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Abstract

The magnetoelectric (ME) effect is defined as tiduced electric polarization of
a material in an applied magnetic field, or theuiced magnetization of the material in an
applied electric field. The ME effect is naturafigcurring in single phase crystals such
as antiferromagnetic @D;, and can also be artificially realized through elad
piezoelectric and piezomagnetic composites. Thiglystis interested solely in the
artificial ME effect realized via the mechanicaltaraction of piezoelectric and
piezomagnetic composites. There have been sevgratimental and theoretical studies
on magnetoelectric materials for a half centurywéweer there remains a lack of accurate
theoretical models to properly describe the mediae lack of accurate theoretical
models creates limitations in accurate understandinthe material through numerical
solutions. This lack of accurate models as webraall ME coefficients achieved so far
are some of the reasons why after many years eérels into magnetoelectric materials,
few applications exist.

Here, we introduce accurate and robust theoretivadlels that describe the
effective material parameters for the longitudinaltansverse and in-plane
magnetoelectric configurations. The models charaetehe composite in terms of its
constitutive equations, in which the electric andgmetic fields are coupled. We show
that the theoretical model obtained closely apprates results obtained from

experimental measurements of the ME composite. @osgn to previous theoretical



models found in the literature shows that the eurmeodel better approximates the ME
effect at points where the effect is greatest.

The theoretical model applies fundamental electgmatic boundary conditions
to fields obtained via the mechanical interactidnpeezoelectric and piezomagnetic
layers, under magnetic and electric field biasugohs to the electrical-mechanical and
mechanical-magnetic interaction of the films resint the theoretical model. This model
also takes into account the effects of an imperfetgrface coupling that may exist
between the layered composites by means of a ptaaknehose values are between *
O<k<1. The part of the study is completed with analységhe different material
combinations and the strength of the magnetoeteetféct possible.

Theoretical investigations into the electromagngtiopagation phenomena in
magnetoelectric composites are carried out as vigéctromagnetic wave propagation is
analyzed for the longitudinal, transverse, andlan@ ME configurations. This involves
analytical solutions to the magnetoelectric waveladign. The magnetoelectric wave
equation is derived analytically using Maxwell’'suatjons, and solutions are constructed
to gain insight on the electromagnetic wave propagaharacteristics. The polarizations
of the propagating electromagnetic waves, modgsagagation, and direct effect of the
magnetoelectric coupling terms on the behavior fté tlectromagnetic waves are

identified.
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CHAPTER 1: INTRODUCTION

Electromagnetic (EM) wave propagation in metamalerihas received
considerable attention in recent years. The intieiggroperties and seemingly endless
possibilities available from such materials haveerbeghe driving force behind its
research. In this work, we are interested in maltenvhere the electric and magnetic
fields are coupled in the constitutive relationsbifghe media. A more common name to
EM engineers for this media is bianisotropic, aad been studied in one form or other
since the late nineteenth century [1-5]. Bianisottanedia defines materials where the
electric field displacemenD, and the magnetic flu8, depend on both the electrig,
and magnetic fieldd;l. The constitutive relationships for bianisotropiaterials are such
that the magnetic flux density and the electriddfidisplacement are directly related to
both the magnetic and electric fields. The teramisotropic was coined by Kong and
Cheng [1] in 1968 to describe such general couptatstitutive relationship. The term
magnetoelectric (ME) is used to describe the plsysfahe material in the bianisotropic
relationship, where there is an induced polarizatio magnetization of the material due
to an applied magnetic or electric field. Hence thagnetoelectric effect is defined as
the induced electric polarization of a materiahimapplied magnetic field, or the induced

magnetization of the material in an applied eledigld.



Magnetoelectric, or more generally, bianisotropiatenials are quite complex
materials, leading to many difficulties while trgino obtain the constitutive relations by
means of theoretical models, or while studyingEh& wave propagation phenomena of
the material in bulk and planar waveguides. Bageuhuthe constitutive relationships of
bianisotropic materials where the electromagnetimpting terms along with the
permeability and permittivity may be full 3X3 mates; analytical solutions for the wave
equation of the media can become very tedious. dnyntases, numerical solutions are
needed to gain insight into the phenomena heldinvitite material. In this study, we
implement analytic and numerical solutions to bettenderstand magnetoelectric
materials and gain insight into possible electronedig applications of this media.

Research of metamaterials is aided by accuratedtieal models that closely
describe the material, which can be used in numlennwestigations. There have been
several experimental and theoretical studies onnetaglectric materials for a half
century [6 — 11] however there remains a lack ofueate theoretical models that
properly describe the media [8]. The lack of actmurtheoretical models creates
limitations in accurate understanding of the matethrough numerical solutions.
Another problem is the small magnitude of the magglectric coefficient achieved,
which is a hindrance to applications such as Rkcds\wor sensors. These are two reasons
why after many years of research into magnetoetentaterials, very few applications
based upon the material exist.

We intend to develop accurate theoretical modelshi® magnetoelectric effect in

composite layers to aid in the development of peatt applications of the



magnetoelectric effect. Although the theory on nedgelectric materials have been
around for some time, magnetoelectric thin films atill relatively new, in terms of
actual physical realization [12 — 16]. Research tba physical implementation of
magnetoelectric thin films is still ongoing [17].

Magnetoelectric materials are naturally occurringl acan also be artificially
manufactured. An example of a naturally occurringagmetoelectric material is
antiferromagnetic chromium oxide (), which exists as a single phase
magnetoelectric material. In this discourse, weeiaterested in artificial magnetoelectric
materials obtained through the use of a producipeny implemented in layered
piezomagnetic and piezoelectric composites. Piegaoetac materials define a media
where there is a linear coupling of the magnetiaqmation and mechanical strain of the
material. Magnetic polarization can be induced pypligation of stress, and physical
deformation created by application of a magnettdfi An example of a piezomagnetic
material is ferric oxide (F©s3). Piezoelectricity is similar to piezomagnetismthwthe
difference being the electric polarization of thaterial rather than magnetization. The
effect is also reversible, with an electric fielolgrization creating strain, and application
of mechanical strain inducing polarization. Magmisé¢tictive materials rather than
piezomagnetic materials have sometimes been usatagnetoelectric composites, as
piezomagnetic materials are rather rare. Magnétose materials have the property of
magnetostriction; the materials undergo nonlinegforination with the application of a
magnetic field. However, unlike the property of znenagnetism, magnetic polarization

cannot be produced by mechanical strain alone.hls thapter, we give general

3



information on the magnetoelectric effect. In doiag, we will make mention of

piezomagnetic materials, as that term is of a ngemr@eral nature than magnetostrictive
materials. Also, in subsequent chapters, we mddel mhagnetoelectric composite in
general as having piezomagnetic and piezoeledayiers. Such theoretical model gives
more general information on the magnetoelectrieatffas the mechanical strain and
polarization/magnetization are reversible. Howevar, significant number of the

experimental works on magnetoelectric composite® teeen done using ferromagnetic
materials with magnetostriction property. So to pane our results to experimental
measurements using magnetostrictive materials,ppb/ dhe general models obtained to
that for a magnetostrictive material. It is impaoittdao note that the magnetostrictive
material results in the coupling of the electriddanagnetic fields in the constitutive
relationship for the electric field displacementlyonSince strain cannot induce
magnetization in the magnetostrictive material,rtregnetic flux is not directly related to

the electric field.

1.1 Theoretical overview

The magnetoelectric (ME) effect is the induced tele&l polarization,P, of a
medium due to an applied magnetic fielll, or an induced magnetizatioll, of the
media due to an applied electric field [6]. This can be generally defined in terms of a
bianisotropic relationship, where the electricdiand magnetic fields are coupled in the

constitutive relations of the media as shown id)below

D=ZE+&H (L.1)
B=/H+CE



The permittivity (€ ), permeability (7) and magnetoelectric paramete?sa(nd?) are

usually 3x3 matrices. This fact makes it ratheficift to obtain simple analytic solutions
for electromagnetic waves propagating in the media.

