12)
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From (2.2), the electric displacement in the z-direction, Dz, is expressed as

Dz = 2d31σx + ε33Ez

Since dP31M = 0 in the PM phase

DPM
z = εPM33 EPM

z (2.13)

and for the PE phase

DPE
z = 2dPE31 σ

PE
x + εPE33 E

PE
z (2.14)

Using the same approach the magnetic flux density in the z-direction for the PM phase is

BPM
z = 2qPM31 σPMx + µPM33 HPM

z (2.15)

and the magnetic flux density for the PE phase is

BPE
z = µPE33 H

PE
z (2.16)

Assuming that the PE and PM layers are perfectly bonded, the strain in the x and

y-direction on both layers are equal

sPEx = sPMx (2.17)

By force equilibrium, the force in the PM and PE phases have the same magnitude and

opposite direction. The PM volume fraction, χ, is defined to take into account laminae with
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different thicknesses

χ =
V PM

V PM + V PE

where V is the volume of each phase. Then, the equilibrium of forces is expressed as

σPMx = −σPEx (
1

χ
− 1) (2.18)

To produce an electric displacement, D, charge has to flow in the laminate of a certain

area. Since the charge can only flow from the top to the bottom electrode, the electric

displacement, D, is the same in the PE and PM phases

DPM
z = DPE

z (2.19)

The same applies to the magnetic flux density

BPM
z = BPE

z (2.20)

Since the magnetic and electric fields that are externally measured are average values, it

is convenient to define the following averages

Eavg = EPE
z (1− χ) + EPM

z χ (2.21)

Havg = HPE
z (1− χ) +HPM

z χ (2.22)

The ME voltage coefficient is experimentally measured by applying a magnetic field to the

composite and measuring the open circuit voltage (Dz = 0). The ME voltage coefficient, α,

is an intrinsic property of the composite and is calculated by dividing the measured voltage
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by the thickness and the applied magnetic field. This can be mathematically expressed as

α =
V

tHavg

]
D=0

=
Eavg

Havg

]
D=0

(2.23)

where V is the voltage generated between the upper and lower electrode as a response of

the applied magnetic field and t is the total thickness of the composite. The second equality

is obtained by the definition of the electric field (E = V
t
). In this work, the ME voltage

coefficient for the TT configuration is calculated by solving the system of equations (2.11)–

(2.23), resulting in the following formula

αTT =
A1

B1

(2.24)

A1 = −(2dPE31 µ
PE
33 q

PM
31 (χ− 1)χ)

B1 = (2(dPE31 )2χ(µPM33 + µPE33 χ− µPM33 χ) + εPE33 (2(qPM31 )2(χ− 1)2

−(µPM33 (χ− 1)− µPE33 χ)(SPM11 (χ− 1) + SPM12 (χ− 1)− (SPE11 + SPE12 )χ)))

The ME voltage coefficient calculated in this work is compared to the results reported in

[49]. Lead zirconate titanate (PZT) and lanthanum strontium manganite (LSMO) were used

in [49] for the PE and PM phase, respectively. The properties used for these materials are

reported in Table 2.1. The results obtained from the model proposed in [49] for different PM

volume fractions is compared with the proposed model. The outcome can be seen in Figure

2.3, showing agreement between the models. The data shows a trade off between the volume

of PE and PM phase with an optimum value of ME voltage coefficient at χ = 0.65.

When higher volumes of PM phase are used (higher PM volume fraction χ), it gives

higher strain, resulting in a higher electric field in the PE phase. The relationship between

the electric field in the PE phase and the electric field in the composite can be seen in (2.21),

showing that the total electric field depends on the electric field produced in the PE phase

and the PM volume fraction (or thickness).

For PM volume fraction below the optimum, increasing the thickness of the PM phase
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Material Property LSMO PZT Units

S11 15 15.3 10−12m2N−1

S12 -5 -5 10−12m2N−1

ε33/ε0 10 1750
µ33/µ0 2 1
d31 0 -175 10−12C N−1

d33 0 400 10−12C N−1

q31 250 0 10−12mA−1

q33 -120 0 10−12mA−1

Table 2.1: Material Properties of PZT and LSMO from [49].

gives an increase of the total electric field, which is stronger than the effect of the reduction

of the thickness of the PE phase. But in the case of PM volume fraction above the optimum,

even though the electric field in the PE phase increases with the increased thickness of PM

phase, the decrease in PE phase thickness results in a decrease of the total electric field of

the composite. Thus the parabolic response observed in Figure 2.3.

The ME charge coefficient β is experimentally measured by applying a magnetic field to

the composite and measuring the short circuit charge with E = 0. The ME charge coefficient

is an intrinsic property that is calculated as follows

β =
Q

AHavg

]
E=0

=
Davg

Havg

]
E=0

(2.25)

where Q is the charge generated in the direction of polarization and A is the total area of

composite perpendicular to the polarization.

An analytical expression for the ME charge coefficient in the TT configuration is obtained

by solving the previous system of equations with the average electric field equal to zero,
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Figure 2.3: Comparison between the ME voltage coefficient obtained in this work and the
work made by Bichurin et al. [49] for LSMO/PZT in TT configuration.

Eavg = 0, resulting in the following formula

βTT =
C1

D1

(2.26)

C1 = (2dPE31 ε
PM
33 µPE33 q

PM
31 (χ− 1)χ)

D1 = (−εPM33 (χ− 1)(2(qPM31 )2(χ− 1)2 − (µPM33 (χ− 1)− µPE33 χ)(SPM11 (χ− 1) + SPM12 (χ− 1)

−(SPE11 + SPE12 )χ)) + χ(2(dPE31 )2χ(µPM33 + µPE33 χ− µPM33 χ) + εPE33 (2(qPM31 )2(χ− 1)2

−(µPM33 (χ− 1)− µPE33 χ)(SPM11 (χ− 1) + SPM12 (χ− 1)− (SPE11 + SPE12 )χ))))

The values obtained with this equation were compared with those obtained using Equation

16 in [48]. The results are shown in Figure 2.4. There is good agreement between the model

proposed in [48] and the present work.

To calculate the ME charge coefficient, the electric field between electrodes is set to be

zero as a boundary condition. If the total electric field is zero, it does not imply that the
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Figure 2.4: ME charge coefficient for different PM volume fractions of laminated CFO-PZT
(TT) composite. The obtained results were compared with the work made by Osaretin [48].

electric field in the PM phase and the PE phase are zero, as it can be seen in (2.21), but if

the total electric field and the electric field in the PM phase are zero, the electric field in the

PE phase will also be zero. In the proposed model, the electric field generated in the PM

phase (EPM
z ) is considerably high. In real applications, the PM phase cannot produce an

electric field after a period of time because the electric conductivity of this material is high

(the conductivity of CFO is 0.01S cm−1) [67]. If the conductivity of the composite were to

be modeled explicitly, the complexity of the model would increase significantly.

There are two ways to overcome this. First, the electric field in the PM phase can be set

to be zero as an additional constraint condition (EPM
z = 0). Second, the dielectric constant

of the PM phase can be changed to avoid the generation of a electric field through the PM

phase. As it can be seen in (2.13), in order to decrease the electric field generated in the

PM phase, the dielectric constant of the PM phase, εPM33 , has to be increased. Both methods

work equally well within the context of the model proposed herein but we wish to emphasize
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Figure 2.5: ME charge coefficient for different dielectric constants of the PM phase of the
laminated CFO-PZT (TT) composite.

the fact that, unless the electric field in the PM phase is explicitly set to zero, the dielectric

constant of the PM phase must be increased to a high value. Otherwise, model results will

not be accurate, and sometimes this fact has been overlooked in the literature.

The ME charge coefficients for different values of the dielectric constant of the PM phase

are shown in Figure 2.5. The higher the dielectric constant of the PM phase, the higher the

ME charge coefficient. This trend is observed until the dielectric constant reaches values of

εPM33 /ε0 = 109. Higher values have no significant effect.

2.2.2 Longitudinal magnetization and transverse polarization (LT)

The ME charge coefficient has been measured by several researchers. The results of the

proposed model are compared with experimental data reported in [68], where two layers of

FeBSiC alloy were bonded to a (100) oriented PZN-PT layer, with 33% PM volume fraction

in an LT configuration. The experimental value of ME charge coefficient reported is 168 ×
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10−9C A−1m−1. To compare this values with the current model, the analytical expressions

for the LT configuration are obtained as follows.

To obtain the ME coefficients for the LT configuration, a similar approach to the TT

configuration is used. Using (2.1) for the first and second terms of the strain vector in the

PE phase, the following equations are obtained

sPEx = SPE11 σ
PE
x + SPE12 σ

PE
y + dPE31 E

PE
z (2.27)

sPEy = SPE12 σ
PE
x + SPE11 σ

PE
y + dPE31 E

PE
z (2.28)

In this case σx 6= σy since the magnetic field applied in the y-direction will produce

different strains in the x and y-direction. In the case of the PM phase, the first and second

terms of the strain vector are

sPMx = SPM11 σPMx + SPM23 σPMy + qPM31 HPM
y (2.29)

sPMy = SPM23 σPMx + SPM33 σPMy + qPM33 HPM
y (2.30)

From (2.2), the electric displacement in the z-direction for the PE phase is expressed as

DPE
z = dPE31 σ

PE
x + dPE31 σ

PE
y + εPE33 E

PE
z (2.31)

and the following equation is obtained for the PM phase

DPM
z = εPM11 EPM

z (2.32)

The same procedure is used to obtain the magnetic flux density in the y-direction for the

PM phase

BPM
y = qPM31 σPMx + qPM33 σPMy + µPM33 HPM

y (2.33)
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and for the PE phase

BPE
y = µPE11 H

PE
y (2.34)

The strain in the x and y-direction are the same for the PM and PE layers, assuming

they are perfectly bonded

sPEx = sPMx (2.35)

sPEy = sPMy (2.36)

By force equilibrium, the force produced be the PM phase restricted by the PE phase has

the same magnitude and opposite directions

σPMx = −σPEx (
1

χ
− 1) (2.37)

σPMy = −σPEy (
1

χ
− 1) (2.38)

The electric displacement is the same in the PE and the PM phases because the charge

is produced between the top and the bottom of the laminate

DPM
z = DPE

z (2.39)

Since the magnetic field is applied in the y-direction, the magnetic field in each phase has

to be equal

HPM
y = HPE

y (2.40)

Again, it is convenient to define the averaged electric field, since this is the value which
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is externally measured:

Eavg = EPE
z (1− χ) + EPM

z χ (2.41)

The ME voltage and charge coefficient is obtained by solving the system of equations

(2.27)–(2.41) and setting the electric displacement equal to zero (Dz = 0)

αLT =
A2

B2

(2.42)

A2 = dPE31 (χ− 1)χ(qPM33 ((SPM23 − SPM11 )(1− χ)− (SPE11 − SPE12 ))χ)

+qPM31 (SPM23 (1− χ) + SPM33 (χ− 1) + (−SPE11 + SPE12 )χ)

B2 = (dPE31 )2χ(SPM11 − 2SPM23 (1− χ) + SPM33 (1− χ)− (−2SPE11 + 2SPE12 + SPM11 )χ)

εPE33 ((SPM23 )2 + ((SPE12 − SPM23 )2 − (SPE11 − SPM11 )(SPE11 − SPM33 ))χ2)

−SPM11 SPM33 − (2SPM23 (−SPE12 + SPM23 )− 2SPM11 SPM33 + SPE11 (SPM11 + SPM33 ))χ

The ME charge coefficient is obtained by solving the system of equations (2.27)–(2.41)

and the average electric field equal to zero (Eavg = 0)

βLT =
dPE31 (χ− 1)χ(C2)

(1− χ)(D2) + χ
εPM
11

(E2 + εPE33 ((SPM23 )2 − SPM11 SPM33 − F2 +G2))
(2.43)

C2 = qPM33 (SPM11 − SPM23 + (SPE11 − SPE12 − SPM11 + SPM23 )χ)

qPM31 (SPM33 + SPM23 (χ− 1)− (−SPE11 + SPE12 + SPM33 )χ)

D2 = (SPM23 )2 − SPM11 SPM33 + ((SPE12 − SPM23 )2 − (SPE11 − SPM11 )(SPE11 − SPM33 ))χ2

−(2SPM23 (−SPE12 + SPM23 )− 2SPM11 SPM33 + SPE11 (SPM11 + SPM33 ))χ

E2 = (dPE31 )2χ(SPM11 − 2SPM23 + SPM33 − (−2SPE11 + 2SPE12 + SPM11 − 2SPM23 + SPM33 )χ)

F2 = (2SPM23 (−SPE12 + SPM23 )− 2SPM11 SPM33 + SPE11 (SPM11 + SPM33 ))χ

G2 = ((SPE12 − SPM23 )2 − (SPE11 − SPM11 )(SPE11 − SPM33 ))χ2

The results obtained by this model are compared with the experimental work reported
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Material Property FeBSiC PZN-PT Units

S11 125 69 10−12m2N−1

S33 40 119 10−12m2N−1

S12 −42a −23a 10−12m2N−1

S23 −13a 10−12m2N−1

ε/ε0 see text 5500
µ/µ0 2 1
d31 0 -2800 10−12CN−1

q31 -5800 0 10−12mA−1

q33 12000 0 10−12mA−1

Table 2.2: Material Properties of PZN-PT and FeBSiC from [68]. a were calculated by
assuming νPE12 = νPM12 = νPM23 = 1/3

in [68]. The materials used for the PM and PE phase are FeBSiC and (001) PZN-PT,

with properties listed in Table 2.2. Values for SPE12 , SPM12 and SPM23 were calculated by

assuming νPE12 = νPM12 = νPM31 = 1/3, where ν is the Poisson ratio (S12 = −ν12S11 and

SPM23 = −νPM31 SPM33 ).

The ME charge coefficient reported in [68] and the predictions obtained using different

values for the relative dielectric permittivity are shown in Figure 2.6. When εPM/ε0 = 10

is used, the calculated ME charge coefficient (χ = 0.33) is 7.1 × 10−9C A−1m−1, which is

quite smaller than the experimentally measured value (168× 10−9C A−1m−1). As previously

discussed, this is due to the electric field produced in the PM phase. When the ME charge

coefficient is calculated using higher values for the relative dielectric permittivity of the PM

phase, β increases and the electric field in the PM phase decreases. It can be seen that

the values converge to a single line. No difference is observed for εPM/ε0 > 106, and the

electric field in the PM phase E → 0. This indicates that using a high relative dielectric

permittivity is a valid approach to to take into account the high conductivity of the PM

phase. Furthermore, the calculated ME charge coefficient (201 × 10−9C A−1m−1) when the

electric field in the PM phase approaches zero, is in reasonable agreement with experimental

data reported in [68] (168× 10−9C A−1m−1).

The results obtained when the electric field in the PM phase is zero show that the ME

charge coefficient increases when the PM volume fraction increases. This is due to the fact
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Figure 2.6: ME charge coefficient (LT) of the laminated FeBSiC-PZN-PT composite for
different PM relative dielectric permittivities compared with the experimental result obtained
by Dong et al. [68].
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that higher amounts of PM phase will produce higher strain in the PE phase, resulting in a

higher electric displacement in the PE phase. Since the electric displacement, D, does not

depend on the PE phase thickness no decrease in the ME charge coefficient can be seen when

higher amounts of the PM phase are used.