We will investigate the magnetoelectric effect doelayered piezoelectric and
piezomagnetic composites. But first we give songdoneory on this effect as observed
in single phase materials. We assume a functjH), describing the density of stored
energy (free enthalpy) of a crystal. Expressing ¢tectric and magnetic fields in a

Maclaurin series of variables, we obtain [7, 8]
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where P*and M?® are the spontaneous polarization and magnetizatiprand &, are
respectively the free space permeability and péxtyt, 44, and &, are respectively the
crystal permeability and permittivityg;, represents the tensor for linear magnetoelectric

effect, B, and ), represent the bilinear magnetoelectric effects] &h and E,

respectively, the magnetic and electric fields gltre Cartesian coordinate system. From
Eq. (1.2), we obtain polarization by differentigfithe functiorg(E,H) with respect to the
electric field
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Further, consider Maxwell Gauss equation,



OM=p (1.4)
wherep is the electric charge density. Taking the integfd&q. (1.4) and applying onto a

crystal platelet of surface ar€a and as the polarization equals the electric digprent

field (P = D) ,we obtain the magnetic field induced magnetoeleetifiect withE =0 [7]

Q _ ~ - _ 1
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Q represents the magnetically induced charges onsthiéace of the crystal. The

magnetoelectric susceptibility tensor, has the units of second per meter, and is a

second rank tensor. The magnetoelectric susceptib@nsor is represented in matrix

form as [9]
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The bilinear magnetoelectric tensqﬁ‘kij represents the higher order magnetoelectric

effect, and has units of seconds per Amperes. 8piechniques are used to account for
these higher order effects during experimental oweamsents [7]. Equation (1.5)
represents the fundamental equation for the quascsand dynamic measuring method
for the magnetic field induced magnetoelectric @ffé].

As before, from Eg. (1.2), we obtain the magneitraby differentiating the function

o(E,H) now with respect to the magnetic field [7]
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We obtain the electric field induced magnetizatioth by takingH =0
1
M, :akiEi+EykijEE[ (1.8)

Equation (1.8) represents the fundamental equdtiothe dynamic measuring method

for the electric field induced magnetoelectric eff¢7]. The bilinear magnetoelectric

tensor y,; represents the higher order magnetoelectric efeedd has units of seconds

per Volts. Additional information can be obtained Refs. [7], [8], [10], and [11].
Measurement of the magnetoelectric effect usudbiaios the magnetoelectric voltage
coefficient, @', which is related to the magnetoelectric suscefijlténsor as

a =&.€a (1.9)

The theory given thus far has dealt with the maaglettric effect as obtained in
single phase crystals. Single phase materials west researched for possible
applications; however its use was hampered by thallsmagnitude of the induced
polarization or magnetization obtained [8]. The lavagnitude of the magnetoelectric
effect obtained from single phase materials inghdy 1970s created a need to research
alternate ways to obtain greater magnetoelectfecef The magnetoelectric effect was
then obtained in composite materials through arovative application of a product
property in the interaction between layered contpesiThe layered films independently
are devoid of the magnetoelectric effect, but imbmation achieve the magnetoelectric
effect. The derived effect depends on the eledtrieechanical properties of a
piezoelectric media and the mechanical-magnetipgitees of a piezomagnetic media.

The first artificial magnetoelectric material wabtained by van Suchtelen and van
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Boomgaard using ferroelectric piezoelectric Bagi&hd ferromagnetic piezomagnetic
CoFeQy [8, 12 — 15]. The product property of the compmsitilized is given as [16]

electrical = mechanica
ME = X

= : . (1.10)
mechanical magnetic

With the product property, we obtain a new effdzttis not a component of each
individual phase. Hence, the magnetoelectric effedbtained when an applied electric
field on the piezoelectric material causes stralmctv is transferred mechanically as
stress onto the piezomagnetic material and indutagnetization of the material. The
reverse is also possible, with application of a neig field to the composite material to
obtain an induced electric polarization. The mageletctric effect is dependent on the
mechanical transfer of stresses and strains betthedayers. The lossless transfer of the
mechanical strain between the layers is impor&md, perfect mechanical coupling of the
composite is recommended. Perfect interface cogpletween the layers is not
realistically possible; however, several bondinghteques such as annealing [47], hot
press/molding [48 — 49], pulse laser depositior],[&be casting [51 — 53], etc have been
investigated with the aim to achieve good mechawimapling. The bonding technique is
to be chosen such that there is no chemical reabgbtween the composite phases. Such
chemical reactions may alter the piezomagnetic anpliezoelectric properties of the
individual phases, thus reducing the magnetoeteetffect obtained. The mechanical
coupling between the layers is usually parametdrigean interface coupling parameter,
k whose values range between 0 and 1, where 0 iedicad coupling and 1 indicates

perfect coupling. The interface parameter is dependn the choice of materials used for



the piezomagnetic and piezoelectric phases. Oveydlars, ME composites have been
designed to achieve giant magnetoelectric effect®mposite materials.

In many applications of magnetoelectric compositesd zirconate titanate
(PZT), and barium titanate (BaT40are usually used as the piezoelectric phase 2B~
Several metallic-doped ferrites, such as cobaltitéeCoFgeO,) and Nickel ferrite
(NiFeO,), and Terfenol-D [18] with strong magnetostrictiBehavior have also been
applied as the piezomagnetic phase. Using the ab@mwved materials as the layers of the
composite material, the magnetoelectric effectomimed when the induced strain in one
medium from an applied magnetic or electric fietdtiansferred to the bonded layer
resulting in either electrical polarization or magmation in the bonded layer. However,
the strain produced by magnetostrictive materialsot linearly proportional to the
applied magnetic field, but rather proportionaltihe square of the field [9, 18]. This
implies that the resulting magnetoelectric effechot a linear effect. This is unlike the
case in single phase magnetoelectric materialstenthe magnetoelectric effect is linear.
To obtain a linear magnetoelectric effect in thenposite, a DC magnetic field bias is
applied across the composite. With the applicabbthe DC magnetic field bias, the
magnetoelectric effect over a short range aroumdhbilas is approximated as a linear
effect [18]. Hence, this improves the possibility the magnetoelectric composite in
linear devices. The non-linear or hysteretic nanfr¢ghe magnetoelectric effect can be
utilized in memory devices where there is no needifiearity [18].

Linearity of the magnetoelectric effect in matesiahat use magnetostrictive-

piezoelectric phases is achieved by applying biagnatic field across the composite.



However, the application of this bias DC magneigddf will create a secondary effect
which may result in a change in the permittivitydaom permeability [18] of the ME

media. The application of a DC magnetic field biés, example in thez direction,

H =ZH,, may result in changes to the effective parameteisoth phases. The changes

depend on the materials used, so we make some pissanhere on the types of
materials used as layers of the ME media. Assumérawe a combination of cobalt
ferrite and PZT [9, 22], as this combination havem very good longitudinal
magnetoelectric voltage coefficients. Our invest@as show we expect no changes in
the permittivity tensor of each individual phasehathe application of DC electric and
magnetic fields. This is because both phases hawg bw or negligible electron
mobility, £, =0, which in turn greatly reduces the collision freqog This is unlike the
case in semiconductors with high electron mobditieading to gyrotropic permittivity.
The tensor permittivity is usually obtained in fem

g
jow

+
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=&,€ (1.12)
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—

In Eq. (1.11)¢,, 1,3, andw are, respectively, the relative dielectric constthe

unit tensor, the conductivity tensor, and the aagutequency. In semiconductor
applications, the conductivity tensor is anisotcopue to Hall effects resulting from the
presence of an applied magnetic field [23]. Udbrgde’s model, we observe that the

eqguation for the motion of the electron is given by

m 3 - qEroxy-T1Y (1.12)
dt T
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wherem?* is the effective mass of the electremns the momentum relaxation time, and
is the electron velocity. The electron mobilitynegligible, and directly proportional to
the relaxation time. This implies that the termhatite relaxation time will dominate the
right-hand side of Eq. (1.12). This leads to atforder differential equation in terms of
the electron velocity and relaxation time. Solutiorthe differential equation shows that
the electron velocity decays exponentially. Thedeto a zero electrical conductivity as
there is a direct relationship between the electedncity and the electrical conductivity.
With zero electrical conductivity, we observe fraag. (1.11) that the permittivity
remains non-gyrotropic #; is a scalar.