Using εPM →∞, the expressions for the ME charge coefficient, in TT and LT configura-

tions, reduce to

βTT =
(2dPE31 µ

PE
33 q

PM
31 (χ− 1)χ)

E1

(2.44)

E1 = (1− χ)(2(qPM31 )2(χ− 1)2 − (µPM33 (χ− 1)− µPE33 χ)

(SPM11 (χ− 1) + SPM12 (χ− 1)− (SPE11 + SPE12 )χ))

βLT =
dPE31 (χ− 1)χ(C3)

(1− χ)(D3)
(2.45)

2.2.3 TL configuration

A similar approach is used to obtain the ME charge and voltage coefficient for the TL

configuration, as follows

αTL =
A3

B3

(2.46)

A3 = −(µPE11 q
PM
31 χ(−(dPE31 + dPE33 )(SPM11 − SPM12 ) + (dPE33 (−SPE11 + SPE23 + SPM11

−SPM12 ) + dPE31 (SPE23 − SPE33 + SPM11 − SPM12 ))χ))

B3 = εPE33 ((qPM31 )2(χ− 1)2(−2SPM11 (χ− 1) + 2SPM12 (χ− 1) + (SPE11 − 2SPE23

+SPE33 )χ) + (µPM33 (χ− 1)− µPE11 χ)((SPM11 )2(χ− 1)2 − (SPM12 )2(χ− 1)2

−(SPE11 + SPE33 )SPM11 (χ− 1)χ+ 2SPE23 S
PM
12 (χ− 1)χ+ (−(SPE23 )2 + SPE11 S

PE
33 )χ2))

+χ((dPE33 )2(−(qPM31 )2(χ− 1)2 + (µPM33 (χ− 1)− µPE11 χ)(SPM11 (χ− 1)− SPE11 χ))

+2dPE31 d
PE
33 ((qPM31 )2(χ− 1)2 − (µPM33 (χ− 1)− µPE11 χ)(SPM12 (χ− 1)− SPE23 χ))

+(dPE31 )2(−(qPM31 )2(χ− 1)2 + (µPM33 (χ− 1)− µPE11 χ)(SPM11 (χ− 1)− SPE33 χ)))
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and

βTL =
C3

D3

(2.47)

C3 = −(µPE11 q
PM
31 (χ− 1)χ(−(dPE31 + dPE33 )(SPM11 − SPM12 ) + (dPE33

(−SPE11 + SPE23 + SPM11 − SPM12 ) + dPE31 (SPE23 − SPE33 + SPM11 − SPM12 ))χ))

D3 = (qPM31 )2(χ− 1)2(−2SPM11 (χ− 1) + 2SPM12 (χ− 1) + (SPE11 − 2SPE23 + SPE33 )χ)

+(µPM33 (χ− 1)− µPE11 χ)((SPM11 )2(χ− 1)2 − (SPM12 )2(χ− 1)2

−(SPE11 + SPE33 )SPM11 (χ− 1)χ+ 2SPE23 S
PM
12 (χ− 1)χ+ (−(SPE23 )2 + SPE11 S

PE
33 )χ2)

2.2.4 LL configuration

A similar approach is used to obtain the ME charge and voltage coefficient for the LL con-

figuration, obtaining

αLL =
A4

B4

(2.48)

A4 = χ(dPE33 (qPM33 (SPM11 (χ− 1)− SPE11 χ) + qPM31 (SPM23 + SPE23 χ− SPM23 χ))

+dPE31 (qPM31 (SPM33 (χ− 1)− SPE33 χ) + qPM33 (SPM23 + SPE23 χ− SPM23 χ)))

B4 = χ((dPE33 )2(SPM11 (χ− 1)− SPE11 χ) + (dPE31 )2(SPM33 (χ− 1)− SPE33 χ)

+2dPE31 d
PE
33 (SPM23 + SPE23 χ− SPM23 χ)) + εPE33 (−(SPM23 )2(χ− 1)2

+2SPE23 S
PM
23 (χ− 1)χ+ SPM11 (SPM33 + SPE33 χ) + χ((SPE11

−2SPM11 )SPM33 − (SPE23 )2χ+ (SPE11 − SPM11 )(SPE33 − SPM33 )χ))
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and

βLL =
C4

D4

(2.49)

C4 = (χ− 1)χ(dPE33 (qPM33 (SPM11 (χ− 1)− SPE11 χ) + qPM31 (SPM23 + SPE23 χ− SPM23 χ))

+dPE31 (qPM31 (SPM33 (χ− 1)− SPE33 χ) + qPM33 (SPM23 + SPE23 χ− SPM23 χ)))

D4 = −(SPM23 )2(χ− 1)2 + 2SPE23 S
PM
23 (χ− 1)χ+ SPM11 (SPM33 + SPE33 χ)

+χ((SPE11 − 2SPM11 )SPM33 − (SPE23 )2χ+ (SPE11 − SPM11 )(SPE33 − SPM33 )χ)

2.3 ME coupling Factor

The ME coupling factor is the ratio between the electrical work generated and magnetic work

applied (or magnetic work generated and electrical work applied). It is an useful property

to compare different ME composites in their ability to be used as energy transducers. The

mathematical definition is the following

κ2 =
WG
E

WA
M

(2.50)

where WG
E is the electric work generated, WA

M is the magnetic work applied, WG
M is the

magnetic work generated, and WA
E is the electric work applied. The ME coupling factor

can be expressed as a function of the ME charge coefficient and the electric and magnetic

properties of the composite.

If a magnetic field is applied to the composite when it is short circuited (EI−>II
3 = 0),

no electric work will be generated and magnetic work will be applied with the following

magnitude (state I to state II in Figure 2.7)

WA
M =

BII
z ×HII

z

2

]
E=0

=
µzz(H

II
z )2

2

]
E=0

=
µEzz(D

II
z )2

2(βzz)2
(2.51)

where µEzz is the magnetic permeability in the z-direction of the composite measured at con-



CHAPTER 2. β, α, AND κ FOR ME LAMINATED COMPOSITES 69

I

II

III

E3

D3

H3

B3

μ

μ

E

D

εH

I

II III

Figure 2.7: B-H and D-E diagram used to calculate the magnetic and electric work defined
in ME coupling factor.

stant electric field and β = D
H

]
E=0

. Prior to the removal of the magnetic field the composite

is open-circuited. From the state II to the state III, there is no electric work generated and

the generated magnetic work is wasted. After this it is connected to an ideal electric load

to complete the cycle. From the state III to the state I only electric work is generated. The

amount of work generated is

WG
E =

DIII
z × EIII

z

2

]
H=0

(2.52)

=
(DIII

z )2

2εzz

]
H=0

=
(DIII

z )2

2εHzz
=

(DII
z )2

2εHzz
(2.53)

where εHzz is the dielectric permittivity in the z-direction of the composite measured at con-

stant magnetic field. With these values the ME coupling factor can be calculated as

κ2zz =
(DII

z )2

2εHzz

2(βzz)
2

µEzz(D
II
z )2

=
(βzz)

2

εHzzµ
E
zz

(2.54)

=
(αzz)

2εHzz
µEzz

(2.55)

taking into account that βij =
αij

εHjj
. The reciprocal of the ME coupling factor can be calculated



CHAPTER 2. β, α, AND κ FOR ME LAMINATED COMPOSITES 70

as

κ2 =
WG
M

WA
E

=
WG
E

WA
M

(2.56)

and can be seen that these two definitions are equivalent.

Similarly, κij is obtained as

κ2ij =
(βij)

2

εHjjµ
E
ii

=
(αij)

2εHjj
µEii

(2.57)

Where the subscripts i and j correspond to the polarization and magnetization selected

(Transverse or Longitudinal). The dielectric permittivity at constant magnetic field and

magnetic permeability at constant electric displacement of the composite has to be calculated

for all the different configurations. To do this the simple formulas for parallel and series

capacitors cannot be used because in this case, fixing the magnetic field has an influence on

the dielectric permittivity. It can be seen in (2.2) that for the composite, whenever an electric

field is applied to measure the dielectric permittivity, a strain is produced that results in the

increase of the magnetic flux density or magnetic field. Therefore, to calculate the dielectric

permittivity of the composite, εH , a similar approach as the one used for the calculation of

the ME voltage coefficient α must be used.

To calculate α, the ratio between the electric field and the magnetic field at a constant

electric displacement was evaluated. In the case of εH , the ratio between the electric dis-

placement and the electric field at constant magnetic field has to be calculated as follows

εHij =
Di

Ej

]
H=0

(2.58)

Similarly the magnetic permeability is calculated

µDij =
Bi

Hj

]
D=0

(2.59)
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For the TT configuration the following expression are obtained

εHzz =
E1

F1

(2.60)

E1 = −(εPM33 µPM33 (
1

χ
− 1)(µPM33 (χ− 1)− µPE33 χ)(−((2(dPE31 )2χ)/(χ− 1))

+εPE33 (SPE11 + SPE12 − SPM11 − SPM12 + (SPE11 + SPE12 )/(χ− 1)

−(2(qPM31 )2(χ− 1))(µPM33 + µPE33 χ− µPM33 χ))))

F1 = (µPM33 (
1

χ
− 1)(εPM33 (χ− 1)− εPE33 χ)(µPM33 (SPM11 + SPM12 ) + 2(qPM31 )2(χ− 1)

+(µPE33 − µPM33 )(SPM11 + SPM12 )χ)− µPM33 (µPM33 (χ− 1)− µPE33 χ)(2(dPE31 )2χ

+(SPE11 + SPE12 )(εPM33 (χ− 1)− εPE33 χ)))

and

µDzz =
G1

H1

(2.61)

G1 = (µPE33 µ
PM
33 (1 + (2µPE33 (qPM31 )2(

1

χ
− 1)χ(εPM33 + εPE33 χ

−εPM33 χ))/(µPM33 (
1

χ
− 1)(εPM33 (χ− 1)− εPE33 χ)(µPM33 (SPM11 + SPM12 )

+2(qPM31 )2(χ− 1) + (µPE33 − µPM33 )(SPM11 + SPM12 )χ)− µPM33 (µPM33 (χ− 1)

−µPE33 χ)(2(dPE31 )2χ+ (SPE11 + SPE12 )(εPM33 (χ− 1)− εPE33 χ)))))

H1 = (µPM33 + µPE33 χ− µPM33 χ)

Expressions for the LT, TL and LL configurations can be obtained by following the

same procedure. These expressions and all the other coefficients calculated in this work are

provided as supplemental material in the Website [69].
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2.4 Demagnetizing Factor

As it was previously discussed in the introduction, when a structure is exposed to an external

magnetic field (H0) the internal magnetic field is reduced by the demagnetization field,

H3 = H0 +Hd = H0 −N3M (2.62)

where Hd is the demagnetizing field, N is the demagnetizing factor and M is the magnetiza-

tion. The magnetization can be written as follows,

M =
H0(µr − 1)

1 +N3(µr − 1)
(2.63)

resulting in,

H3 = H0

(
1− N3(µr − 1)

1 +N3(µr − 1)

)
(2.64)

The demagnetizing factor has values between 0 and 1. When N = 0 then H3 = H0 and

when N = 1 then H3 = H0

µr
. The composite structures with high demagnetizing factor and

high relative permeability will show the highest reduction of internal magnetic field (H3).

This is relevant if one wishes to measure the extrinsic performance of the device, i.e., the

voltage generated for a given magnetic field and specific device dimensions. However, the

intrinsic material performance is independent of geometry. The extrinsic performance can

be calculated combining the intrinsic material properties, as reported in this work, and the

demagnetizing factor for particular device dimensions [70, 71].

The demagnetizing factor is given by the geometry of the structure, the simplest case is the

sphere were N = 1/3 in all three directions and it has a constant value. It has to be noticed

that the demagnetization factor has to satisfy the following condition, N1 + N2 + N3 = 1.

In the case of an infinite plate the out of plane demagnetizing factor is 1 and the in-plane

demagnetizing factor is 0. The demagnetizing factor for non-infinite plates depends on the
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position and can be calculated using the equations derived by Joseph and Schlomann or the

averaged demagnetization factor can be obtained using the expressions derived by Aharoni

[70, 71].

In this chapter the demagnetizing effect is not considered because it is an extrinsic effect.

The intrinsic magnetoelectric coefficients reported in this chapter are independent of the

geometrical dimensions of the composite, thus simplifying the preliminary design and material

selection criteria. Then, the dimensions of the magnetoelectric composite can be optimized

taking into account the demagnetizing factor N in Chapter 3. The optimal dimensions would

yield N = 0.

For the case of the composites with longitudinal magnetization (§2.2.2 and §2.2.4), the

thickness has to be considerably smaller than the in-plane dimensions to achieve N = 0.

For composites with transverse magnetization (§2.2.1 and §2.2.3), measured performance,

rather than intrinsic performance, may be significantly reduced due to high demagnetization

factor [72]. However, one could stack a number of ME laminates to build a device with high

thickness-to-width ratio, h >> w, so that the device approximates a cylindrical rod, which

has N=0 along the axis of the rod. Each ME laminate (that is, each PM/PE pair) must be

thin to reduce the shear lag effect [63].

2.5 Results

The expected application of the ME composite dictates which ME property needs to be

optimized. For sensors, there are two different sensitivities: short circuit sensitivity and open

circuit sensitivity. Higher short circuit sensitivity requires a higher ME charge coefficient

β. Higher open circuit sensitivity requires a higher ME voltage coefficient α. For energy

transducers, such as magnetic harvesters, a high κ is desired because in that case more

electrical work will be generated for the same amount of magnetic work harvested.

Results are presented for PZT-5H/Terfenol-D. The properties of PZT-5H are obtained
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Material Property Terfenol-D PZT-5H Units

S11 44 16.5 10−12m2N−1

S33 38 20.7 10−12m2N−1

S12 -11 -4.78 10−12m2N−1

S23 -16.5 -8.45 10−12m2N−1

ε33/ε0 ∞ 3400
µ11/µ0 8.1 1
µ33/µ0 3 1
d31 0 -274 10−12CN−1

d33 0 593 10−12CN−1

q31 -4300 0 10−12mA−1

q33 8500 0 10−12mA−1

k31 0.33 0.39 10−12CN−1

k33 0.71 0.75 10−12CN−1

Table 2.3: Material Properties of PZT-5H and Terfernol-D from [73, 74].

from Morgan Electro Ceramics [73]. The selected elastic properties are measured at constant

electric field.

It is important to use the appropriate elastic properties in the analysis. Otherwise, signif-

icant errors may occur. For example, the compliance in the polarization direction of PZT-5H

is SE33 = 20.7×10−12m2N−1 at constant electric field while it is only SD33 = 8.9×10−12m2N−1

at constant electric displacement. The same applies to the dielectric permittivity, but in this

case it should be measured at constant stress. The magnetic permeability µE of the PE phase

is required for the calculations, but it is immaterial if it is measured at constant electric field

or constant electric displacement because there is no PM coupling in the PE phase. Since

the magnetic permeability of PZT is not reported in [73], a value µPE/µ0 = 1 is used for the

examples in this study.

Additionally, all the properties have to be measured with the same polarization since the

properties change drastically with different polarization intensities and direction. For the

PM phase, Terfenol-D is selected and the properties were obtained from [74]. The values of

these properties are reported in Table 2.3.

The analytical expression for the ME coupling factor for the different configurations are

evaluated with the properties from Table 2.3. The maximum value of the ME coupling factor
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Figure 2.8: ME coupling factor of PZT-5H Terfenol-D composite for different PM volume
fractions using TT, LT, TL and LL configurations.

is κ =0.36 for the LL configuration and a PM volume fraction of 73%, as shown in Figure

2.8. The ME coupling factor as a function of PM volume fraction χ has a parabolic shape.

This is due to the fact that for small χ the magnetic work applied cannot be transformed

to mechanical work and for χ close to 1 the mechanical work generated by the PM phase

cannot be converted to electrical work because the PE phase is too thin. The maximum ME

coupling factor is obtained for the LL configuration because in that configuration the highest

PE and PM coupling factors (k33) of the constituents are being used.

The ME charge coefficients, β, for the different configurations can be seen in Figure 2.9.

For the TT and LT configuration, β increases with increasing PM volume fraction. When

higher χ is used, the stress in the PE phase increases resulting in a higher electric displace-

ment. Taking into account that the PE area does not change, the electric displacement on

the PE phase is the total electric displacement.

In the case of the LL and TL, the ME charge coefficient display a compromise between
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Figure 2.9: ME charge coefficient of PZT-5H Terfenol-D composite for different PM volume
fractions using TT, LT, TL and LL configurations.

strain and the thickness of the PE phase. For small PM volume fraction, the increase of

χ increases the strain resulting in a higher electric displacement and higher β. For high

PM volume fraction, the increase of χ increases the electric displacement in the PE phase,

but since the area of the PE phase is reduced, it results in a reduction of the total electric

displacement.

The highest value of ME charge (βTT = 192 × 10−9CA−1m−1) is obtained for the TT

configuration using a PM volume fraction close to 1. The transverse polarization has the

highest charge because it has the highest effective area. In the case of magnetization, the

highest charge is expected for the longitudinal magnetization (LT) because q33 > q31. But this

is not the case because when the magnetic field is applied, an expansion in the y-direction

and a contraction in the x-direction take place. While, the expansion in the y-direction

yields a negative electric displacement, the contraction in the x-direction yields a positive

electric displacement, resulting in a small total electric displacement. Therefore, transverse
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magnetization results in higher charge because in this later case the electric displacement

produced by the strain in the x and y-direction are equal.

The optimum β is obtained for volume fractions close to 1. The use of volume fractions

close to 1 will result in a small ME coupling factor. This means that if the detector used to

measure charge does not have an infinite resistance, the measured charge will be diminished.

For this reason, is convenient to use a lower PM volume fraction, say at 90%, which yields a

good ME charge coefficient (130× 10−9C A−1m−1) and good ME coupling factor (0.17).

The ME voltage coefficient for PZT-5H/Terfenol-D composite is shown in Figure 2.10. It

shows a trend similar to that of the ME charge coefficient, but since the total electric field

increases with the thickness of the PE phase, the configurations with transverse polarization

(TT and LT) are the ones to show a parabolic response – not the ones with longitudinal po-

larization. The LL configuration shows the highest ME voltage coefficient of αLL = 18V A−1

with χ→ 1. In the LL configuration, the electric field due to contraction/expansion in the x

and y-direction have the same sign because in this case the PE phase is polarized in the y-

direction. A PM volume fraction of 85% is more convenient to combine a high α = 10.7V A−1

with a very high ME coupling factor of 0.32.

2.6 Conclusions

A new method is proposed to take into account the high conductivity of the PM phase. The

method consists of artificially increasing the electrical permittivity of the PM phase. From

the analysis of three composites made with three PM and three PE materials, analyzed for

PM volume fraction continuously varying from zero to one, we conclude that setting the

relative permittivity of the PM to 109 is equivalent to a fully conducting PM material and

thus a negligible electric field in the PM.

Artificially increasing the dielectric permittivity of the PM phase in the numerical cal-

culation to simulate the high conductivity of said phase proved to be an expedient method
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Figure 2.10: ME voltage coefficient of PZT-5H Terfenol-D composite for different PM volume
fractions using TT, LT, TL and LL configurations.

for taking into account the conductivity of the PM material without having to introduce

additional equations modeling electrical conductivity in the proposed model. In fact, as

permittivity εPM → ∞, the ME charge coefficient vs. PM volume fraction plot becomes

insensitivity to permittivity and the values predicted are close to experimental data for

FeBSiC/PZN-PT (Fig. 2.6) for LT configuration. Also, the formulas become much simpler.

For the material systems analyzed, both ME voltage and charge coefficients are maximized

when the PM volume fraction χ → 1 (in particular configurations). But such design is

unrealistic because an infinitely thin layer of PE cannot generate any significant work. Thus,

measuring the voltage or the current would be very difficult. In this regard, the newly

developed ME coupling factor equations (2.55, 2.55, 2.57) prove to be very useful in that

they provide an indication of the work conversion that can be achieved.

For Terfenol-D/PZT-5H in TT configuration, a reduction of PM volume fraction from

100% to 90% results in a reduction of ME charge coefficient from an upper bound of 192×
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10−9C A−1m−1 down to 130 × 10−9C A−1m−1, while the ME coupling factor increases from

zero to 0.17. Note that a value of coupling factor κ =1.0, although practically unattainable,

would indicate 100% work conversion.

In LL configuration, a reduction of PM volume fraction from 100% to 85% results in

a reduction of ME voltage coefficient from an upper bound α = 18V A−1 down to α =

10.7V A−1, while the ME coupling factor increases from zero to 0.32. The formulas presented

herein can be used to tune the volume fraction to achieve an acceptable compromise between

ME charge, or voltage, and work conversion.

If work conversion needs to be maximized (for transducer applications), the optimum

configuration is not TT but LL, at PM volume fraction 73%, yielding a ME coupling factor

(i.e., conversion) of 0.36.

For accurate calculation, it is very important to use the appropriate elastic compliance of

the material, which can vary significantly depending on the testing conditions. For example,

the compliance in the polarization direction S33 of PZT-5H changes from 20.7 × 10−12 to

8.9× 10−12m2N−1 when it is measured at constant E and constant D, respectively.

A trade off between voltage and PM volume fraction is evident for LSMO/PZT (Figure

2.3) yielding an optimum PM volume fraction χ =65 % in TT configuration. Optimum

values like this are dependent on material properties and configuration. Therefore, it is of

significant interest for preliminary design and material selection to count with a complete set

of formulas such as those proposed in this manuscript to be able to assess voltage, charge,

and energy conversion for any of the four laminated configurations, as function of material

and geometrical parameters.



Chapter 3

Design selection using extrinsic

charge, voltage, and work-conversion

factors for laminated magnetoelectric

composites

A magnetoelectric composite produces electricity in response to a magnetic field 1. The volt-

age, current, and electric power generated by unit of magnetic field applied to the composite

define the intrinsic voltage, current, and power conversion factors. Since the magnetostrictive

phase of the composite has a higher magnetic permeability than the surrounding medium,

a far field magnetic field is not fully utilized due to demagnetization. Thus, novel explicit

equations are developed here to calculate the extrinsic voltage, current, and power conver-

sion factors accounting for demagnetization. The proposed formulation is applied to various

materials and geometries to illustrate the process of material and device-geometry selection

leading to an optimum design.

1This chapter was published in Smart Materials and Structures journal [75]. c© IOP Publishing. Repro-
duced with permission. All rights reserved.
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3.1 Introduction

Analytical models [46, 47, 48, 49, 55] are useful because they can be used to quickly predict

approximate values for the expected voltage, charge, or work conversion of the device as

a function of material properties for the PE and PM materials as well as a function of the

relative volume fractions of the constituents. An analytical model to predict the intrinsic ME

response of laminate composites made is presented in Chapter 2 for all four possible laminate

configurations (TT, LT, TL, and LL), correctly taking into account the conductivity of the

PM phase. However, intrinsic response is not representative of device performance because

the far field magnetic field is not fully utilized due to demagnetization, which is caused by

the magnetostrictive phase of the composite having a higher magnetic permeability than

the surrounding medium. Thus, novel explicit equations are developed herein to calculate

the extrinsic voltage, current, and power conversion factors accounting for demagnetization,

which unlike for intrinsic properties, requires to account for the geometry of the device2.

The ME voltage coefficient provides a indication of the ME material’s performance to

produce an electric field E, and thus voltage V = E t from exposure to a magnetic field

H, when no work is drawn from the device3. Similarly, the ME charge coefficient represents

the performance of the ME material to produce an electric displacement D, and thus charge

Q = DA from exposure to a magnetic field H, again when no work is drawn from the device4.

Finally, the ME coupling factor κ yields a measure of the ME material’s performance to

convert magnetic work into electric work [55, 61, 62].

The formulas for these coefficients require calculation of the dielectric permittivity of the

device εH at constant magnetic field and magnetic permeability of the device µE at constant

2In this work, the composite is called a “material” as long as the geometrical dimensions of the “device”
are not relevant. The dimensions are relevant due to demagnetization, requiring the use of the term device
to emphasize the dependency of the device behavior with geometrical dimensions. Volume fractions are not
dimensions. The PM and PE are called “phases” to emphasize that they are not composites and do not have
intrinsic ME effect.

3Where t is the total thickness of the device, E is the average electric field over t, and V is the voltage
measured across the thickness t of the device.

4Where A is the area of the device.
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electric field, but the well known series/parallel capacitor formulas are not appropriate for

PM devices because the application of a magnetic field results in an electrical displacement

and vice versa, due to the inherent coupling present in the device. Thus, the methodology

proposed in Chapter 2 is used here to derive close form, explicit formulas for their calculation.

The demagnetizing effect has been considered by other researchers, allowing them to ob-

tain extrinsic properties for particular geometries and configurations. In this work, explicit

equations are obtained for all four possible configurations (TT,TL,LT,LL) by using the aver-

aged demagnetizing factor approximation. Twenty-eight combinations of seven PM and four

PE materials are studied to elucidate the effects of material properties, volume fraction, and

device geometry on voltage, charge, and work-conversion. ME properties are calculated to

find the optimum PM/PE materials combinations and PM volume fraction χ for the four

configurations (TT, TL, LT, LL). Optimum values are computed for 3 measures of perfor-

mance, namely ME voltage coefficient α, ME charge coefficient β, and ME coupling factor

κ. Thorough explanations are presented for the trends observed.

3.2 Materials and constitutive equations

The PE and PM materials selected for this study are listed in Tables 3.1 and 3.2, respectively.

Some properties not available for Galfenol and Metglas are calculated using the same ratios

S11/S33, ν12/ν31 and q31/q33 of Terfenol-D. The mechanical properties of CFO 5 are assumed

to be isotropic. The DC magnetic bias used to measure the properties of the PM phase is

indicated in Table 3.2. A low magnetic bias is desired for most applications, so that a smaller

permanent magnet can be used. This gives a design advantage to Metglas and Galfenol.

The analytical model from Chapter 2 is summarized first. It starts with the multi-physics

5CFO stands for CoFe2O4
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Property BTO PZT-2 PZT-4 PZT-5A PZT-5H PZT-8 PVDF Units
S11 8.6 11.6 12.3 16.4 16.5 11.5 365 10−12m2N−1

S33 9.1 14.8 15.5 18.8 20.7 13.5 472 10−12m2N−1

S12 -2.6 -3.33 -4.05 -5.74 -4.78 -3.7 -209 10−12m2N−1

S23 -2.7 -4.97 -5.31 -7.22 -8.45 -4.8 -192 10−12m2N−1

ε33/ε0 1200 450 1300 1700 3400 1000 13
µ11/µ0 1 1 1 1 1 1 1
µ33/µ0 1 1 1 1 1 1 1
d31 -58 -60.2 -123 -171 -274 -37 21 10−12CN−1

d33 149 152 289 374 593 225 -26 10−12CN−1

Table 3.1: PE material properties [73, 74, 76]. The compliance is measured at constant
electric field and the dielectric constant is measured at constant stress.

Property Terfenol-D Galfenol Metglas CFO Units
S11 44 20.3 52.7 6.5 10−12m2N−1

S33 38 17.5 45.5 6.5 10−12m2N−1

S12 -11 −5.1 −13.2 -2.37 10−12m2N−1

S23 -16.5 −7.6 −19.7 −2.37 10−12m2N−1

ε/ε0 ∞ ∞ ∞ ∞
µ33/µ0 3 260 17000 2
q31 -4300 −23271 −460353 556 10−12mA−1

q33 8500 46000 910000 -1880 10−12mA−1

k31 0.33 0.29 0.43 0.14 10−12mA−1

k33 0.71 0.61 0.92 0.47 10−12mA−1

Magnetic Bias 39.8 1.8 ∼ 0.2 ∼ 360 103Am−1

Table 3.2: PM material properties [74, 48, 27], CFO stands for CoFe2O4. The compliance is
measured at constant magnetic field and the magnetic permeability is measured at constant
stress.
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constitutive equations

s = Sσ + dTE + qTH (3.1)

D = dσ + εE (3.2)

B = qσ + µH (3.3)

where σ is the stress tensor, s is the strain tensor, E is the electric field vector, H is the

magnetic field vector, D is the electric displacement vector, B is the magnetic flux density

vector, S is the compliance tensor (measured at constant electric and magnetic field), ε is the

dielectric permittivity tensor (measured at constant stress), µ is the magnetic permeability

tensor (measured at constant stress), d is the PE charge constant tensor, and q is the PM

constant tensor. These equations describe the behavior of the PM and PE phases. PM

materials are actually magnetostrictive, with a nonlinear relationship between strain and

magnetic field, but they are customarily treated as linear in the close neighborhood of an

applied magnetic bias. Then, the PM constant tensor and all the PM properties are measured

at this magnetic bias.

PE and PM materials display transverse isotropy on a plane normal to the polarization

(magnetization) direction, which is denoted by the 3-axis in this work (Figure 2.1). The

polarization and magnetization directions do not coincide for the TL and LT configurations.

Therefore, a global coordinate system (Figure 2.2) is used to cast the equations after appro-

priate coordinate transformation for each of the phases.
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The compliance tensor S is defined as follows [65, (1.91)]

S =



S11 S12 S23 0 0 0

S12 S11 S23 0 0 0

S23 S23 S33 0 0 0

0 0 0 S44 0 0

0 0 0 0 S44 0

0 0 0 0 0 2(S11 − S12)


(3.4)

The PE charge constant tensor d is defined as

d =


0 0 0 0 d15 0

0 0 0 d15 0 0

d31 d31 d33 0 0 0

 (3.5)

where

dij =
sj
Ei

]
σ=0

=
Di

σj

]
E=0

(3.6)

The PM constant tensor q is defined in the same way, where

qij =
sj
Hi

]
σ=0

=
Bi

σj

]
H=0

(3.7)

The dielectric permittivity ε, and magnetic permeability µ, are diagonal tensors defined

as

ε = εijδij (3.8)

µ = µijδij (3.9)

where δij is the Kronecker symbol and x3 is the axis of transverse isotropy, which coincides
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with the direction of polarization or magnetization (ε11 = ε22 and µ11 = µ22).

ME devices can be built using four different configurations (Figure 2.2): transverse magne-

tization with transverse polarization (TT), longitudinal magnetization with transverse polar-

ization (LT), transverse magnetization with longitudinal polarization (TL), and longitudinal

magnetization with longitudinal polarization (LL), as shown in Figure 2.2. Intrinsic voltage,

charge, and coupling factors are found by applying boundary conditions representing each

case.

For simplicity, only two layers are shown in Figure 2.2, but it is assumed that the actual

device is symmetrically laminated. Furthermore, the laminas are thin in comparison to the

in-plane dimensions, resulting in a state of plane stress [65] and insignificant shear lag effect

[63]. As a result, the stresses are averaged through the thickness of each lamina and the

intralaminar/interlaminar shear strains are negligible [65]. Consequently, the ME pair is

assumed to be fully effective over its entire area.