For the permeability of both phases to remain ungbd under the applied

magnetic bias, the overall magnetic momentof each phase must be negligible such
that when a magnetic bias fiefH, is applied, any torque exerted is also negligibhes

is not the case for magnetostrictive materials sagtferrites, which have significant
magnetic moments. A DC magnetic field bias shoekllt in a permeability tensor for

the magnetostrictive/piezomagnetic phase, but het piezoelectric phase. For the

magnetostrictive phase, we have [24, 25]
‘?j_r??ﬂoymxﬁ (1.13)

Herey is the gyromagnetic ratio. In Eqg. (1.13), we hay®ored losses in the media. A
more detailed form of Eq. (1.13) can be used ttuge losses in the system by applying
the Landau-Lifshitz-Gilbert representation; howewee only wish to show the change in

the shape of the permeability tensor, so we igfagges as losses do not affect the shape
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of the permittivity tensor obtained. Solution to.EK#).13) leads to a permeability tensor,

which for thez-direction of the DC magnetic field is obtained 24, 25]

"ty "H, O
U= Ty M,y O (1.14)
0 0 "

The components of the permeability tensor diffet are

m m wm

fy = "y = uo(1+ af;’_ wzj (1.15)
"t :_mﬂzlz/v/oajgafj])g (1.16)
" = My (1.17)

In Eq. (1.14) — (1.16),4, is the free space permeability) is theLarmor, or precession
frequency, and is defined as

= poyH, (1.18)
The constantw, depends on the saturation magnetizatibh, of the material and is

defined as

W, = oYM (1.19)
The permeability of the magnetostrictive phasé mave a form similar to that in
Eq. (1.14). The form of the matrix will change bdsgoon the direction of the bias
magnetic field. In this work, the matrix componewigh subscripts are used to show the
position of the component in the tensor, howeverlihsic values of the components are

always computed using Eq. (1.15) — (1.17). Actudugs of the components depend on
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theLarmor, or precession frequency and magnetization sataraf the ferrite. Using the
permeability as shown in Eqg. (1.14) for the magskictive phase, we derive the
homogenized expressions. In subsequent chapterdewvetop models that work with use
of both magnetostrictive and piezomagnetic phas®¥s. make use of anisotropic
permeability to account for the special cases whHereomagnetic magnetostrictive
materials are used in realization of the magnettetecomposite.

The motivation for this work stems from the pubéidhreports on the realization
of the magnetoelectric effect using layered contpedil7, 26]. Bianisotropic materials
have been researched in theory for quite some tmogjever, there has been little
application of this phenomenon to any devices paitie to the difficulty in the physical
realization of the material. Published results dre tphysical realization of the
magnetoelectric effect imply that the possibilitly implementation of magnetoelectric
devices is much greater than it has ever been. \Wdtier understanding of the
magnetoelectric effects realized through the nosehemes applied to layered
piezoelectric and piezomagnetic/magnetostrictivenpasites, we can help improve the
effects obtained. A theoretical model can also mefgearchers understand experimental
results, and give insight into the factors thaphaektrease or reduce the magnetoelectric
effect in layered composites. This physical implatagon of the ME effect using

layered composites may bring us closer to realignmggpossibilities that lay untapped in

this media.
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1.2 Historical overview

In 1888 Rontgen discovered that a moving dielediscame magnetized when
placed in an electric field. Curie, in 1894, obsehthe possibility of the magnetoelectric
effect in crystals based upon symmetry considaratitn 1960, Landau and Lifshitz [6]
discovered that the magnetoelectric effect is afiywed in time-asymmetric media, and
such violation of the time reversal symmetry caly @eccur through the application of an
external DC magnetic field. The magnetoelectrie@fivas then shown as theoretically
possible by Dzyaloshinkii [27] in antiferromagne@hromium Oxide (GOgs). Atrov
[28], in 1960 proved this experimentally possilbieQr,O; crystals. There were little to
no advancements using the magnetoelectric effedh@snduced polarization and/or
magnetizations were small in magnitude. Severajlsiphase compounds have been
researched since then, including@j [29], GaFeQ [30], etc. However, the induced
magnetization and polarization derived remainedstomall for any practical applications.
In 1973, Wood and Austin proposed several devigd$, [such as optical diodes, data
storage and switching devices, etc using the magfesttric effect. However, the small
magnitude of the polarizations and magnetizatioaderthese devices impractical.

Research then shifted to artificial materials irhiaging the magnetoelectric
effect, such as the use of laminate compositeschiege the desired cross coupling
between the fields and polarization/magnetizatidhe first artificial magnetoelectric
material was designed by van Suchtelen and van Beomgaard by combining
ferroelectric piezoelectric BaTgoand ferromagnetic piezomagnetic Cabg[12 — 15].

This was the start of the magnetoelectric effedhgidaminate composites. Greater
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magnetoelectric coefficients have been obtainecesihen using laminate composites as
was reported by Ryu et al. [18], Cai et al. [32jd&Srinivasan et al. [21]. In 1995,
Krowne [33] suggested the non-reciprocal propertly roagnetoelectric media.
Applications of this media in devices have beeneaeshed also. Recently, a
magnetoelectric microwave phase shifter [34] andat#ienuator [35] have also been
reported using laminate composites. With the playsmaplementation of the ME effect,

and accurate theoretical models, many more apgitashould be discovered.

1.3 Theoretical model for the magnetoelectric effect

An important part of the design process for maggletdric microwave devices is
the theoretical model for the effective parametdrthe magnetoelectric composite. The
effective material property is then used in nunargimulations as a tool to ascertain
what possibilities are available within the medra.our study, we intend to investigate
the electromagnetic wave propagation charactesigifcelectromagnetic waves within
bulk magnetoelectric materials. Several works havestigated the theoretical model
for the composite material [9, 16, 17, 19, and 24rshe [9] was the first to obtain
analytical expressions for the magnetoelectricotffie laminate composites. His work
presented the magnetoelectric voltage coefficienttie laminate composite. Bichurin et
al. [22] extended the work to include the effectpegmeability and permittivity in the
direction. The work also included a study on thifeatfof an imperfect interface coupling
between the composite layers.

The magnetoelectric effect in laminate compositesknown as a product

property. The effect results from the interactidntwo separate properties of the two
15



layers (phases) in the composite. The magnetoiezffiect is achieved by combining
layers of piezoelectric (mechanical-electrical effeand piezomagnetic (magnetic-
mechanical effect) materials. The magnetoelectfiece results from the mechanical
connection of phases. Neither phase has the madeetiac effect, but their combination

results in the magnetoelectric effect as shownv¢lb]:

ME = magnetuc>< mecha‘nlcc
mechanical electrical

(1.20)
From previous studies [19], an implication of thedquct property is that the
effective material property of the “homogenized’nguosite has to be obtained in two
stages, using an averaging method. In the first, ¢bnstitutive equation of each
composite layer is solved separately. The consté@wgquations for the piezoelectric and
piezomagnetic phases are given respectively as [19]
'§="5 T+ "4 "E

(1.21)
"D, = d, "Ti + fg, PE,

ms:m§mT+mg mld

N N . (1.22)
B = "o "T + "W, H

n

Here,S, T, E, D, BandH are the strain, stress, electric field, electrspthcement,
magnetic flux density and the magnetic field, resipely. Also,s, d, q.¢, andu are the
compliance, piezoelectric, piezomagnetic, pernititiand permeability coefficients. The
superscriptsp, andm, respectively refer to the piezoelectric and mauggtective phases.
In the second stage, the composite is consideredoraogeneous material with

constitutive equations given as [19]:
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S=$T+dE+@aH
D,=dT,+&,E, +a,,H, (1.23)
B.=q,T +a,E+,H,

Here,a is the ME coefficient. Equation (1.23) is thenveal for the effective parameters,
taking into account solutions to Eq. (1.21) an®2).. The effective parameters of the
media also depend on the biasing direction of tlefiBlds. This method uses open and
closed-circuit conditions to obtain the magnetaeiewoltage coefficient for the media.