The PE phase is most commonly polarized in the transverse direction. Otherwise, an

insulator is needed at the interface to prevent charge leakage from the PE through the PM

phase, since the latter is highly conductive. For example, a longitudinally polarized PZT

was bonded to two magnetostrictive FeBSiC alloy (Metglas) foils, using two Kapton films in

between to confine the electric field to the PE phase, thus avoiding leakage [66].

3.3 Intrinsic properties

Intrinsic properties are calculated first for the 28 material combinations to establish a baseline

for subsequent comparison with the extrinsic properties. This is necessary because extrinsic

properties also depend on geometry but intrinsic do not. In this way, it is possible to better

elucidate the material effects separately from the geometrical and the demagnetization effects.

Intrinsic properties are calculated with the equations presented in Chapter 2.
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3.3.1 TT configuration

ME coupling factor

Power output from the ME composite requires a high ME coupling factor κ, formally defined

as the ratio of electric work harvested to magnetic work applied (Eqn. 2.57). The intrinsic

ME coupling factor κ of the TT configuration is calculated for the 28 material combinations.

The results are shown in Figure 3.1. The highest coupling factor (κ = 0.17) is obtained for

Terfenol-D/PZT-5H composite with PM volume fraction χ = 85%.

Composites with Terfenol-D and other PZT compositions result in slightly lower ME

coupling factors with similar volume fraction dependency. The highest values are obtained for

the compositions with higher PE coupling factor. Terfenol-D/BTO has a similar dependency

on the PM volume fraction as Terfenol-D/PZT but with smaller values of κ due to the smaller

PE coupling factor of BTO. Finally, Terfenol-D/PVDF has the smallest ME coupling factor

due to the smallest PE coupling factor of PVDF.

For Terfenol-D/PVDF, it can be observed that the optimum ME coupling is obtained for

smaller PM volume fraction χ compared to Terfenol-D/PZT-5H. This is due to the higher

compliance of PVDF, which requires a smaller amount of PM phase to obtain the optimum

strain.

Regarding the influence of the PM phase, the highest ME coupling is obtained for Terfenol-

D, even though it does not have the highest PM coupling factor. Although Metglas has the

highest PM coupling factor, it does not yield the highest ME coupling factor because of

its high magnetic permeability. A high magnetic permeability affects the distribution of H

between PM and PE phases which detrimentally affects performance.

The distribution of H between PM and PE phases is obtained from (3.3). The magnetic

flux density in the z-direction for the PM phase is

BPM
z = 2qPM31 σPMx + µPM33 HPM

z (3.10)
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Figure 3.1: ME coupling factor in TT configuration, (dimensionless) for all material com-
binations. Metglas based composites not labeled because they display very low coupling in
this situation (see text).
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and the magnetic flux density for the PE phase is

BPE
z = µPE33 H

PE
z (3.11)

When transverse magnetization is used, the magnetic flux density B in both phases are

equal BPE
z = BPM

z . Combining equations (3.10) and (3.11) we get

µPE33 H
PE
z = 2qPM31 σPMx + µPM33 HPM

z (3.12)

In (3.12), if the PM phase has a magnetic permeability µPM33 much higher than the PE

phase µPE33 , a smaller magnetic field HPM
z in the PM phase is observed. This smaller mag-

netic field reduces the magnetic work harvested by the PM phase. Therefore, for transverse

magnetization, a smaller magnetic permeability increases the magnetic field (and the mag-

netic work harvested) in the PM phase. After Terfenol-D, CFO shows the next higher ME

coupling factor, for the same reason.

The effect of the high magnetic permeability on the effective internal magnetic field is

further discussed in Section 3.4 to account for demagnetization.

The optimum PM volume fraction with CFO is smaller than with Terfenol-D because

CFO, having smaller compliance, generates more stress to drive the PE phase with less PM

volume fraction χ than Terfenol-D.

ME voltage coefficient

To obtain high open circuit sensitivity requires high ME voltage coefficient α (Equation

2.23). The ME voltage coefficient for the 28 different material combinations in the TT

configuration are shown in Figure 3.2. The highest ME voltage (2.3V A−1) is obtained with

Terfenol-D/PVDF composite with a PM volume fraction χ =41% (κ = 0.024).

Another configuration with a high ME voltage coefficient (1.4V A−1) is Terfenol-D/PZT-2

composite with PM volume fraction 77%. The optimum α is obtained for higher PM volume
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Figure 3.2: ME voltage coefficient (TT configuration) for all material combinations.

fractions because of the higher stiffness of PZT-2, requiring more PM phase to achieve the

optimum strain.

ME charge coefficient

To obtain a high short circuit sensitivity, a high ME charge coefficient β is required (Equation

2.25). The ME charge coefficient for the selected composites in the TT configuration are

shown in Figure 3.3. In this case, the highest β is obtained when χ → 1, because the

effective area to produce the electric displacement D does not change with the PM volume

fraction. Then, χ → 1 maximizes the stiffness of the PM phase and thus maximizes the

strain transferred to the PE phase. However, χ → 1 results in a ME coupling factor κ = 0,

making impossible the measurement. Therefore, a compromise between β and κ is required.

The criterion used in this work to achieve this compromise consist in selecting a PM volume

fraction that has a high β while retaining 70 % of the maximum κ for that configuration.

In the case of Terfenol-D/PZT-5H, 70% of the maximum κ is 0.12, which can be obtained
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Figure 3.3: ME charge coefficient (TT configuration) for all material combinations.

with χ = 97%, resulting in β = 175 × 10−9C A−1m−1. Furthermore, composites using

PZT-5H posses a high ME charge coefficient due to the high PE charge coefficient (d31 =

274× 10−12CN−1) of PZT-5H (Table 3.1).

3.3.2 LT configuration

Here the PM is magnetized in the longitudinal direction, i.e., along the longest dimension of

the laminate. Longitudinal magnetization results in a increase of the magnetic field in the

PM phase compared to transverse magnetization, because (unlike for the TT configuration)

the magnetic field is applied at the edges of the PM phase without having to cross the PE

phase (HPM = HPE = H3). This is an advantage for the materials with high magnetic

permeability µPM33 such as Metglas. This effect will be further discussed when the extrinsic

properties are calculated using the demagnetizing effect in Section 3.4. Additionally, the

PM coupling coefficient κ33 is higher in the direction of magnetization than κ31 for the TT

configuration.
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Figure 3.4: ME coupling factor (dimensionless) in LT configuration for all material combi-
nations.

ME coupling factor

The increase of the magnetic field in the PM phase results in a higher magnetic work harvested

(compared with transverse magnetization). This can be observed in Figure 3.4 were the ME

coupling coefficient of composites (LT configuration) using Metglas show better performance

that anything in Figure 3.1.

Regarding the PE phase, the same materials used for the TT configuration give the opti-

mum response. Metglas/PZT-5H composite (LT configuration) with a PM volume fraction

of 53% has a ME coupling factor of 0.23 and Metglas/BTO composite with a PM volume

fraction of 64% has a ME coupling factor of 0.11.

ME voltage coefficient

The improvement obtained by magnetization in the longitudinal direction is observed in

the ME voltage coefficient as well (Figure 3.5). Here it can be seen that Metglas/PVDF
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Figure 3.5: ME voltage coefficient for all the material combinations for the LT configuration.

composite has the highest α = 274V A−1 with a PM volume fraction of 29% (κ = 0.05).

Another composite of interest is Metglas/PZT-2, which has smaller ME voltage coefficient

(119V A−1) but higher ME coupling factor (κ = 0.16) for a PM volume fraction of 66%.

ME charge coefficient

The highest values of ME charge coefficient are obtained for the LT configuration due to

the high strain produced by the PM phase and the large effective area of the PE phase.

Predictions are shown in Figure 3.6.

If the criterion discussed in Section 3.3.1 is used for the Metglas/PZT-5H composite in

the LT configuration, the PM volume fraction to achieve 70 % of the optimum ME cou-

pling is 89%, resulting in a good compromise between ME charge coefficient (β = 8393 ×

10−9C A−1m−1 and coupling factor κ = 0.16). An alternative for a lead free material is

Metglas/BTO composite with a PM volume fraction of 92%, which results in β = 3219 ×

10−9C A−1m−1 and κ = 0.08.
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Figure 3.6: ME charge coefficient (LT configuration) for all material combinations.

3.3.3 TL configuration

Here the composite is magnetized in the transverse direction but charge/voltage are sensed

at the ends of the longitudinal direction. Polarization of the PE phase in the longitudinal

direction is more challenging requiring and insulator at the PM/PE interface, but ME cou-

pling factor and voltage coefficient are increased. The use of the TL configuration results in

smaller ME coefficients and coupling compared to LL and LT configurations. This is due to

the smaller magnetic field in the PM phase, as it was discussed in Section 3.3.1. For this

reason, this configuration will not be discussed further, but predictions can be obtained using

the formulas provided in the Website [69].

3.3.4 LL configuration

The highest α and κ is predicted when the ME composite is polarized and magnetized in the

longitudinal direction, justifying the more complicated fabrication required by longitudinal
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Figure 3.7: ME coupling factor (dimensionless) in LL configuration for all material combi-
nations.

polarization, including an insulator.

ME coupling factor

Predicted ME coupling factors for LL configuration are shown in Figure 3.7. Metglas/PZT-

5H has the highest ME coupling factor (0.56) at 57 % PM volume fraction. This is due

to the high PM and PE coupling factors of Metglas and PZT-5H, respectively. For this

configuration the coupling factor k33 and k31 are important because strain is produced in the

x- and y-directions. For a lead free material Metglas/BTO with a PM volume fraction of

69% (κ = 0.33) is the best option.

ME charge coefficient

Predictions for the ME charge coefficient can be seen in Figure 3.8. Metglas/PZT-5H com-

posite has a ME charge coefficient of 4246 × 10−9C A−1m−1 and κ = 0.56 for a PM volume
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Figure 3.8: ME charge coefficient (LL configuration) for all material combinations.

fraction of 60%. The β is smaller than the value for the LT configuration but the coupling

coefficient associated is three times higher. Metglas/BTO composite is a good alternative to

PZT, yielding β = 1423× 10−9C A−1m−1 and κ = 0.33 for a PM volume fraction of 69%.

ME voltage coefficient

The ME voltage coefficient for the LL configuration can be seen in Figure 3.9. Metglas/PZT-

2 composite reaches a good compromise (according to the established criterion) between the

ME voltage coefficient and the ME coupling factor at PM volume fraction of 92%, resulting

in α = 2705V A−1 and κ = 0.32.

Metglas/PVDF composite shown an unusual behavior as a function of the PM volume

fraction. For χ < 0.4, increasing the PM volume fraction increases the ME voltage coefficient,

but after 40% the ME voltage coefficient remains practically constant. This is due to the fact

that the elastic modulus of PVDF is more than six times smaller than the elastic modulus

of Metglas. As a result, only a small volume fraction of Metglas is required to produce high
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Figure 3.9: ME voltage coefficient for all the material combinations for the LL configuration.

strain in the PVDF layer and higher volume fractions of Metglas practically do not increase

the strain in the PVDF.

A similar effect can be seen in the ME coupling factor (Figure 3.7). The compromise be-

tween the ME voltage coefficient and coupling factor for Metglas/PVDF in LL configuration

is obtained for PM volume fraction of 22%, resulting in α = 345V A−1 and κ = 0.05. Another

lead free option is Metglas/BTO composite with a PM volume fraction of 94% having a ME

voltage of 1304V A−1 and a coupling factor of 0.24.

3.3.5 Summary of intrinsic properties

Composites with high open circuit sensitivity are shown in Table 3.3. Longitudinal mag-

netization yields higher coefficients due to the higher strain produced and Metglas is the

best PM phase for this configuration. The first three composites require the more complex

longitudinal polarization but produce higher ME voltage coefficient (α). For the first three

composites, a PM volume fraction lower than the optimum (χ → 1) is selected to avoid
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PM Phase Metglas Metglas Metglas Metglas Metglas Metglas n/a
PE Phase PZT-2 PVDF BTO PVDF PZT-2 BTO n/a

Configuration LL LL LL LT LT LT n/a
χ 92%a 22%a 94%a 29% 66% 69%
α 2705 345 1304 274 119 46 V/A
κ 0.32 0.05 0.24 0.05 0.16 0.11
β 595 31 686 43 1290 1522 10−9C/(Am)

Table 3.3: ME composites with high voltage coefficient for open circuit sensors application.
aThe optimum PM volume fraction (χ → 1) is not used to avoid κ = 0, but PM volume
fraction is selected to retain 70% of the maximum ME coupling factor for each configuration.

κ = 0. The highest performance PE phase is PZT-2. For lead free composites, BTO followed

by PVDF provide the best performances. High open circuit sensitivity is the only application

where PVDF shows good performance because its small PE charge coefficient and coupling

factor results in small β and κ.

Composites with better closed circuit sensitivity are shown in Table 3.4. Transverse

polarization results in a higher closed circuit sensitivity due to the higher area at which

the electric displacement is produced. PZT-5H results in the highest β between the PE

materials selected due to its high PE charge coefficient (d). Smaller PM volume fraction

than the optimum (χ → 1) is selected to achieve a good trade off between κ and β for the

LL configuration.

Composites with longitudinal polarization have about half the ME charge coefficient com-

pared with transverse polarization. For the PM phase, Metglas in longitudinal magnetization

has the highest performance. Lead free ME composites for closed circuit applications can be

fabricated using BTO with the disadvantage of decreasing β to about a third.

Composites with better ME coupling factor are shown in Table 3.5. ME harvesters

require that most of the harvested magnetic work is transformed to electric work, requiring

a structure with high ME coupling factor (κ). Among the materials considered in this study,

the composite that better satisfies this is Metglas/PZT-5H in LL configuration with a PM

volume fraction of 60%, which results in κ = 0.56 (Table 3.5).

Composites with transverse polarization have κ more than two times smaller due to the
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PM Phase Metglas Metglas Metglas Metglas n/a
PE Phase PZT-5H BTO PZT-5H BTO n/a

Configuration LT LT LL LL n/a
χ 89%a 92%a 60% 69%
β 8393 3219 4246 1423 10−9C/(Am)
κ 0.16 0.08 0.56 0.33
α 45 26 458 465 V/A

Table 3.4: ME composites with high charge coefficient for closed circuit sensor applications.
aThe optimum PM volume fraction (χ → 1) is not used to avoid κ = 0, but PM volume
fraction is selected to retain 70% of the maximum ME coupling factor for each configuration.

PM Phase Metglas Metglas Metglas Metglas n/a
PE Phase PZT-5H BTO PZT-5H BTO n/a

Configuration LL LL LT LT n/a
χ 60% 69% 53% 64%

κ 0.56 0.33 0.23 0.11
α 458 465 66 46 V/A
β 4246 1423 3657 1305 10−9C/(Am)

Table 3.5: ME composites properties with high coupling factor for harvesters applications.

smaller k31 of the PE phase. Using lead free BTO in the LL configuration reduces the ME

coupling factor to 0.33.

3.4 Extrinsic ME properties

When a device is exposed to an external magnetic field H0, the internal magnetic field H3 is

reduced by the demagnetization field

H ′3 = H0 +Hd = H0 −N3M (3.13)

where Hd is the demagnetizing field, N3 is the demagnetizing factor in direction 3, and M is

the magnetization. The magnetization can be written as follows [77]

M =
H0(µr − 1)

1 +N3(µr − 1)
(3.14)
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resulting in

H ′3 = H0
µ0

µ0 +N3(µ− µ0)
(3.15)

where H ′3 is the magnetic field inside the composite material when the magnetic behavior of

the PE phase is assumed to be blended with the surrounding medium (the PM phase is the

only phase which has an effect on demagnetization, not the PE). The ′ symbol is used to

differentiate H ′3 from H3, which is the magnetic field inside the composite material when the

magnetic behavior of the PE phase is homogenized with the PM phase, as in [55]. We shall

see in Section 3.4.1 and 3.4.2 that H ′3 = H3 for longitudinal magnetization but H ′3 6= H3 for

transverse magnetization.

Furthermore, H0 is the externally applied magnetic field, µ is the magnetic permeability

of the material, µ0 is the magnetic permeability of vacuum, µr = µ/µ0 and N3 is the demag-

netizing factor in the 3 direction (the direction in which the magnetic field is applied). N3 is

a function of the geometry of the device.

The demagnetizing factor has values between 0 and 1. When N3 = 0, H ′3 = H0 and

when N3 = 1, H ′3 = H0/µr. Devices with high demagnetizing factor N3 made with materials

having high relative permeability µr experience the highest reduction of internal magnetic

field H ′3. While intrinsic material performance is independent of geometry, the extrinsic

device performance, i.e., the voltage generated for a given magnetic field, is a function of the

dimensions of the device as well as intrinsic performance. The extrinsic performance can be

calculated in terms of the intrinsic material performance and the demagnetizing factor for

particular device dimensions [70, 71].

The demagnetization factor satisfies the condition N1 + N2 + N3 = 1. The simplest

case is for an sphere, for which Ni = 1/3 and constant in all directions. In the case of an

infinite plate, the out of plane demagnetizing factor is 1 and the in-plane demagnetizing

factor is 0. For example, for a thin ME laminate in the shape of a large square plate, the TT

configuration suffers because N3 → 1, but the LT and LL configurations have the advantage
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because N3 → 0.

The demagnetizing factor for non-infinite plates as a function of position can be calculated

using the equations of Joseph and Schlomann [70]. The averaged demagnetization factor can

be obtained using the expressions derived by Aharoni [71]. Thus, the dimensions of the

ME device can be optimized taking into account the demagnetizing factor N3. The optimal

dimensions would yield N3 → 0.

For the case of composites with longitudinal magnetization (LT and LL), the thickness has

to be considerably smaller than the in-plane dimensions to approach N → 0. For composites

with transverse magnetization (TT and TL), measured performance, rather than intrinsic

performance, may be significantly reduced due to high demagnetization factor [72].

The demagnetizing factor N3 is constant inside an ellipsoid but not inside a cuboid [70].

To take into account the variation of the demagnetizing factor at different positions, the

constitutive equations have to be solved at every point and integrated trough the volume,

drastically increasing the complexity of the analysis. To simplify the analysis, in this work

an approximation is used; the demagnetizing factor is averaged through the volume. This

allows to us obtain explicit formulas for the ME coefficients.

The averaged demagnetizing factor is calculated using the following formula [71]

πN3 =
b2 − c2

2bc
ln

(√
a2 + b2 + c2 − a√
a2 + b2 + c2 + a

)
+
a2 − c2

2ac
ln

(√
a2 + b2 + c2 − b√
a2 + b2 + c2 + b

)
(3.16)

+
b

2c
ln

(√
a2 + b2 + a√
a2 + b2 − a

)
+

a

2c
ln

(√
a2 + b2 + b√
a2 + b2 − b

)
+
c

2a
ln

(√
b2 + c2 − b√
b2 + c2 + b

)
+

c

2b
ln

(√
a2 + c2 − a√
a2 + c2 + a

)
+2 arctan

(
ab

c
√
a2 + b2 + c2

)
+
a3 + b3 − 2c3

3abc

+
a2 + b2 − 2c2

3abc

√
a2 + b2 + c2 +

c

ab
(
√
a2 + c2 +

√
b2 + c2)

−(a2 + b2)3/2 + (b2 + c2)3/2 + (c2 + a2)3/2

3abc

where c is the length of the PM phase in the direction of the applied field (direction 3), and
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a, b, are the dimensions of the PM phase perpendicular to the applied field.

Equation (3.16) does not apply to a composite with two or more different phases. Fortu-

nately, since the magnetic permeability of the PE phase µPE ≈ µ0, it can be blended with

the surrounding medium. Then, the dimensions used in Equation 3.16 correspond to the

dimensions of the PM lamina only. Additionally, the magnetic permeability of the material

used in Equation 3.15 has to be that of the PM phase only. This will be further discussed

for each extrinsic property calculated.

3.4.1 Extrinsic ME voltage coefficient

The extrinsic ME voltage coefficient α̂, which depends in the actual geometry of the composite

is defined as

α̂ =
E

H0

]
D=0

(3.17)

The intrinsic ME voltage coefficient for the homogenized composite subject to magnetic

field H3 (see Section 3.4), is defined as

α =
E

H3

]
D=0

(3.18)

At this point is convenient to define the intrinsic ME voltage coefficient for the homoge-

nized composite subject to magnetic field H ′3 (which is relevant in the magnetic phase only),

as follows

α′ =
E

H ′3

]
D=0

(3.19)

which is similar to α but with the magnetic field applied at the boundaries of the magnetic

phase only. There are two different cases. First, when longitudinal magnetization is used,

H ′3 = H3 and α′ = α. The second case is when the composite is magnetized in the transverse
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direction, for which the magnetic field H3 through the composite is

H3 = χHPM + (1− χ)HPE (3.20)

Thus, α′ has to be calculated using (3.19) for all the with transverse magnetization.

Finally, the extrinsic voltage coefficient α̂ can be obtained as follows

α̂

α′
=

E

H0

× H ′3
E

]
D=0

=
H ′3
H0

=
]
D=0

α̂

α′
=

µ0

µ0 +N3(µ′ − µ0)

]
D=0

(3.21)

where µ′]D=0 is the magnetic permeability of the PM phase mechanically clamped to the PE

phase and with D = 0, which can be calculated as

µ′]D=0 =
B′3
H ′3

]
D=0

=
BPM

HPM

]
D=0

(3.22)

where B′3 is the magnetic flux in the magnetic phase only.

Analytical expressions for µ′]D=0 in all four configurations are developed in this work

by solving the constitutive equations subjected to appropriate boundary conditions for each

configuration. For the LL configuration the following expression is obtained
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µLL]D=0 =
εPE33 (A1 +B1 + C1 +D1) + χ(E1 + F1 +G1)

εPE33 (H1 + I1) + χ(J1 +K1)
(3.23)

A1 = (qPM33 )2(χ− 1)(SPM11 (χ− 1)− SPE11 χ)− 2qPM31 qPM33 (χ− 1)(SPM23 (χ− 1)− SPE23 χ)

B1 = (qPM31 )2(χ− 1)(SPM33 (χ− 1)− SPE33 χ) + µPM33 ((SPM23 )2 − SPM11 SPM33

C1 = −(2SPM23 (SPM23 − SPE23 ) + SPM11 (SPE33 − 2SPM33 ) + SPE11 S
PM
33 )χ

D1 = ((SPE23 − SPM23 )2 − (SPE11 − SPM11 )(SPE33 − SPM33 ))χ2))

E1 = (dPE33 )2((qPM31 )2(χ− 1) + µPM33 (SPM11 + SPE11 χ− SPM11 χ))

F1 = −2dPE31 d
PE
33 (qPM31 qPM33 (χ− 1) + µPM33 (SPM23 + SPE23 χ− SPM23 χ))

G1 = (dPE31 )2((qPM33 )2(χ− 1) + µPM33 (SPM33 + SPE33 χ− SPM33 χ))

H1 = (SPM23 )2 − SPM11 SPM33 − (SPE33 S
PM
11 + 2SPM23 (−SPE23 + SPM23 ) + (SPE11 − 2SPM11 )SPM33 )χ

I1 = ((SPE23 − SPM23 )2 − (SPE11 − SPM11 )(SPE33 − SPM33 ))χ2

J1 = 2dPE31 d
PE
33 (SPM23 (χ− 1)− SPE23 χ) + (dPE33 )2(SPM11 + SPE11 χ− SPM11 χ)

K1 = (dPE31 )2(SPM33 + SPE33 χ− SPM33 χ)

Equation (3.23) and a similar expression for the LT configuration (not shown in this

paper) can be found in the Website [69].

Values of extrinsic ME voltage coefficient are calculated for Metglas/PZT-2 composite

in LL configuration and the results are shown in Figure 3.10. These results were calculated

using a composite with equal length and width (square in-plane) and various thicknesses.

The aspect ratio r is defined as follows

r =
c

t
=
a

t
(3.24)

where a is the width of the composite, c is the length of the composite (in the direction of the

applied magnetic field, for the longitudinal magnetization) and t is the total thickness of the



CHAPTER 3. EXTRINSIC β, α, AND κ FOR ME LAMINATED COMPOSITES 105

composite. Therefore, the thickness of the PM phase is obtained in terms of the PM volume

fraction as b = χ t. It can be seen in Figure 3.10 that when the aspect ratio is reduced, the

extrinsic ME voltage decreases.

Intrinsic properties are obtained when r → ∞ because the demagnetizing factor ap-

proaches zero (N3 → 0). Very high values for the aspect ratio are required to preserve the

intrinsic properties in the case of Metglas. This is due to its high magnetic permeability,

making it very sensitive to demagnetizing effects. For example, if the aspect ratio is r = 104

for Metglas/PZT-2 LL, the extrinsic ME voltage is α̂ = 581V A−1, which is considerably

smaller than the intrinsic value of α = 2705V A−1, where both values are calculated using

χ = 92% to retain 70 % of the maximum intrinsic ME coupling factor. In practice, aspect

ratios of r = 10 are preferred to facilitate the fabrication of the device. In such case, the

extrinsic ME voltage coefficient decreases to α̂ = 2.4V A−1, which is 103 times smaller than

the intrinsic value.

Since ME voltage decreases so drastically for Metglas/PZT-2 for small aspect ratios, other

materials with smaller magnetic permeability are investigated to see if they can sustain higher

extrinsic ME voltage. Results for all material combinations in LL configuration are shown

in Figure 3.11 for aspect ratio r = 10. It can be seen that composites with Terfenol-D have

the highest extrinsic ME voltage due to their smaller magnetic permeability. With regards

to the PE phase, PZT-2 allows for the highest extrinsic ME voltage. Terfenol-D/PZT-2 has

the highest extrinsic ME voltage α̂ = 26V A−1 for a PM volume fraction of χ = 95%. Using

Galfenol instead of Terfenol-D results in a lower α̂ due to the higher magnetic permeability

of Galfenol.

The effect of the aspect ratio can be seen in Figure 3.12. The demagnetizing effect is

stronger for materials with higher magnetic permeability, resulting in higher decrease of the

extrinsic ME voltage. It can be seen in Figure 3.12 that Metglas/PZT-2 has the highest α̂

for aspect ratios higher than r > 1200. For small aspect ratios (r < 90), Terfenol-D/PZT-2

shows the highest extrinsic ME voltage, and between these aspect ratios, Galfenol/PZT-2
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Figure 3.10: Extrinsic ME voltage coefficient for Metglas/PZT-2 in LL configuration for
aspect ratios of 10, 100, 10000, and r →∞ (intrinsic value).
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Figure 3.11: Extrinsic ME voltage coefficient for all the material combinations for an aspect
ratio of r = 10. Reproduced from [78] with permission.

has the highest α̂.

The PM volume fraction used in Figure 3.12 is the optimum for each composite and

aspect ratio, which in some cases has to be reduced from the optimum of χ = 1 to a vales

retaining 70 % of the intrinsic ME coupling factor. In the case of Terfenol-D/PZT-2 and

Galfenol/PZT-2 in the LL configuration, the optimum PM volume fraction is χ = 1, so they

are reduced to 95 and 89 %, respectively.

For Metglas/PZT-2 and Metglas/PVDF in LL configuration, the optimum PM volume

fraction changes with aspect ratio, as it can be seen in Figure 3.13. In the case of Met-

glas/PVDF for aspect ratios larger than 35000, the optimum PM volume fraction is given

by the 70% retention criterion. When r < 35000 is used, the optimum PM volume fraction

decreases. The intrinsic ME voltage coefficient does not change when different aspect ratios

are used but the demagnetizing factor does. For smaller PM volume fraction, the demag-

netizing factor decreases because the thickness of the PM lamina used in (3.16) decreases.
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Figure 3.12: Extrinsic ME voltage coefficient for all the ME composite proposed as a function
of the device aspect ratio. The optimum PM volume fraction for each material combination
can be seen in Figure 3.13. Reproduced from [78] with permission.
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In some cases, like for Metglas/PVDF, the decrease in the demagnetizing factor (due to

smaller optimum PM volume fraction required to stretch the PVDF) has a positive effect

that more than compensates for the decrease in the intrinsic ME voltage resulting from using

PVDF. This effect can be easily noticed for PVDF because PVDF is a soft PE material, not

needing a thick PM lamina with high stiffness to strain it. A similar effect can be seen for

Metglas/PZT-2 and for all the composites using Metglas. In Figure 3.13, for Metglas/PZT-2

LL, the aspect ratio r decreases from right to left. For 30 < r < 500, reducing χ reduces

demagnetization more that enough to compensate for the reduction of intrinsic ME voltage

coefficient α due to a lower χ. However, For r < 30, the effect of χ on α overcomes the

reduction due to demagnetization, so the optimum goes back to χ = 92%. This behavior can

be seen when using Metglas, but not on Terfenol-D and Galfenol, because the high µPM of

Metglas, which makes the composite very susceptible to demagnetization, unless χ is so low

that demagnetization is no longer relevant, and the performance is again controlled by the

effect of χ on α, i.e., the loss of magnetostriction.

The LL configuration yields maximum extrinsic ME voltage. However, LL configuration

requires an insulating layer to prevent current leakage, thus fabrication is more complex.

For this reason the LT configuration (most commonly used in the literature) is studied

independently from the LL configuration. The predictions are shown in Figure 3.14.

LT Metglas/PVDF has the highest intrinsic voltage, as it is discussed in Section 3.3.2.

Metglas/PVDF is the best option when aspect ratios higher than 250 are used. When aspect

ratios from 4 to 250 are used, Galfenol/PVDF has the highest extrinsic ME voltage, and

for aspect ratios smaller than 4, Terfenol-D/PVDF is the best candidate. PVDF is the best

PE candidate because it has high compliance, requiring less PM thickness to stretch it, thus

resulting in a thicker PE, which effectively increases the electric field. Note that, since the

PM volume fraction for the composites with PVDF are small, resulting in a thin PM layer,

the demagnetizing effect has a smaller impact than for other composites.

As it can be seen in Figure 3.15, the optimum PM volume fraction for LT Metglas/PVDF
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Figure 3.13: Optimum PM volume fraction, to maximize α̂, of Terfenol-D/PZT-2,
Galfenol/PZT-2, Metglas/PZT-2, and Metglas/PVDF in LL configuration as a function of
the device aspect ratio. Reproduced from [78] with permission.
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Figure 3.14: Extrinsic ME voltage coefficient all the ME composites in LT configuration as a
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composite increases when aspect ratio increases. The optimum PM volume fraction for the

intrinsic case (represented in the plot by r = 106) is 23 %. When aspect ratios smaller that

300 are used, the optimum PM volume fraction is 1%. This is due to the fact that smaller

PM volume fraction results in smaller demagnetizing factor because the thickness of the PM

phase is smaller. Furthermore, the PM phase does not need to have high stiffness because

PVDF has a high compliance.