In our work, we apply fundamental electromagnetiarary conditions to obtain
effective material properties. We start by obtagnexpressions for the strain transferred
between the phases in terms of the electric andhatigfields in the media. We then
relate the strain transfer from one phase to thé usng an interface coupling parameter,
k, as a damping factor. At this point, we then amdgctromagnetic boundary conditions
that the fields satisfy at each composite boundBing. magnetoelectric effect obtained is
dependent on the material properties of the congdayers, the interface coupling
between the layers and the bias and poling dinestaf the magnetic and electric field
respectively.

For laminate composites, there are three majonti®ns in terms of biasing
and poling directions. These are:

* Longitudinal: In the longitudinal configuration,ghmedia is biased and
poled normal to the sample plane. That is, the enexdlpoled and biased

normal to the thickness of the composite layers.
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» Transverse: In the transverse configuration, thdiae poled normal to
the thickness of the sample (along the sample plané biased along the
sample plane.

* In-plane: In the in-plane configuration, the medapoled and biased
along the sample plane. That is, the media is patetlbiased along the

length of the composite layers.

3
3
(A) )
B
EO
|
Piezoelectric phase 5 Piezoelectric phase 1
Pie%etic phase _— %‘lagﬂeti: % %
1 Ho 1 H, Eo
3
Eo Ho
T T (C)
| | |
Piezoelectric phase 2
Piezomagnetic phase ——

FIGURE 1.1. Bias orientations of the ME effect. (A)ansverse; (B) In-plane; (C)
Longitudinal. The nature of ME effect generated edefs on the orientation of the DC
magnetic field bias and the poling electric field.
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The descriptive diagrams of the magnetoelectriertations are shown in figure 1.1.
Proper modeling of the media for each magnetoatectnfiguration will result in the
same general constitutive equations of the form
D=a"H+ZE (1.24)
B=a"E+nuH (1.25)
These constitutive equations are then solved tp bablerstand electromagnetic wave
propagation within bulk magnetoelectric media.

From the theoretical models, we obtain the effecipermittivity, permeability
and magnetoelectric susceptibility of the composmaterial. However, for most
experimental measurements, the ME effect is exptess terms of the ME voltage
coefficient, a ', as defined by (1.9). Here we show the simple pstesbtain the ME
voltage coefficient from the magnetoelectric susibdpy tensor.

From the basic definition of the magnetoelectriteef we express the induced
polarization,P, as

P=¢xE+aH (1.26)
wheregy is the electric constant,is the electric susceptibilit§ is the electric field and
H is the magnetic field. From basic definitions leé electric displacement field,

D=¢gE+P=¢E+eYE+a"H. (1.27)
Simplifying

D=¢,(1+ x)E+aH =¢,6E+a"H. (1.28)
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This is the form obtained in Eq. (1.24) for thectiie displacement field. To obtain the
ME voltage coefficienty’, we apply an open circuit condition [9), = 0, and thus we

obtain the ME voltage coefficient as tBi ratio.

-1, H
E:—(gr a ]H:—a'H. (1.29)
£0

From Eq. (1.29), we observe the familiar relatiopsibetween the ME

susceptibility and the ME voltage coefficient

a == = a"=¢gca. (1.30)

wheregg is the free-space permittivity constant ands the relative permittivity of the
media which may be of tensor form. The ME suscdjtitand ME voltage are 3 by 3
matrices hence matrix multiplication is used to &b from susceptibility to voltage
coefficient.

Using Eq. (1.30), we present our theoretical manl¢he familiar form using the
ME voltage coefficient, rather than with the ME eeystibility that was derived. This
makes for easier comparison to previous modelsthbretical model obtained allows

for detailed analysis of the ME effect in the comip® structure.

1.4 Electromagnetic wave propagation in bulk magnetoelectric

media

Electromagnetic wave propagation within this compheedia has been studied
for quite some time. In 1962, O’Dell [36, 37] cladhthat electromagnetic waves cannot

propagate in bulk magnetoelectric media due toraptex index of refraction. However,
20



in 1965, Fuchs [38] proved that lossless propagatb electromagnetic waves was
possible in the media, and observed a change papgaiion velocities when the direction
of propagation is reversed in the magnetoelectredien This implies a possible

nonreciprocal property of electromagnetic wavethenmedia. Also, Birss and Shrubsall
[39] confirmed this theory when they presentedrtiamark showing that the eigenvectors
of the wave equation for the magnetoelectric mediasisted of two circularly polarized

waves with opposite senses of rotation, propagairdifferent velocities. This presents a
similar case to the well known case of Faradayti@mtavhich is observed in ferrites and
semiconductors under a DC bias in same directionthas electromagnetic wave

propagation. Hence, the application of magnetoetestedia in nonreciprocal devices is
of great interest.

Solutions to wave propagation in ME media are tesliand only few special
cases were considered in works by Fuch, and BmdsShrubsall in regards to single
phase ME crystals. Their work did not consider pgation in homogenized multi-layer
ME composites being modeled here. Hence, to uratetsthe electromagnetic wave
propagation characteristics in bulk ME composites,have to specifically consider the
permeability, permittivity and ME tensors for bi&xyME heterostructures as modeled in
this discourse. Hence, we obtain the general vestore equation for an EM wave
propagating in bulk ME composites. EM wave propiagats considered separately for
each one of the three ME configurations. We onlystler EM waves propagating along
the sample planexy plane) of the magnetoelectric composite. Obsentimg ME

configurations, we note that the physics of theermttion between the EM wave
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propagating along they plane and the magnetic and electric bias fieldshei different
for each ME configuration. This difference in irgetion leads to distinct propagation
characteristics. From solutions to the wave equnatie look for propagation phenomena
such as Faraday rotation, excitation of extraomyinveaves, field displacement effects,
and other propagation phenomena which can be apyolidevice applications.

Solutions are constructed analytically for a pl&M wave propagating along the
xy plane of bulk (unbounded) ME composite. The pragpiag characteristics of the EM
wave in the ME media are defined via an eigenvploblem. In the eigenvalue problem,
the propagating wave number is the eigenvalue hacelectric and/or magnetic field is
the eigenvector. Hence, we solve for the wave nupfbem which we can observe its
relationship with the angular frequency, and théagmation of the propagating wave.
Finally, we study the mode of propagation for eltth configuration, and investigate the
role of the ME coupling coefficients in the modepobpagation. For all cases considered,
we assume a loss-free magnetoelectric media. Véegisre any effects the mechanical
stresses and strains within the thin film may hawehe propagating fields.

Preliminary investigation into the propagation cuderistics of planar
magnetoelectric waveguides was carried out. Ontylanar structures were considered,
as an introduction to future work on ME compositeesults show that guided wave
propagation is also possible in ME composites. Resd this preliminary investigation

are given in Appendix A.
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CHAPTER 2: THEORETICAL MODEL FOR THE
LONGITUDINAL MAGNETOELECTRIC EFFECT

The Longitudinal Magnetoelectric (ME) effect is ained when the composite
material is biased and poled along the axis notm#éhe sample plane, as shown in Fig.
2.1. The bias/poling field induces mechanical sgaand stresses in one layer of the
composite layer, which in turn induces magnetic/andlectric fields within the other
composite layer. The direction of the applied b&ml poling fields, along with the
piezoelectric and piezomagnetic coefficients cdattbe shape of the ME susceptibility
tensor obtained. The longitudinal magnetoelectfiece has been the most researched
configuration, with several theoretical models axgerimental results available [9, 18,
and 22]. The experimental results available inlifeeature are used here to validate the
accuracy of the theoretical model obtained in tlgsourse.

Harshe, in 1991, obtained theoretical models fa ltngitudinal ME voltage
coefficient of multilayer composites composed @fdeirconate titanate (PZT) and ferrite
layers [9]. This was a significant contribution, @#eoretical models had never been
obtained for the ME effect in composite layers. ldger, there were large deviations
between the ME voltage coefficient obtained viatk&cal modeling, and corresponding
experimental values of fabricated structures. Hafgbhricated and measured samples of

ME composites to help validate his theoretical nhodée experimental results had
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similar characteristics to those reported in lit@ra; however, the theoretical model
produced values that were several times higher thah obtained from experimental

results.

v

Piezomagnetic phase

FIGURE 2.1. Longitudinal magnetoelectric composigstem diagram. Diagram shows
the composite layers and the directions of thengoklectric field and the biasing
magnetic field for the longitudinal ME effect.