For LT Metglas/PVDF composite with χ→ 1%, the intrinsic ME coupling factor plateaus

at 75% of the highest ME coupling factor achievable. Thus, it satisfies the 70% retention

criterion even at χ → 1%. If a PE phase with a lower compliance is used, such as in

Metglas/PZT-2 composite, the optimum PM volume fraction does not decrease as much as

for Metglas/PVDF because a thicker PM phase is required to drive the relatively stiff PZT-2.

A similar effect to the one shown by Metglas/PVDF can be seen with Galfenol/PVDF

and Terfenol-D/PVDF, but in these composites the decrease in optimum PM volume fraction

with decreasing aspect ratio is less severe than for Metgals/PVDF due to smaller magnetic

permeability of Galfenol and Terfenol-D. An additional advantage of using PVDF instead of

PZT materials is that PVDF is lead-free.

3.4.2 Extrinsic ME charge coefficient

Similarly to Section 3.4.1, the extrinsic ME charge coefficient β̂ is defined as

β̂ =
D

H0

]
E=0

(3.25)

The intrinsic ME charge coefficient for the homogenized composite subject to magnetic field

H3 (see Section 3.4), is defined [55] as

β̂ =
D

H3

]
E=0

(3.26)
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Figure 3.15: Optimum PM volume fraction (dimensionless) of Terfenol-D/PVDF,
Galfenol/PVDF, Metglas/PVDF, Terfenol-D/PZT-2, Galfenol/PZT-2, and Metglas/PZT-
2 in LT configuration as a function of the device aspect ratio. Reproduced from [78] with
permission.
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At this point is convenient to define the intrinsic ME charge coefficient for the homogenized

composite subject to magnetic field H ′3 (which is relevant in the magnetic phase only), as

follows

β′ =
D

H ′3

]
E=0

(3.27)

which results in

β̂

β′
=

D

H0

× H ′3
D

]
E=0

=
H ′3
H0

]
E=0

=

β̂

β′
=

µ0

µ0 +N3(µ′ − µ0)

]
E=0

(3.28)

where β′ and µ′ are defined in the same way as in Section 3.4.1. In the case of longitudinal

magnetization β = β′, but for transverse magnetization β′ it has to be calculated using

appropriate boundary conditions.

Also note that in (3.28), the magnetic permeability µ′ is the magnetic permeability of the

PM phase when mechanically bonded to the PE phase, for a constant electric field E = 0,

i.e.,

µ′ =
B′3
H ′3

]
E=0

BPM

HPM

]
E=0

(3.29)

which must be calculated using the corresponding boundary conditions. The analytical ex-

pression is provided in the Website [69].

Predicted extrinsic ME charge coefficients for composites with aspect ratio r = 10 are

reported in Figure 3.16. Terfenol-D/PZT-5H in LT configuration has the best performance

(β̂ = 77×10−9C A−1m−1 and κ = 0.08 for χ = 95%). This is due to the smaller demagnetizing

effect in a material, such as Terfenol, with relatively small magnetic permeability. In the LL

configuration, the optimum extrinsic ME charge coefficient β̂ = 41× 10−9C A−1m−1 is good

as well, with the advantage of occurring at χ = 55%, which has a κ = 0.30. Even Galfenol,
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Figure 3.16: Extrinsic ME charge coefficient for all material combinations and aspect ratio
r = 10.

which has higher magnetic permeability than Terfenol, shows a high ME extrinsic charge

coefficient of β̂ = 38 × 10−9C A−1m−1, due to the higher intrinsic ME charge coefficient

of Galfenol/PZT-5H in LL configuration. The later is just one example where intrinsic

performance is useful to explain an extrinsic feature of a ME composite.

To evaluate the ME charge performance of the 28 ME composites studied in this work,

the extrinsic ME charge coefficient as a function of the aspect ratio is calculated and reported

in Figure 3.17. When smaller aspect ratios are used, the demagnetizing effect is stronger for

materials with high magnetic permeability, resulting in higher extrinsic ME charge coefficient

for materials with smaller magnetic permeability. For aspect ratios r > 16000, Metglas/PZT-

5H in the LT configuration (χ = 95%) holds the highest ME charge coefficient. For aspect

ratios 126 < r < 16000, Metglas/PZT-5H in the LL configuration (χ = 10% for r = 126

and χ = 41% for r = 16000 ) shows the highest β̂. For aspect ratios 37 < r < 126,

Galfenol/PZT-5H in the LL configuration (χ = 31%) shows the highest β̂. For aspect ratios



CHAPTER 3. EXTRINSIC β, α, AND κ FOR ME LAMINATED COMPOSITES 116

10
0

10
1

10
2

10
3

10
4

10
5

10
6

10

100

1000

10000

E
x
tr

in
s
ic

M
E

C
h
a
rg

e
(1

0
-9

C
/
A

m
)

Aspect Ratio

Metglas/PZT-5H LT

Terfenol-D/PZT-5H LL

Galfenol/PZT-5H LL

Terfenol-D/PZT-5H LT

Figure 3.17: Extrinsic ME charge coefficient for all material combinations as a function of
aspect ratio. Optimum PM volume fraction is used in LL configuration. 70% retention
volume fraction is used for LT configuration.

r < 37, Terfenol-D/PZT-5H in the LT configuration (χ = 95%) shows the highest β̂.

The optimum PM volume fraction for each configuration discussed in this Section varies

similarly to Figure 3.13 but it is not shown for sake of space. Actual values can be calculated

using the formulas provided Website [69].

3.4.3 Extrinsic ME coupling factor

The extrinsic ME coupling factor is defined similarly to the intrinsic ME coupling factor in

Chapter 2, but using the externally applied, specific magnetic work. The later takes into

account both the intrinsic work and the work in the surrounding medium (vacuum or air).

Therefore,

κ̂2 =
WG
E

ŴA
M

(3.30)
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were ŴA
M is the extrinsic magnetic work applied (specific magnetic work externally applied),

when the electric field in the composite is constant. The extrinsic magnetic work applied can

be obtained as follows

ŴA
M =

B0 ×H0

2

]
E=0

=
µext(H0)

2

2

]
E=0

(3.31)

were H0 is the externally applied magnetic field, B0 is the externally applied magnetic flux,

and µext is the magnetic permeability of the medium (vacuum, or air) with the composite

structure inside. When the magnetic field is applied far enough (at infinity), the value of µext

approaches the magnetic permeability of vacuum µ0.

Because the average demagnetizing factor formula (3.16) only applies to a single phase

lamina, in this work the PE phase is included in the surrounding medium and κ′ is defined

as

(κ′)2 =
WG
E

W ′A
M

(3.32)

where the extrinsic work applied in terms of magnetic field H ′3 in the PM phase is

W ′A
M =

B′3 ×H ′3
2

]
E=0

=
BPM ×HPM

2

]
E=0

=
µ′(H ′3)

2

2

]
E=0

(3.33)

and κ′ has to be calculated for all four configurations. It can be shown that:

(κ′ij)
2 =

(β′ij)
2

εHjj × µ′Eii
(3.34)

were εH is the dielectric constant of the composite at constant magnetic field, calculated in
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Chapter 2. Next, the extrinsic ME coupling factor can be obtained as follows

( κ̂
κ′

)2
=
WG
E

ŴA
M

× W ′A
M

WG
E

=
W ′A
M

ŴA
M

=
H ′3
H0

× B′3
B0

]
E=0

=
(H ′3
H0

)2
× µ′

µ0

]
E=0( κ̂

κ′

)2
=

µ′µ0

(µ0 +N3(µ′ − µ0))2

]
E=0

(3.35)

Note that µ′ is the magnetic permeability of the PM phase, bonded to the PE phase,

when the electric field is constant, which has to be calculated.

For aspect ratios r →∞ the demagnetizing factor N3 → 0 reducing (3.35) to

κ̂ = κ′

√
µ′

µ0

]
E=0

(3.36)

This equation implies that κ̂ > κ′ because µ′ > µ0 when a PM material of any kind is

present in the medium (air or vacuum). Values of κ̂ could be higher than unity because

(3.30) is a ratio of specific work over different volumes, with WG
E measured over the volume

of the device and ŴA
M over the volume where the external magnetic field is applied.

Maximum values of extrinsic ME coupling coefficient (obtained at optimum PM volume

fraction for all materials) are shown in Figure 3.18. It can be seen that Metglas/PZT-5H

in LL configuration has the highest ME coupling coefficient for aspect ratios higher than

350. This is due to the fact that Metglas and PZT-5H have the maximum PM and PE

coupling factors, respectively. For aspect ratios between 27 and 350 Galfenol/PZT-5H in the

LL configuration has the highest extrinsic ME coupling coefficient. As previously discussed,

demagnetization is smaller on Galfenol than on Metglas. Finally, for aspect ratios smaller

than 27, Terfenol-D/PZT-5H LL has the highest κ̂.

3.5 Conclusions

The effects of demagnetization are drastic, not only in magnitude but also drastically chang-

ing material selection and volume fraction, both as function of the device’s geometrical aspect
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Figure 3.18: Optimum extrinsic ME coupling factor (dimensionless) for all material combi-
nations as a function of aspect ratio.

ratio. PM materials with high magnetic permeability are very sensitive to demagnetizing ef-

fects and loose their comparative advantage even if they also posses high intrinsic coupling.

There are two ways to minimize demagnetization: use a PM with low permeability µ or a

PE with high compliance S. A composite with low PM permeability µ is better because the

usable magnetic field H3 in (3.15) is inversely proportional to µ, so less µ means the per-

formance is less affected by demagnetization. A composite with high PE compliance (e.g.,

PVDF) is best in LT and LL configurations because less PM is needed, and since only the

PM is affected by demagnetization, the extrinsic performance is less affected.

The material combinations identified as having best intrinsic performance are replaced

by different material combinations when extrinsic properties are calculated. Furthermore,

the best material selection, optimum volume fraction, and even optimal configuration vary

with the aspect ratio, thus requiring to include device geometry in the design process. The

LL configuration yields maximum extrinsic ME voltage. For an aspect ratio of 10, ME
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devices based on Terfenol-D are predicted to have the highest extrinsic voltage coefficient

due to its relatively small magnetic permeability µ33/µ0 = 3 (Table 3.2). In some cases, like

for Metglas/PVDF, the decrease in the demagnetizing factor (due to smaller optimum PM

volume fraction required to stretch the compliant PVDF) has a positive effect that more

than compensates for the decrease in the intrinsic ME voltage resulting from using PVDF.

However, different PM phases are required to achieve optimum performance at different

values of aspect ratio.

The highest extrinsic α and κ are predicted when the ME composite is polarized and

magnetized in the longitudinal direction, justifying the more complicated fabrication required

by longitudinal polarization, which requires an insulator to prevent charge leakage from the

PE phase through the PM phase. Longitudinal magnetization yields higher extrinsic open

circuit sensitivity due to the higher strain produced.



Chapter 4

Prediction of magnetoelectric

coefficients for particulate composites

In the present work magnetoelectric (ME) properties of particulate composites are calculated

using Eshelby theory and two homogenization techniques: dilute approximation and Mori-

Tanaka mean field theory 1. A method that allows the calculation of all ME properties

under any boundary conditions is proposed. These boundary conditions are dictated by

the experimental configuration, e.g. films on a substrate, free-standing composites, etc.

Predictions are compared with calculations reported by Harshe et al. and Nan et al., and

good correlation is obtained with those, but to achieve good correlation with experimental

data, the conductivity of the piezomagnetic (PM) phase must be taken into account, and

a method is proposed to that effect. Percolated composites do not have any piezoelectric

(PE) or ME properties because the charge leaks through the conductive PM phase. The

experimental parameters that influence the percolation threshold are discussed and the best

particulate composite design is proposed. Unlike previous models that did not account for

conductivity, correlation between the proposed model and experimental data is much better.

1This chapter was submitted to Smart Materials and Structures journal

121
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4.1 Introduction

ME composites are made of piezoelectric and magnetostrictive phases coupled by a strain

field. The composite geometry can vary from laminated to particulate. The particulate

composites do not need to experience overall strain to produce ME effect. While particulate

composites deposited on a rigid substrate are able to produce ME effect, laminated composites

do not, due to the clamping effect. Percolation of the conductive dispersed phase is a non

desired effect in ME composites because it leaks the generated charge. Taking into account

the dispersed phase geometry (e.g. spherical, rods, plates, etc.) and phase size, a design

criterion will be established in §4.4 to prevent percolation even when a high amount of PM

phase is used.

Several models for particulate composites had been proposed in literature [46, 79, 42, 80,

47, 81, 82]. The geometry used for the dispersed phase include spheres, elliptic cylinder,

circular cylinder, disk, and ribbons. Literature predictions deviate from experimental data

because the conductive behavior of the PM phase has not been considered.

After the conductive PM phase percolates on a ME composite, the ME and PE properties

vanish because the charge leaks through the conductive path of the percolated PM phase

[83, 84]. The experimental parameters that influence percolation threshold as well as the effect

of the dispersed phase geometry are considered in this work. Spherical particles are selected

for because they maximize the percolation threshold. The actual percolation threshold is not

calculated because it depends on experimental parameters, but guidelines on how to increase

it are given, which result in better ME properties.

Before the conductive PM phase percolates, the ME properties of the composite are

affected by the conductivity of the PM phase. Previously, the conductive behavior of the PM

phase was ignored, leading to poor correlation with experimental data [79, 47]. This is due to

the fact that the constitutive equations used are static and do not consider conductivity. If

the material is a conductor instead of an insulator, the electric field inside will decrease to zero

after a short period of time. To take this into account the model would have to consider the



CHAPTER 4. ME COEFFICIENTS FOR PARTICULATE COMPOSITES 123

conductivity and the model would change from static to dynamic, increasing the complexity

and adding more variables and constants. In this work the conductive behavior of the PM

phase is taken into account using the approach proposed in Chapter 2 and Chapter 3 for

laminate structures. As a result of it, the model predicts ME properties substantially closer

to the experimentally measured values.

4.2 Model

The constitutive equations used in this work consider the elastic, electric, magnetic, piezo-

electric, piezomagnetic, and magnetoelectric interaction. The polarization and magnetization

are in the 3-direction for the PM and PE phase, resulting in transversally isotropic symmetry

around the 3-direction. The linear constitutive equations are:



σ1
σ2
σ3
σ4
σ5
σ6
D1
D2
D3
B1
B2
B3

 =



C11 C12 C23 0 0 0 0 0 e31 0 0 q31
C12 C11 C23 0 0 0 0 0 e31 0 0 q31
C23 C23 C33 0 0 0 0 0 e33 0 0 q33
0 0 0 C44 0 0 0 e15 0 0 q15 0
0 0 0 0 C44 0 e15 0 0 q15 0 0
0 0 0 0 0 C66 0 0 0 0 0 0
0 0 0 0 e15 0 ε11 0 0 λ11 0 0
0 0 0 e15 0 0 0 ε11 0 0 λ11 0
e31 e31 e33 0 0 0 0 0 ε33 0 0 λ33
0 0 0 0 q15 0 λ11 0 0 µ11 0 0
0 0 0 q15 0 0 0 λ11 0 0 µ11 0
q31 q31 q33 0 0 0 0 0 λ33 0 0 µ33


∗



s1
s2
s3
s4
s5
s6
E1
E2
E3
H1
H2
H3

 (4.1)

where C is the elastic tensor measured at constant electric and magnetic field (Ei = 0 and

Hi = 0), ε is the dielectric tensor measured at constant strain and magnetic field (si = 0 and

Hi = 0), µ is the magnetic permeability tensor measured at constant strain and constant

electric field, e is the piezoelectric tensor defined as:

eij =
σj
Ei

]
s=0,H=0

(4.2)

q is the piezomagnetic tensor defined as:

qij =
σj
Hi

]
s=0,E=0

(4.3)
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and λ is the magnetoelectric tensor defined as:

λii =
Di

Hi

]
s=0,E=0

(4.4)

Equation (4.1) can be written as:

ΣiJ = LiJMnZMn (4.5)

where ΣiJ contains σ, D and B, and ZMn contains the s, E, and H, and LiJMn contains the

materials properties. The index mapping is made using an expanded Voigt notation:

11→ 1, 22→ 2, 33→ 3, 23→ 4, 31→ 5, 12→ 6,

41→ 7, 42→ 8, 43→ 9, 51→ 10, 52→ 11, 53→ 12.

As it can be noticed, some indexes are capitalized and other are not. In this work the

capitalized indexes have values from 1 to 5 and the non capitalized indexes have values from

1 to 3. The indexes that have values from 1 to 5 indicates the physics, i.e., 4 is electric, 5 is

magnetic and 1, 2, and 3 are for mechanics. The indexes that range from 1 to 3 relate to the

direction. For example, 41 would be electric in the 1-direction.

The proposed model is based on Eshelby theory [85], that allows us to calculate the

elastic, magnetic, and electric field inside an ellipsoid when the composite is subject to

an elastic, magnetic, and/or electric perturbation. After the Eshelby tensor is obtained,

an approximation can be used to calculate the homogenized properties of the composite.

Eshelby theory was first introduced for elastic materials only, but the same theory can be

used for any linear constitutive model. The Eshelby tensor is defined as follows:

ZMn = SMnAbZ
∗
Ab (4.6)
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where Z∗Ab is the eingenfield, which is the field (elastic, magnetic, and electric) in the ellipsoid,

due to an external perturbation, when the inclusion is removed from the matrix. For example,

the elastic strain produced in a PM particle when a magnetic field is applied to the particle

in vacuum. Next, ZMn is the field inside the particle when the particle with an eingenfield is

introduced in the matrix. For example, the strain produced in a PM particle embedded in a

matrix when a magnetic field is applied. Finally, SMnAb is the Eshelby tensor.

The Eshelby tensor can be calculated using the Green function for the model described

by (4.1) and the properties of the matrix (LmiJmn) 2, as follows [79]:

Smnab =
1

8π
[Cm

ijab(Gmjin +Gnjim) + qmiab(Gm5in +Gn5im)]

Smn4b =
1

8π
εmib (Gm4in +Gn4im)

Smn5b =
1

8π
[qmbij(Gmjin +Gnjim) + µmib (Gm5in +Gn5im)]

S4nab =
1

4π
(Cm

ijabG4jin + qmiabG45in)

S4n4b =
1

4π
εmibG44in

S4n5b =
1

4π
(qmbijG4jin + µmibG45in)

S5nab =
1

4π
(Cm

ijabG5jin + qmiabG55in)

S5n4b =
1

4π
εmibG54in

S5n5b =
1

4π
(qmbijG5jin + µmibG55in) (4.7)

The Green function is calculated as the integral over the volume of the inclusion (Figure

4.1):

GMJin =

∫ 1

−1

∫ 2π

0

NMJ(ξ)D−1(ξ)ξiξndθdς3 (4.8)

where NMJ(ξ) and D(ξ) are the cofactor and determinant of the (LmiJMnξiξn) matrix, respec-

2Using superscript m indicates properties of the matrix and d indicates properties of the dispersed phase
(particles).
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tively.

The relationship between θ, ς3, and ξn are given by the dispersed phase geometry. First,

from the xn Cartesian coordinate system the following mapping is made, ξn = xn/an, where

an are the semi-principal axes of the ellipsoid. The particle domain (Ω in Figure 4.1) is

defined as:

x21
a21

+
x22
a22

+
x23
a23

< 1 (4.9)

In this work, spherical particles are considered (a = a1 = a2 = a3) because spherical particles

increase the percolation threshold. This will be further discussed in Section 4.4. The mapping

of the spherical inclusion surface is defined as a function of θ and ς3 as follows:

ξ1 =
√

1− ς23 ∗ cos[θ]

ξ2 =
√

1− ς23 ∗ sin[θ]

ξ3 = ς3 (4.10)

where θ is the angle around x3 in Figure 4.1. Note that x3 is the axis af transverse isotropy

for both materials, as reflected in (4.1), but one could choose different polarization and

magnetization directions. Using polarization and magnetization perpendicular to each other

results in different ME response, similarly to the TL (or LT) configuration in laminated ME

composites.

After the Eshelby tensor is obtained, the homogenized properties can be obtained by

using a number of homogenization approximations, including the dilute approximation and

Mori-Tanaka mean field theory. These approximations require that the size of the dispersed

phase be much smaller than the size of the composite. In the case of the dilute approximation,

no interaction between particles is taken into account. Due to this approximation, the dilute

theory is accurate for small particulate volume fractions χ only. The homogenized properties
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Figure 4.1: Geometry used in this model. Spherical dispersed phase in a matrix.

of the composite L̄iJMn is obtained using dilute approximation [86] as follows:

L̄iJMn = LmiJMn + χ(LdiJAb − LmiJAb)V −1AbMn (4.11)

where V −1AbMn is the inverse of VMnAb defined by 3:

VMnAb = IMnAb + SMnJi(L
m
qRJi)

−1(LdqRAb − LmqRAb) (4.12)

where IMnAb is the identity tensor:

IMnAb =


(δmaδnb + δmbδna)/2, M,A ≤ 3,

δnb, M = A = 4 or M = A = 5,

0, otherwise.

(4.13)

Another method to calculate the homogenized properties of the composite is the Mori-

3The tensor is inverted using the approach discussed in Appendix A.5 in [87]
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Tanaka mean field theory [88], where the interaction between particles is taken into account

making it a better method than the dilute approximation for higher values of χ. The in-

teraction between the particles is incorporated by using the volume averaged fields[86]. The

homogenized properties of the composite are obtained as follows:

L̄iJMn = LmiJMn + χLmiJAbT
−1
AbqR(LdqRMn − LmqRMn) (4.14)

where T−1AbiJ is the inverse of TiJAb :

TiJAb = (1− χ)(LdiJMn − LmiJMn)SMnAb + LmiJAb (4.15)

4.3 Magnetoelectric constants

After the homogenized properties tensor L̄iJMn is obtained, the desired ME coefficient of

coupling has to be calculated. The ME voltage coefficient is defined as:

α33 =
E3

H3

]
D3=0

(4.16)

This can be obtained by solving the equation system given by (4.1) subject to appropriate

boundary conditions. The boundary condition D3 = 0 is given by the definition of α. Since

the electric field is measured in the 3-direction and the electrodes short circuit the 2- and

1-direction, then E1 = E2 = 0. Since the magnetic field is applied only in the 3-direction,

then H1 = 0 and H2 = 0. Finally, the mechanical boundary conditions have to be applied.

In this work two different conditions are considered. The first condition is unrestrained

meaning that the composite can move freely, then σM = 0 on the whole boundary. The

other condition is completely clamped, meaning that is restrained from displacement in all

directions. The mechanical boundary conditions needed to prevent displacement are obtained

by setting the strain is to zero in all directions sM = 0. Even though this configuration is not
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found in experiments, it is commonly used by other authors in theoretical calculations and

will be useful for validation of the proposed model [47]. The method proposed to calculate

the ME voltage coefficient allows us to take into account the real boundary conditions as

well. For example, films deposited on a substrate that have mechanical boundary conditions

s1 = s2 = σ3 = 0 can be analyzed.

The ME charge coefficient is defined as:

β33 =
D3

H3

]
E3=0

(4.17)

Similarly to α, β can be obtained by solving the equation system given by (4.1) subject to

appropriate boundary conditions. The boundary condition E3 = 0 is given by the definition

of β. Since the electric displacement is measured in the 3-direction and the electrodes short

circuit the 2- and 1-direction, then E1 = E2 = 0. Since the magnetic field is applied only in

the 3-direction, then H1 = 0 and H2 = 0. Finally, the mechanical boundary conditions have

to be applied. In this work for preliminary results only the unrestrained condition will be

used.

The ME coupling factor is the ratio between the electrical work generated and magnetic

work applied (or magnetic work generated and electrical work applied). It is an useful

property to compare different ME composites in their ability to be used as energy transducers.

It can be calculated as a function of other properties of the ME composite as follows [55]:

κ233 =
β2
33

εH33µ
E
33

(4.18)

were εH33 is the dielectric constant in the 3-direction with H = 0 and µE33 is the magnetic per-

meability in the 3-direction with E = 0. To calculate the ME coupling factor the mechanical

boundary conditions have to be specified. Similarly to β, in this work only the unrestrained

condition will be used.

The effect of the surrounding medium on the magnetic field has to be considered when
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the ME properties are calculated. This is accounted by the demagnetizing factor. The values

calculated by Equation (4.16) (4.17) (4.18) are the intrinsic ME properties. These properties

are measured when the magnetic field is applied in the boundaries of the composite (internal

magnetic field). These properties are intrinsic in the sense that they do not depend on the

geometry of the ME composite.

The extrinsic properties take into account a magnetic field that is applied far enough from

the boundaries of the ME composite. For example, the extrinsic ME voltage coefficient is:

α33 =
E3

H0

]
D3=0

(4.19)

where H0 is the externally applied magnetic field (far from the composite). The relationship

between H0 and H3 is given by the demagnetizing effect as follows:

H3 = H0
µ0

µ0 +N3(µ− µ0)
(4.20)

where µ is the magnetic permeability of the ME composite and N3 is the demagnetizing

factor. The ME composite is assumed to be a continuum. This is a valid approximation

when the size of the dispersed particles is significantly smaller than the size of the composite.

In the later case the homogenized properties of the composites can be used. The average

value of N3 for a plate can be calculated using the expression given by [71]. In this work only

the intrinsic properties of the ME composites are calculated.

4.4 Percolation threshold

The composites studied in this work are made of a matrix and a dispersed phase. The

matrix is connected in all directions, meaning that one can start on any side of the composite

and reach the opposite side on a path that does not leave the matrix phase. When small

volume fractions are used, the dispersed phase is not connected and as a consequence a path
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connecting two sides without leaving the dispersed phase is not possible. At this point the

dispersed phase is not percolated. If higher volume fraction of the dispersed phase is used,

the particles will start producing connected chains of the dispersed phase. At high χ a path

that connect the sides of the composites, without leaving the dispersed phase, will be possible

and this composite is in the percolated state. The percolation threshold is defined as the

value of χ that separates the non-percolated state from the percolated state.

In ME composites, percolation is not desired because of the high conductivity of the PM

phase (Terfenol-D, Metglas, Galfenol, Ferrites) [78]. Whenever the PM phase percolates,

the charge produced in the PE phase leaks through the conductive path produced by the

percolated PM phase. A well know value for the percolation threshold is the Sher-Zallen

invariant, approximately 16%. This value is for a composite obtained with non-agglomerated

spherical particles with similar size for both, the dispersed and matrix precursor. Also,

the particles have to have a size bigger than a µm, to prevent tunneling. Practically, the

percolation threshold will be different than the Sher-Zallen invariant due to the dependence

with the microstructure and it will be affected by the fabrication process used.

One of the main factors that influence the percolation threshold is the geometry of the

dispersed phase. For example, if very long fibers are used, a smaller χ will be required to

achieve a connected path between the sides of the composite [89]. This is due to the fact that

the long fibers are a long connected path already. This will result in a percolation threshold

smaller than the Sher-Zallen invariant. The same is observed if plates or ribbons are used.

For ME composites with conductive PM phase, spherical particles are required to increase

the percolation threshold and to avoid leakage currents.

Another important factor that influences the percolation threshold is the size of the matrix

precursor and the size of the dispersed phase particles [90]. For example, if the particulate

composite is obtained by solid state sintering, particles of the PE phase will be mixed with

particles of the PM phase. If those particles have the same size the percolation threshold will

be closer to the Sher-Zallen invariant. If the particles of the PE phase are smaller than the
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particles of the PM phase, then the PE particles will cover the PM phase more easily, reducing

the connection between PM particles, thus resulting on a higher percolation threshold. If the

PM particles are smaller than the PE phase, then the percolation threshold will decrease.

Because of this reason, the dispersed PM phase particles have to be larger than the PE phase

particles used for the matrix of the composite.

One final effect that has to be considered is tunneling [86]. To conduct electrons between

two conductive particles (separated by an insulator) direct contact is not required. There

is a distance at which the electrons can ”jump” between conductors, called the tunneling

distance. This effect is particularly relevant when the particle size is in the order of the

tunneling distance. As a result of tunneling the percolation threshold will decrease when

small particles, in the nano meter size, are used.

The proposed model applies to non-percolated composites only. The Eshelby model pre-

dicts properties under the assumption that the dispersed phase is not in contact. Percolation

has to be taken into account during fabrication and avoided as much as possible. Then, if

the obtained composite is not percolated, the properties calculated with the proposed model

will be valid.

4.5 Validation

The ME voltage coefficient calculated with the present model is compared with the results

of the model reported by Nan et al., results can be seen in Figure 4.2. The properties of

the PE and PM phase are listed in Table 4.1. The ME voltage coefficient is calculated using

both, dilute approximation and Mori-Tanaka mean-field theory. In Figure 4.2, it can be

seen that the slope of both approximations is similar for small PM volume fractions and the

ME voltage coefficient is zero when χ→ 0. Additionally, two different boundary conditions

are used; clamped and unrestrained (as explained in Section 4.3). Results show that for

Terfenol-D/PVDF composite, the ME voltage coefficient increases in the clamped condition.
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Property PVDF Terfenol-D Units
C11 4.84 82 109N/m2

C12 2.72 40 109N/m2

C13 2.22 40 109N/m2

C33 4.63 82 109N/m2

C44 0.526 38 109N/m2

ε/ε0 8 6
e31 0.0043 0 C/m2

e33 -0.11 0 C/m2

e15 -0.015 0 C/m2

µ/µ0 1 3
q13 0 -100a N/(Am)
q33 0 700a N/(Am)

Table 4.1: Material properties of PVDF (P(VDF-TrFE)) and Terfenol-D (Tb0.3Dy0.7Fe2)
from [91]. a calculated from Figure 2.b (right) and elastic properties.

This can be attributed to the fact that more stress will be produced in PVDF by Terfenol-D

if the composite is clamped at the boundaries. Nan et al. didn’t report which boundary

conditions where used for their calculations. From Equation (1) and (5) from [91], it can be

inferred that unrestrained conditions were used.

The proposed model is further compared with the model of Harshe et al. [46], see Figure

4.3. The calculations for our model are made using the Mori-Tanaka approximation and

unrestrained and clamped boundary conditions. In this case, the unrestrained configuration

shows higher ME voltage coefficient than using clamped boundary conditions. This may be

due to the fact that the elastic constant of both materials is similar resulting in higher stress

in the PE phase for unrestrained conditions. The results calculated by Harshe et al. show

the same trend but are three times higher in magnitude. This may be due to the fact that

in their model they consider cubic particles, the shear stress is not taken into account, and

the magnetic field distribution is not calculated (the model does not use µ of the PM and

PE phase). Additionally, the results calculated by Nan et al. are shown in Figure 4.3. Nan

et al. does not specify under which boundary conditions the ME voltage was calculated but

it can be assumed that it was calculated in the unrestrained configuration.
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Figure 4.2: Calculated ME voltage coefficient of Terfenol-D/PVDF composite (Properties in
Table 4.1) compared with the value reported by [91].