Reasons for the poor agreement between theoretiwél experimental results
include poor interface coupling between the laydrat exist in the experimental
realization of the ME composite, and the inadeqagigication of boundary conditions

on the electromagnetic fields to obtain the modielderiving his theoretical model,
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Harshe did not apply appropriate boundary condititinfields at the boundary between
the piezoelectric and piezomagnetic phases. Sewhd interface coupling between the
piezoelectric and piezomagnetic phases is a catitndp factor for the discrepancy
between the results from the experimental and éteat models [8], we show here that
the application of improper boundary conditionslack thereof, makes the obtained
theoretical model inaccurate [40].

The interface coupling factor is of importance aiwuld also be included in
theoretical models to help analyze the effectsngparfect bonding of the composite
phases. Bichurin et al. [22] looked into obtainingre accurate theoretical models, by
including a coupling factor for the mismatch at twmposite’s bonding interface. This
was done using an interface coupling parameter thatlels the strain transfer
relationship between the piezoelectric and piezoveig phases. The ME voltage
coefficients obtained in these works had similandls as the experimental data, however,
there still remained similar deviation in the oVemmagnitude of the ME voltage
coefficients, as theoretical results remained sdvémes higher than experimental
values. We believe that the difference results frime inadequate application of
electromagnetic boundary conditions used to oltsntheoretical model. The boundary
conditions used by Bichurin et al. involve quasitist approximations, including open
circuit conditions on the piezoelectric phase, amthanical boundary conditions on the
stresses and strains induced by the bias/polindsfidgain, as was the case with the
formulation by Harshe, there are no distinct candg on the tangential and normal

electromagnetic fields that lie within and along thoundary of the composite layer.

25



Hence, the insufficient electromagnetic boundanydttions in the Bichurin et al. models
results in similar homogenized material paramesad resultant theoretical values that
are much higher than experimental values.

In our theoretical modeling of the magnetoelectomposite, we use a different
approach to obtain homogenized material paramé&erthe ME composite. We apply
fundamental electromagnetic wave boundary condition the fields at the boundaries
between the films, namely, continuity of the tartgdrelectric and magnetic fields, and
continuity of the normal magnetic flux density aeldctric displacement field, which
follows from continuity of the tangential compongntHence, we introduce new
theoretical models for the Ilongitudinal ME effecn ia piezoelectric and
piezomagnetic/magnetostrictive bilayer that bedtgsroximates the experimental results.
The theoretical model is initiated by solving thenstitutive equations of each layer
independently for the all fields present, and thpplying a field averaging method [41,
42] along with electromagnetic boundary conditi@amsthe components of the fields at
the composite interface, to obtain homogenized natproperties. The homogenized
layer is characterized in terms of its effectivenpeability, effective permittivity and the

effective ME susceptibility tensors.

2.1 Longitudinal magnetoelectric fields, stresses and strains

In composites, the magnetoelectric effect is olehimsing piezoelectric and
piezomagnetic phases in a layered structure. Tleetalises a product property, which
implies that each phase is solved independentlytlamdesultant effect is obtained via a

combination of the mechanical-electric effect dmel mechanical-magnetic effect. Hence,
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we start with the solution to the fields within Bgzhase of the composite layer. PZT and
barium titanate (BTO) are examples of piezoelecatraterials that have been used as a
composite layer in the modeling of the longitudindE effect. The constitutive

relationship for such piezoelectric material is

pS:FJ%pT_l_ pg pE’ (21)
"D, = "d "T + fg, °E, (2.2)
B, = "1, "H . (2.3)

In Eq. (2.1) — (2.3)S, T, E, D, HandB are, respectively, the strain, stress,
electric field, electric displacement field, magdodteld, and the magnetic flux density.
Also, s, d, & and u are, respectively, the compliance, piezoelectgermittivity,
permeability coefficients. The superscriptepresents the piezoelectric phase. Equation
(2.3) has not been utilized in previous theoretivaldels [9, 22] as only the electric
displacement field and electric field effects arensidered in this layer. This is
understandable as there are no effects expectetodihe magnetic flux density in the
piezoelectric phase. However, we note that in otdg@roperly model the media in terms
of the fields, all field relationships for each coosite phase must be obtained. Hence,
one must also consider the magnetic-flux/magnétid-relationship of the piezoelectric
layer to obtain a homogeneous layer that combinegepties of both layers. Hence, we
include a relationship for the permeability of thiezoelectric phase in its constitutive
relationship as observed in Eq. (2.3).

We also solve the piezomagnetic phase for thedjedttesses and strains. Nickel

ferrite NiFeO, (NFO) and Copper ferrite Cok®, (CFO) are examples of
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magnetostrictive materials that have been usedEncbimposites for the piezomagnetic

phase. Piezomagnetic materials are representdtelponstitutive equations

mS:m§ mT+ mg ml;', (24)
"B, = "0 "T+ Wy H, (2.5)
"D, = "¢, "E,. (2.6)

In Egs. (2.4) — (2.6)q is the piezomagnetic coefficient, and supersaripepresents the
piezomagnetic phase. Here, we have accounted égpehmittivity of the piezomagnetic
phase as observed in Eq. (2.6), relating the éefield and the electric displacement
field. The permittivity of the piezomagnetic phasas not taken into consideration in
previous theoretical models. We have chosen toitusere for similar reasons as those
given for the case of the permeability and magrfeiicdensity of the piezoelectric phase
in EQ. (2.3)

In modeling the ME media, we assume that in addlitom poling and bias fields
within the composite medium, there exist time vagyfields in all directions which may
be time varying. As an example, the fields in thladirection are expressed in terms of
DC and AC components as

H,=3H,+3H,.,
E, =3E, +3E,...

The total fields in each respective phase willdesented by a vector field of the form

2.7)

mPE = E1+E,2+ E,3,

A (2.8)
™PH =H1+H,2+H,3.

28



Modeling the ME effect requires an understandinthefstrain and stress transfer
relationship between the layers of the structurkis Tis because the ME effect in
composites utilizes the mechanical stresses aathstinduced in each composite phase.
This is the application of the product propertytdain the coupled electric and magnetic
fields. Bichurin et al. introduced the use of coogl parameterk, to model the
mechanical interaction at the interface betweerbtlagers. The coupling parameter used

in that work is defined as
k:(ps_p%)/(ms_ pi§)’(i:1’2), (2.9)
In Eqg. (2.9)"S, is the strain tensor component with no frictioveen phases. For our

theoretical model, we use a similar coupling patamé&, as a damping factor to model

the strain transfer relationship between the layéfs assume that the strain induced in
one phase may not be completely transferred toathjeining phase due to several

factors, which may include some mechanical los¥¥s. do not investigate the loss

mechanism in the derivation of the theoretical nhodke assume that the resulting losses
will only dampen the transfer of strain from oneapé to the other. So while we do not
expressly indicate the factors causing the imperigerface coupling, the factors are

contained and described by the interface couplargrpeterk.

In the formulation of the theoretical model, onlynsnetric or extensional
deformations are considered, such that all flexdedbrmations of the layers that lead to
position-dependent elastic constants are ignoret] PP]. We make the following
assumptions:

1. Shear stresses and strains are equal to zerottgtch
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2.

3.

m, — N Mpo —
T=0.""8 =0t5ri=4, 5, ands. (2.10)

The thickness of each phase is much smaller thanvitith and length of the

phase. Hence the stress in the axial directioppscximated as zero.

T, = PT, =0. (2.11)

The strain transfer between phases is related byinterface coupling
parameterk, such that

SEKTS (2.12a)
Equation (2.12a) relates the strain transfer betwseses. In this study, we
use values between zero and one for the interfagpliog parametek. It is
implied from Eq. (2.12a) that the strain is inducgxbn the piezoelectric layer
by the piezomagnetic layer, and that all, a fragtiar none of the strain may
be transferred, depending on the valuekoHowever, the reverse is also
possible, where all, a fraction, or none of thaistrfrom the piezoelectric
layer is transferred to the piezomagnetic layere Tprocess uses the
assumption that

"S=kIPS (2.12b)
In Eq. (2.12b)k is the interface coupling parameter for the rexesgain
transfer. The theoretical models obtained hereafi#ir also work for that
instance, withk; having values between zero and one. The conveision
simple, as an exampl&:goes to infinity wherk. goes to zero, ank goes to

one wherk. goes to one. It should be noted that this manijmuiaf k as just
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stated is to allow use of the same analytic expassfor the material
parameters for both the electric and magnetic fistluced ME effect. For
each case, forward or reverse, the interface pdesinfe or k) remains
between 0 and 1. For a magnetostrictive media, réhgrse process is not
possible, as strain transferred from the piezoetedayer cannot induce
magnetization in the magnetostrictive layer. Howevlee assumption holds
for the forward and reverse processes for piezoetaglayers.