Property BTO CFO Units
C11 283 265 109N/m2

C12 186 152 109N/m2

C13 142 152 109N/m2

C33 178 265 109N/m2

C44 48 56 109N/m2

ε/ε0 1345 10
e31 -9.69 0 C/m2

e33 11.7 0 C/m2

µ/µ0 8a 125a

q13 0 517 N/(Am)
q33 0 665 N/(Am)

Table 4.2: Material properties of BTO (BaTiO3) and CFO (CoFe2O4) from [46]. Some
properties are calculated using the relationship between coefficients [74]. a obtained from
[47].
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Figure 4.3: Calculated ME voltage coefficient of CFO/BTO composite (Properties used in
Table 4.2) compared with the value reported by [46] and [47].



CHAPTER 4. ME COEFFICIENTS FOR PARTICULATE COMPOSITES 136

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

0.00

-0.25

-0.50

-0.75

-1.00

-1.25

-1.50

-1.75

-2.00
In

tri
ns

ic
 M

E 
vo

lta
ge

 (V
/A

)

PE volume fraction

 Harshe1993 (Model)
 Nan1994 (Model)
 M-T PM matrix

Figure 4.4: Calculated ME voltage coefficient of CFO(matrix)/BTO(dispersed phase) com-
posite (Properties in Table 4.2) compared with the value reported by [46] and [47].

4.5.1 Non-conductive PM matrix

In some theoretical publications, the ME composites are assumed to be made out of PM

matrix and the PE phase is supposed to be dispersed. To further validate the proposed

model, this configuration (PM matrix with PE inclusions) was considered and compared with

the results published by [46] and [47] (Figure 4.4). Here it can be seen that the proposed

model has a similar trend to the values calculated by Nan et al. and Harshe et al.. The

magnitude of the results calculated by [47] is the same and the values reported by [46] are

over two times higher.

In practical applications the PM phase cannot be used as matrix because of the high

electrical conductivity, as discussed in section 4.4. Using it as matrix will short circuit the PE
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particles, resulting in zero ME voltage coefficient. This is not observed in the results shown in

Figure 4.4 because the conductive behavior is not taken into account when computing those

results. However, the conductivity of the PM phase is accounted in the rest of this work by

the approach proposed in Section 2, where the dielectric constant of the PM phase εPMr is

increased in order to reduce the electric field, as it is the case in a conductive material.

4.5.2 Conductive PM matrix

The use of the PM phase as a matrix cancels the ME effect due to the conductivity of the

PM phase. Even though this cannot be obtained experimentally, previous models predict

ME effect under these conditions. This is due to the fact that these predictions do not take

into account the conductivity of the PM phase. The effect of the higher εPMr to reduce the

electric field inside the PM phase (as proposed in Section 2) is shown in Figure 4.5. The

curve for εPMr = 10 is the curve ”M-T PM matrix” in Figure 4.4. As it is experimentally

observed, the ME voltage coefficient is zero when a PM material is used as matrix. To model

this, the PM dielectric constant has to be increased until the electric field in the PM phase is

zero. In this case the value of the dielectric constant is εPMr > 106. No difference can be seen

between εPMr = 106 and εPMr = 109, because the electric field vanishes and further increment

has no effect in the calculations.

4.5.3 PE matrix with dispersed PM phase

The approach used in Section 4.5.2 to account for the conductivity of the PM phase is used in

this section for the practical case of PE matrix and further compared to experimental data.

Without including the conductivity of the PM phase, when CFO/BTO with unrestrained

boundary conditions is compared with experimental data reported by Harshe et al., it can

be seen that the predictions are over an order of magnitude higher [46]. If the conductivity

of the PM phase is included by artificially increasing the dielectric constant, the ME voltage

coefficient decreases as shown in Figure 4.6. εPMr = 10 data is ”M-T (Unrestrained BC)” in
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Figure 4.5: Calculated ME voltage coefficient of CFO(matrix)/BTO(dispersed phase) com-
posite (Properties used in Table 4.2) for different values of the PM phase dielectric constant.
The curve for εr = 10 is the curve ”M-T PM matrix” in Figure 4.4.
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Figure 4.3 . In Figure 4.6, it can be seen that the predicted ME voltage coefficient changes

sign. The reason behind the sign change is complex to identify and explain. For example,

when a magnetic field is applied, the PM particles will expand. This expansion will produce

compression on the sides and traction on the top of the matrix. The compression will produce

a negative electric field and the traction a positive electric field. In this case the addition of

these fields may result in a negative electric field. Then, when the dielectric constant of the

PM phase is increased (representing the conductivity of the PM phase) the matrix on the

sides of the particle will not be able to produce an electric field resulting in only a positive

electric field from the matrix on top of the particle. In reality the model takes into account

more effects such as shear stress and stresses in different directions, but a change in sign is

reasonable and expected, as it was reported by Huang et al. and Nan et al. as well [42, 47].

Figure 4.7 shows a closer view of Figure 4.6 with the addition of calculations for matrix

with εPMr = 105 and εPMr = 1012. Here it can be seen that the proposed model approaches

the experimental data when the dielectric constant of the PM phase is increased. There is

no noticeable difference when the relative dielectric constant of the PM phase is increased

over 106 because the electric field in the PM phase is canceled already.

4.6 Results

The effect of the proposed model is further studied in the ME charge coefficient and the ME

coupling factor. Both ME properties are calculated under the unrestrained condition. For

design proposes this condition can be changed as explained in Section 4.3, but the objective

of this work is not to design the optimum ME composite but to propose a model which has a

good correlation with the experimental data. The effect of the PM volume fraction χ and the

dielectric permittivity of the PM phase εPMr on the ME charge coefficient is shown in Figure

4.8. These results are similar to the ones observed for the ME voltage coefficient, showing

consistency of the proposed approach. When εPMr is increased to simulate the conductivity
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Figure 4.6: Calculated ME voltage coefficient using M-T approximation of CFO(dispersed
phase)/BTO(matrix) composite (Properties in Table 4.2) for different values of the PM phase
dielectric constant. Experimental data from [46]. ε = 10 data is ”M-T (Unrestrained BC)”
in Figure 4.3.
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Figure 4.7: Zoom of figure 4.6. Calculated ME voltage coefficient of CFO(dispersed
phase)/BTO(matrix) composite (Properties in Table 4.2) for different values of the PM phase
dielectric constant. Experimental data from [46].
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Figure 4.8: Calculated ME charge coefficient β of CFO(dispersed phase)/BTO(matrix) com-
posite (Properties in Table 4.2) for different values of the PM phase dielectric constant εPMr .

of the PM phase the β decreases, changing sign. β shows convergence when εPMr is increased

reaching a constant value for εPMr > 106. The difference with the α and β is that the

magnitude of β is bigger when the electric field inside the PM phase is zero.

The ME coupling factor κ is a very important ME property for transducer applications like

magnetic harvesters. The effect of the PM volume fraction χ and the dielectric permittivity

of the PM phase εPMr on the ME coupling factor is shown in Figure 4.9. Here it can be seen

that when the electric field in the PM phase is reduced, by the increase of the εPMr , the κ

reduces almost an order of magnitude. The value of κ shows convergence when the εPMr is

increased reaching a constant value for εPMr > 106.
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posite (Properties in Table 4.2) for different values of the PM phase dielectric constant εPMr .
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4.7 Conclusions

An analytical solution is presented for predicting the magnetoelectric voltage, charge, and

work conversion performance of particulate composites using Eshelby theory and Mori-

Tanaka homogenization. The conductivity of the PM phase must be taken into account

to achieve good correlation with experimental data. The model is able to reproduce the

physical fact that a composite with PM matrix cannot deliver any output because the cur-

rent is short circuited in the conductive matrix. Accounting for lack of conductivity, the

model predictions compare well with other models in the literature that neglect conductiv-

ity. Including conductivity leads to good correlation with experimental data. The dilute

approximation is satisfactory for very low volume fraction but the Mori-Tanaka is necessary

for practical applications.



Chapter 5

Conclusions

5.1 Contributions

In chapter 2, a new method is proposed to take into account the high conductivity of the PM

phase. The method consists of artificially increasing the electrical permittivity of the PM

phase. From the analysis of three composites made with three PM and three PE materials,

analyzed for PM volume fraction continuously varying from zero to one, we conclude that

setting the relative permittivity of the PM to 109 is equivalent to a fully conducting PM

material and thus a negligible electric field in the PM.

Artificially increasing the dielectric permittivity of the PM phase in the numerical cal-

culation to simulate the high conductivity of said phase proved to be an expedient method

for taking into account the conductivity of the PM material without having to introduce

additional equations modeling electrical conductivity in the proposed model. In fact, as

permittivity εPM → ∞, the ME charge coefficient vs. PM volume fraction plot becomes

insensitivity to permittivity and the values predicted are close to experimental data for

FeBSiC/PZN-PT (Fig. 2.6) for LT configuration. Also, the formulas become much simpler.

For the material systems analyzed, both ME voltage and charge coefficients are maximized

when the PM volume fraction χ → 1 (in particular configurations). But such design is
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unrealistic because an infinitely thin layer of PE cannot generate any significant work. Thus,

measuring the voltage or the current would be very difficult. In this regard, the newly

developed ME coupling factor equations (2.55, 2.55, 2.57) prove to be very useful in that

they provide an indication of the work conversion that can be achieved.

For Terfenol-D/PZT-5H in TT configuration, a reduction of PM volume fraction from

100% to 90% results in a reduction of ME charge coefficient from an upper bound of 192×

10−9C A−1m−1 down to 130 × 10−9C A−1m−1, while the ME coupling factor increases from

zero to 0.17. Note that a value of coupling factor κ =1.0, although practically unattainable,

would indicate 100% work conversion.

In LL configuration, a reduction of PM volume fraction from 100% to 85% results in

a reduction of ME voltage coefficient from an upper bound α = 18V A−1 down to α =

10.7V A−1, while the ME coupling factor increases from zero to 0.32. The formulas presented

herein can be used to tune the volume fraction to achieve an acceptable compromise between

ME charge, or voltage, and work conversion.

If work conversion needs to be maximized (for transducer applications), the optimum

configuration is not TT but LL, at PM volume fraction 73%, yielding a ME coupling factor

(i.e., conversion) of 0.36.

For accurate calculation, it is very important to use the appropriate elastic compliance of

the material, which can vary significantly depending on the testing conditions. For example,

the compliance in the polarization direction S33 of PZT-5H changes from 20.7 × 10−12 to

8.9× 10−12m2N−1 when it is measured at constant E and constant D, respectively.

A trade off between voltage and PM volume fraction is evident for LSMO/PZT (Figure

2.3) yielding an optimum PM volume fraction χ =65 % in TT configuration. Optimum

values like this are dependent on material properties and configuration. Therefore, it is of

significant interest for preliminary design and material selection to count with a complete set

of formulas such as those proposed in this manuscript to be able to assess voltage, charge,

and energy conversion for any of the four laminated configurations, as function of material
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and geometrical parameters.

In chapter 3 the extrinsic ME properties are proposed and calculated. The effects of

demagnetization are drastic, not only in magnitude but also drastically changing material

selection and volume fraction, both as function of the device’s geometrical aspect ratio. PM

materials with high magnetic permeability are very sensitive to demagnetizing effects and

loose their comparative advantage even if they also posses high intrinsic coupling. There are

two ways to minimize demagnetization: use a PM with low permeability µ or a PE with

high compliance S. A composite with low PM permeability µ is better because the usable

magnetic field H3 in (3.15) is inversely proportional to µ, so less µ means the performance is

less affected by demagnetization. A composite with high PE compliance (e.g., PVDF) is best

in LT and LL configurations because less PM is needed, and since only the PM is affected

by demagnetization, the extrinsic performance is less affected.

The material combinations identified as having best intrinsic performance are replaced

by different material combinations when extrinsic properties are calculated. Furthermore,

the best material selection, optimum volume fraction, and even optimal configuration vary

with the aspect ratio, thus requiring to include device geometry in the design process. The

LL configuration yields maximum extrinsic ME voltage. For an aspect ratio of 10, ME

devices based on Terfenol-D are predicted to have the highest extrinsic voltage coefficient

due to its relatively small magnetic permeability µ33/µ0 = 3 (Table 3.2). In some cases, like

for Metglas/PVDF, the decrease in the demagnetizing factor (due to smaller optimum PM

volume fraction required to stretch the compliant PVDF) has a positive effect that more

than compensates for the decrease in the intrinsic ME voltage resulting from using PVDF.

However, different PM phases are required to achieve optimum performance at different

values of aspect ratio.

The highest extrinsic α and κ are predicted when the ME composite is polarized and

magnetized in the longitudinal direction, justifying the more complicated fabrication required

by longitudinal polarization, which requires an insulator to prevent charge leakage from the



CHAPTER 5. CONCLUSIONS 148

PE phase through the PM phase. Longitudinal magnetization yields higher extrinsic open

circuit sensitivity due to the higher strain produced.

In chapter 4, an analytical solution is presented for predicting the magnetoelectric volt-

age, charge, and work conversion performance of particulate composites using Eshelby theory

and Mori-Tanaka homogenization. The conductivity of the PM phase must be taken into

account to achieve good correlation with experimental data. The model is able to reproduce

the physical fact that a composite with PM matrix cannot deliver any output because the

current is short circuited in the conductive matrix. Accounting for lack of conductivity, the

model predictions compare well with other models in the literature that neglect conductiv-

ity. Including conductivity leads to good correlation with experimental data. The dilute

approximation is satisfactory for very low volume fraction but the Mori-Tanaka is necessary

for practical applications.

5.2 Future work

In order to further validate the proposed models, a more systematic experimental procedure

(than available data in literature) has to be made. The most important parameter are the

properties of the PM and PE phase. These properties have to be measured for the particular

polarization or magnetization and under the appropriate boundary conditions (i.e., when

measuring the elastic properties the electrodes have to be in short or open circuit) because

of the strong electro-mechanic coupling. As it was discussed in Chapter 2, the compliance

changes from 20.7 × 10−12 to 8.9 × 10−12m2N−1 when it is measured at constant E and

constant D, respectively, for the case of PZT-5H. When the magnetic properties of the PM

phase and the ME composite are measured, the corresponding demagnetizing effect has to

be considered and accounted in the measurements as well.

To better understand the influence that the PM and PE phase properties have on the

ME properties of the composite (α, β and κ), a sensitivity study of all the inputs is required.
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This is helpful to elucidate which properties have higher impact in the ME output.

In the case of the particulate composite, the percolation of the PM phase has to be further

studied experimentally. For example, the use of PE precursor with smaller particle size than

the PM precursor to prevent from percolation and leakage of the generated charge. Also, a

third phase can be incorporated to insulate the PM phase by coating it, and thus drastically

reduce the conductivity and leakage currents.

The extrinsic ME properties of the particulate composite have to be calculated, accounting

for demagnetizing effects, as described in Chapter 4. Furthermore, a systematic study like

the one made for ME laminate composites (Chapter 3) has to be made for ME particulate

composites. All the PM and PE material combinations and mechanical boundary conditions

(bulk or thin film) have to be considered and the best candidates have to be selected for the

corresponding applications and desired aspect ratio.
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