4. The summation of forces on the in-plane (1-2 pldrm)ndaries are zero, such

that

"T."V+ T W =0,fori=1, 2, (2.13)

I
Here v andPv, respectively, are the piezomagnetic and piezb@eamlume

fractions of the magnetoelectric composite layend aare defined as
" =volumé)/ volum&and’v = volumé/ volur&®,

Solving the constitutive equations of each phassethaupon the given
assumptions, we obtain the electric displacemeid fin the piezoelectric region using
the nonzero components of the permittivity, perniggbcompliance and piezoelectric
coefficient as shown in Table 2.1. Using Eqgs. (2.40d (2.11), and applying the

coefficients as shown in Table 2.1, we obtain
’§="5"T+"s°T+"d," § (2.14)

'S="8,"T+ 78, " T+ "d," (2.15)
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Equations (2.14) and (2.15) represent the stretd-$train relationships for the

piezoelectric phase. The relationship for the pieagnetic phase is obtained as
"§="8 T " "+ "g "H (2.16)
'S =", "+ T, "+ g, "H (2.17)
Note that™S = "Sand’S =S, sincé’s; = "s,, "s,="S,;, "0 = "ty "Si="S,
’s,="s,, and"d,, = Pd,,as observed in Table 2.1. Along similar lines, sinc
°d,, = Pd,, and™q,, = "q,,, an assumption is made that [9]
PT, = T, (2.18)
And,
™, = ", (2.19)
Thus applying Eq. (2.12),
(Psy+ "s,) PT+Pd,"E= K{"g+ "g) "F K" g"H (2.20)
From Eq. (2.13) we substitute for the 1-directiosikss in the piezomagnetic phase.

Thus, we obtain
_k[qm§1+ m%z) p-E( ’1// nT/)"' mclalmHsz( Psit p%; T "d,"E (2.21)

Rewriting Eq. (2.17) in terms of the 1-directiostdessT, in the piezoelectric layer, thus

"H, - Oy PE,
k(s ") (W ) #( et "%)ﬂ 3 {[ s 300 0w g

(2.22)
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TABLE 2.1 NONZERO COEFFICIENTS OF BULK PIEZOELECTRIC AND PIERGAGNETIC
PHASES FOR THE LONGITUDINAL MAGNETOELECTRIC CONFIGRATION.

Piezoelectric phase

Coefficient type Non-zero components
Permittivit Pe =P P
y 811_ 822’ 833'
ili P,y =P —p
Permeability Ly = Py, = Pl
Compliance pSﬂ: |o%2 p§2= p% P S= p S7 P S p S

S "= PSe P 5= 2 Pt P §).

Piezoelectric P — P P — P p
d15_ d24’ d31_ d32 d33

Piezomagnetic phase

Coefficient type Non-zero components
Permittivit me m m
© y 511, 5227 833'
Permealbilit m m m
ermeability M My Has
Compliance Me —Mg — Mg Mg — Mg — M
P $17 "% T Sy ST S S

"8, = "% = "S= "= "S= TS

Piezomagnetic my —m my — m m
9 q15_ q24’ q31_ q32 q33
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From the constitutive relationship as expresseign(2.2) and also applying Eq. (2.18)

we obtain the components of the electric field Bispment in the piezoelectric phase as

"D, = *e,, "E,, (2.23)
"D, = *¢,, "E,, (2.24)
PD, = 2[Pd,, °T,+ ", E, (2.25)

Substituting Eq. (2.22) into Eq. (2.25), we obttia coupled 3-directional component of

the electric field displacement in the piezoeleguiase as [40]

. 2°d, "ok - 2{dy) voe |
> M%”ﬁWW%ﬁ”%JS&Wﬁm%WW%%p%%3%

(2.26)

In simpler terms, the electric displacement fialdtihe 3-direction of the piezoelectric

phase is
D, =K,"H,;+K, "E. (2.27)
where,
_ 2[%d,, Mg, [k
K, = 31 , (2.28)
k(s ) (VW V) H( Pt P
2
K, = -2(d,) + P, (2.29)

k(s o) (VW) +( et 7))

The magnetic flux density in the piezoelectric oegiis also required for

formulation of the theoretical model. It has be@satibed, and is easily obtained using
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Eq. (2.6). The form of the permeability tensor #amned using the components of the

permeability (piezoelectric phase) shown in Table 2

2.1.1 Case 1: Non-gyrotropic composites

In most cases magnetostrictive materials such astefe are used for the
piezomagnetic phases. Ferrites have magnetic ampgoinduced with the application of
a DC magnetic field bias. However, not all materiabed as the piezomagnetic phase
may have this magnetic anisotropy, so it is impdrta derive a theoretical model for a
piezomagnetic phase that lacks magnetic anisotropthis case-study, we assume that
the application of the DC magnetic field bias does create an anisotropic permeability
tensor in the material; hence the material is ngnotgopic. That is, the values of the
permeability matrix used for the formulation of theeoretical model are as given in
Table 2.1. Hence, using this assumption we deheeretical models for the longitudinal
ME configuration while using non-gyrotropic matdésiawherein the saturation
magnetization,Ms, of the material is approximated as zero. For mlo@-gyrotropic
composites, the material need not be isotropic;dvew the off-diagonal terms of the
permeability matrix are zero. The composite mayehaviaxial or biaxial permeability.
The magnetic flux density in the piezomagnetic phis a non-gyrotropic material is

obtained using Eg. (2.5) and applying Eq. (2.19) as

"B, = "4, "Hy, (2.30)
"B, = ", "H,, (2.31)
mB3 = 2[1“081 m-|-1+ m,u33 mHs' (2.32)
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The 1-directional stress in the magnetoelectricspha obtained from Eq. (2.20) using

EqQ. (2.13). This is expressed as

o = "y, °E, - ", [k ",
k(") (Perte) (W ¥)|) L[ ks (e P ¥ 0 )]
(2.33)
Thus, substituting Eq. (2.33) into Eqg. (2.32), vikain the coupled magnetic flux density

in the magnetoelectric phase as [40]

"B,=G°E+C"H, (2.34)
where,
2|:Pd31 ansl
c.- , (2.35)
[K("sa+ ") +(Pat P3)(V/ V)]
c, - —2k(m031) L (2.36)

K("s* ")+ (Pait P e)( Y/ ¥)]

The electric displacement field in the piezomagnpliase is also required for the
homogenization of the composite media. The eledisplacement is easily obtained
using Eq. (2.6) and the non-zero components of pkemittivity tensor for the
piezomagnetic phase. With all fields within the gaments obtained, we now apply
boundary conditions to the field to complete thenbgenization process for a non-
gyrotropic material. The application of boundarndiions for the gyrotropic and non-
gyrotropic material will be done later, in the Amgaltion of boundary conditions section
of this chapter. First, we obtain the fields foe tase of a gyrotropic material being used

as the piezomagnetic phase.
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2.1.2 Case 2: Gyrotropic composites

Here, we take into consideration the effect the rd&ynetic field bias will have
on the ferrite medium, which has an induced magratisotropy on application of the
bias DC magnetic field. The ME effect in compositesa non-linear effect. A DC
magnetic field bias is usually applied so that e effect over a short range around the
bias is approximated as a linear effect [18]. Tppliad bias however has a secondary
effect when the piezomagnetic phase is a ferriteena (magnetostrictive). Ferrites have
an intrinsic magnetic moment, and application d@ magnetic field bias will lead to
tensor permeability [25]. This implies a changehe nonzero permittivity values of the
bulk piezomagnetic phase from what had been destiilb Table 2.1. The permeability
becomes anisotropic, a 3 by 3 matrix, with compdéixdiagonal components. For the
case with the DC magnetic field bias in the aximkation as shown in Fig. 1, the

permeability tensor will be of the form [24, 25]

"W, "W, 0O
"u=|"w W, 0 | (2.37)
0 0 "u

The values of the nonzero components of the perititgads shown in Eq. (2.37)
depends on the intrinsic property of the magnetiste phase, such as its magnetization
saturationMs, and the magnitude of the applied DC magneticl figds. This change in
permeability is a secondary effect from the DC nedignfield bias in the composite
structure [18]. This secondary effect obtainedhm ferrite layer (magnetostrictive phase)

is well known and has been used in several deyppécations based upon the shape and
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values of the permeability tensor. We do not shewelihe formulas for the components
of the permeability tensor in Eq. (2.37), relevBmtmulas have been discussed briefly in
the introduction chapter. Also, more detailed infation is readily available in other
literature [24, 25]. However, sample computation$ e done in later chapters that
make use of gyrotropic formulas.

The change in the shape of the permeability teosty affects the 1- and 2-
directional components of the magnetic flux densi8olving the piezomagnetic

constitutive equations, the magnetic flux densitythe piezomagnetic phase is now

derived as
"B ="i ™+ W "H, (2.38)
"B,="u "H,+ U "H, (2.39)
"B, =C,"E,+ C,"H, (2.40)

Here,C; andC; are of the form shown in Eq. (2.35) and (2.36)e Tifference lies in the

change of the permeability componentsn Hence C; andC; are expressed as

2(Pd,, "q
C, = a1 d1 , (2.41)
Ukt e (Pt P e)(V/ V)]
m 2
c, - —2k( Chl) N m,U;- (2.42)

[K(mst ")+ (Pt ") (VY]
There are no changes to any of the expressionthéoelectric displacement field from

what had been previously computed in the Non-ggpatr material case. We now apply

boundary conditions to the fields obtained for glyeotropic and non-gyrotropic cases.
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2.2 Application of boundary conditions

From Maxwell's equations, we deduce conditions mvg the normal and
tangential fields at the interface. The boundanmyditions at the interface, assuming there

are no applied surface currents, are:

1. Tangential components of the electric and magniids are continuous

across the interface.

2. Normal components of the electric displacementfeehd the magnetic flux

density are continuous at the interface.

The above boundary conditions will be applied ttaobthe effective material parameters
for the composite media. We start with the casa wbn-gyrotropic composite.
2.2.1 Case 1: Non-gyrotropic composites

From the first boundary condition, tangential comguts of the electric and

magnetic fields are continuous at the boundarysTiuhe interface,

E ="E="E, (2.43)
E ="E="E, (2.44)
H,="H,="H, (2.45)
H,="H,="H, (2.46)

Here,E,, E,, H,,andH, are the homogenized tangential components of tetri and

magnetic field in the ME layer. For ease of undaerding, we have chosen to represent
all homogenized fields using the, {7, 2 coordinate system rather than the?(3 system
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used thus far. The tangential components of thetredefield displacement in the

piezoelectric and piezomagnetic phases are nointants and are related as

m

"D, = pjll "D, (2.47)
11
"D, =%z op (2.48)
, =2 D, .
822

Similarly, the tangential components of the magndtix density in both phases are

related as
"B, = p:ull "B, (2.49)
My
"B, = _F2 vp,. (2.50)
My,

We assume each composite layer is electrically thith negligible field variation within
each individual phase. Using a field averaging moetf41, 42] we define the tangential

components of the electric field displacement dednhagnetic flux density as
D, ="D,"v+ D, V=] ", "E, "+ &, E, V=[] B, W £, Y E (251)
D, ="D,"v+ "D, V=] ", "E, "W+ B, E, V=] B, £, E (252
B, = "B "v+ "B Pv=[ "Wy, "H, "W Ry, PH, M= By, W B Y OH, (253)
B, = "B, "V+ "B, Pv=[ ", "H, "W Wy, PH, M=[ T, W B, N H. (2.54)
In Egs. (2.51) — (2.54)D, , D, B, andB, are the homogenized tangential components of

the electric field displacement and magnetic flexslity, respectively. The homogenized

tangential components are expressed as
40



_Dx}:{mgllrr\/“L €,V i 0 ; HEX] (2.55)
Dy 0 522n\/+ 522 pV Ey

'Bx}{"’un”\ﬁ Py, N 0 }{H} 256
By 0 ", "+ P, Y Hy

The normal components of the electric field disptaent and the magnetic flux

density are obtained by applying boundary cond#i@t the interface. The normal

components of the electric field displacement ahd tmagnetic flux density are

continuous across the boundary. Thus,

"D, = "D, =D,, (2.57)

"B, = "B, = B, (2.58)
Thus, from (2.57)

"€ "E;= K, "H,+ K, "E, (2.59)

Ki1 andK; are as have been expressed in Egs. (2.28) art).(2.2

Similarly, from (2.58)
P, PH,=C,PE,+ C,"H, (2.60)

C, andC; are as have been expressed in Egs. (2.35) arg).(2.3

Using a similar averaging technique, as done fertéimgential component of the

electric field displacement and the magnetic fluensity, the homogenized normal

components of the electric and magnetic field jgressed as
E,=°PE v+t "E "y (2.61)
H,="H, v+ "H; "V (2.62)
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Likewise, from Eq. (2.61)

PE, :p_V(EZ -"E,"™), (2.63)
and from Eq. (2.62)
mH3=miV(HZ— H, ). (2.64)

Substituting Egs. (2.63) and (2.64) into Egs. (&% (2.60), we obtain

BZ:%(EZ—mgmv)+%(HZ— PH, PV), (2.65)
DZ=|:—\1/(HZ—'°H3"V)+KP—\2/(EZ— "E,"V). (2.66)

From Eg. (2.6)

"E, = D, : (2.67)
m£33
and from Eq. (2.3)
p
PHy =~ B, : (2.68)
11'133

Substituting Egs. (2.67) and (2.68) into Eqs. (2.&3d (2.66), and then applying Egs.

(2.57) and (2.58)

m p
B =2 EZ—[mVjDZ +& HZ—( ijBZ, (2.69)
\ 833 mV ILI33
p m
p,=K1 HZ—[pV jBZ +% EZ—(mVJDZ. (2.70)
Vv /'133 \ 833

Rewriting Egs. (2.69) and (2.70)
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14+ & }Bz :(ﬁj E;(%j HZ—{% v j D, (2.71)

L V Pl v v V &y
_ . .
14| K2V g :(ﬁjH;(ﬁjEz— SIS (2.72)
B pvmgas | v v Y ’ju33
Solving Eg. (2.61) for the electric field displacemt, we obtain
" C,"e v e C, mgss( pV)2
Dz{ m“}Eﬁ —2 B H,-| —2+ = |1B, (2.73)
v e() G| 6™

Substituting into (2.72)

B=(R1R3_F%)H+E@3_ B (2.74)

where
5 e e e |
Vi€ v Cl(mv) GV C, p,l133(mv)
K, K, _[ KPv
=l =, R=—=|.R= : 2.75
(%) m (%) R 279
Similarly, solving Eq. (2.72) for the magnetic fldensity, we obtain
; K,™ " v [ Ky (™)
B =t |y 4| 22V Hss s34, 2 13 D.. (2.76)
‘ Py | F py )’ K, Pv me ([ py) ’
Kl( v) 1 K, 533( v)
Substituting into Eq. (2.71)
p, = (NaNa=No) o (NiNam N (2.77)
’ (N1N4_ N7) ’ (N1N4_ N7) ’
where
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2
p p my, p m, K.P My

N, :|:1+[&p_vj:|, N, :{ﬁ} N, = K,V :uzs3 N, = Vp{:’sg I /'133( )2 ’
Vg K, (") KV K, e (™)

N[ SN =[S N =[S (2.78)
5 pV 6 mV pvmg33

Finally, we have obtained homogenized material rpatars for the composite layer that

describes the constitutive relationship for the me®bserving the results obtained for
the tangential and normal components of the etedisplacement field and the magnetic
flux density, we express the constitutive equatifmmshe homogenized composite using

the form [40]

D] [0 0 O0H,] [, O OJE,
D,|=|0 0 O|H, |+ 0 &, O|E, (2.79)
'D,| |0 0 al||H, |0 0 &,]E,
B [0 0 0][E] [x, O OJH,
B,[=|0 0 O|E [+ 0 g, OfH, (2.80)
'B,|] |0 0 ai|E, 0 0 u,lH,

It is important to comment here that the constreitrepresentations in Eq. (2.79) and
(2.80) apply only to magnetoelectric compositeslized with piezoelectric and

piezomagnetic materials. Magnetostrictive materialth only the property of

magnetostriction will not have such constitutivéatienship. As had been explained in
the introduction chapter, piezomagnetic materisgdbave like piezoelectric materials
where the strain to polarization/magnetization esgible, and most importantly, also
reversible. For magnetoelectric composites usingnagnetostrictive material, the

coupling tensora® equals zero in Eqg. (2.80), while Eq. (2.79) retatasform. This is
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because the strain obtained from the applied éteftetd on the bilayer does not produce

any magnetization in the magnetostrictive layer.

2.2.2 Case 2: Gyrotropic composites

The composite layer has magnetic anisotropy, bugélaotric anisotropy, hence
changes are only observed in the tangential compsé the magnetic flux density. The

tangential components of the magnetic flux densityoth phases are related as

m

mBl: qu pBl+ Iulz PBZ (281)
m = Zn pBl+ quz D% (282)

Assuming the composite layers are electrically tlwithout any field variation within

each individual layer, we define the tangential ponents the magnetic flux density as
B, = "B "v+ "B Pv=] ", "H, "w+ Ty, ™H, W fy, H, R,
=[ ", "+ Ppy V] H, +[ Ty, V] H,. (2.83)
B, = "B, "V+ "B, Pv=[ ", "H, "W T, ™H, W B, H, ¥,
= [ "ty VI H, [ Thy, NV y, N H,. (2.84)
Notice that unlike Egs. (2.53) and (2.54), the nsgnflux density in Egs. (2.83) and

(2.84) is related to the magnetic fields in battandy directions. The homogenized

tangential components is expressed as

{B’(} :{mﬂllm\/-" p/'lll v mtulz v }{HX} (2.85)
B, ", "V "y, Vit Ty, V|| Hy
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The normal components of the electric field dispraent and the magnetic flux density

are obtained as done in Part I, namely,

_(RR-R) . . (RR- R
““(RR-R) “(RR- B "

whereRy, Ry, Rs, R4, Rs, Rs, andR; are as have been obtained in Eq. (2.75).

The formulation for the magnetic flux density fibre gyrotropic composite does not
affect the electric field displacement. The electtisplacement field remains the same

and is expressed as

_(Nle_Ns) (N1N2_ Ne)
DZ EZ + H ral
(N1N4_ N7) (N1N4_ N7)
whereNs1, N2, N3, N, Ns, Ng, andN; are as have been obtained in Eq. (2.78).
From the results obtained above, there is no chémglee form of the magnetoelectric
susceptibility tensor. The change obtained in theecof magnetic anisotropy shows in

the anisotropic form of the homogenized permeatiéhsor. The results obtained show

that the constitutive equations for the homogenaadposite has the form [40]

D] [0 0 0][H,] [e, O OJE,
D,|={0 0 O|H, |+ 0 &, OE, (2.86)
D,| |0 0 al||H, [0 0 &,E,
'B| [0 0 OJE] [#y #, O]H,
B,|=|0 0 O|E |+ u, 1, O|H, (2.87)
_BZ O O aZEZ EZ O 0 ﬂZZ HZ

As has been explained earlier, the constitutiverasgntation here applies only to

magnetoelectric media realized with the use of geéctric and piezomagnetic phases.
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This concludes the derivation of the theoretical delo for the longitudinal
magnetoelectric configuration. Next, we validate theoretical model using measured

data from literature.

TABLE 2.2 EXPERIMENTAL AND THEORETICAL MAGNETOELECTRIC VOLTAGE
COEFFICIENTS AS OBTAINED BYREF. 9

Experimental ME Coefficient

Material (maximum) Theoretical ME coefficient
[(v/m)/(ka'm] [(v/m)/(ka m]
CoFeO4:PZT-4 92.8 199 to 622
CoFeQ4:PZT-8 18.6 202 to 634
CoFeQ4PZT-5H 74.4 143 to 475

2.3 Validation of the theoretical longitudinal model

The theoretical model is validated via comparisan eixperimental results
obtained by Harshe et al. The results from his erptal measurement of piezoelectric
and magnetostrictive phases, as well as resulis fig theoretical model are shown in
Table 2.2. The measured effect stems from the egipin of a magnetic field to the
composite and the realization of electric polarmat We have obtained the
magnetoelectric susceptibility of the media; howetlee measurements are done for the
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magnetoelectric voltage coefficient. We have shothe relationship between the
magnetoelectric susceptibility and the magnetoetestoltage coefficient in the first
chapter. We use that relationship to express teerd¢hical model in terms that make for
better comparison to experimental data.

The theoretical model obtained here allows for itktzanalysis of the ME effect
in the composite structure. Analyses are done eneffects of the interface coupling
parameter on the magnetoelectric media. Increaseolome fraction of either the
piezoelectric or piezomagnetic phase is analyzedealls Based upon such analysis, we
compare our results to other published theoretwadels, and observe the general trends
of the ME media. In computing the magnetoelectattage coefficient, we use the same
material characteristics of the media as givemaliterature. The material characteristics

of the layers are shown in Table 2.3.
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TABLE 2.3.MATERIAL PARAMETERS FOR MAGNETOSTRICTIVE AND PIEZOELECTRIC
PHASES USED TO COMPUTE THE LONGITUDINAL MAGNETOELEKRIC VOLTAGE COEFFICIENT

Parameter (Units) CFO PZT-4 PZT-8 PZT-5H PZT
S, [10_12”]2] 6.5 12.3 11.5 16.5 15.3
S, ( . ij -2.37 -4.05 -3.7 -4.78 -5

10—
Os, (1012 m] 566 i i i i
A
Chs [10—12 mj 1680 ' ‘ ' ‘
A
d,, [10_12 c j : -123 -90 274 175
d33 (10_12 Ej - 289 225 593 400
N
Has 2 1 1 1 1
H,
€33
10 1300 1000 3400 1750
€o
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In our analysis, we compare the measured magnetoeleoltage coefficients to
results of our theoretical model using the magrietbec coefficienta™ only. We had
shown in the introduction the relationship betwd®&nmagnetoelectric susceptibility and
the magnetoelectric voltage coefficient using BEiq9). Since our analysis deals with a
magnetostrictive based magnetoelectric compostteerahan one with piezomagnetic
material, only the ME effect stemming from magnéiatd is realized. Hence, for this
case, the magnetic and electric fields are not leouip the relationship for the magnetic
flux, and the magnetic flux depends directly in timagnetic field only. This is the
method we intend to use in our analysis throughiostdiscourse, as most other models
deal with the special case of magnetostrictive rayather than the more general
piezomagnetic layer. Our theoretical model is rolm®ugh to handle such special cases.

We analyze theoretical models for four differentgmetoelectric composites. The
first is a composite with CFO for the magnetostretphase and PZT-4 for the
piezoelectric phase. A plot of the theoretical hsstor this ME composite is shown in
Fig. 2.2 The magnetoelectric voltage coefficientrgases from zero (piezoelectric
volume fraction also equals zero) to a maximum wéh increasing volume fraction of
the piezoelectric phase. This is due to the contisuncrease in the elastic interaction
between the piezoelectric and magnetostrictive gha3he magnetoelectric voltage
coefficient then decreases to zero as the compdmtmes purely piezoelectric
(piezoelectric volume fraction equals 1). This tessl consistent with the theoretical

model obtained by Nan using Green’s function mefi&dl
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FIGURE 2.2. Longitudinal ME coefficient for the MRyer of PZT-4 and CFO.
Maximum theoretical ME voltage coefficient obtainedL80 (V/m)/(kA/m). Considering
an imperfect interface coupling of 0.4, the valgeclose to the experimental value
(measured) of 92.8 (V/m)/(kA/m). Measured dataasf Ref. [9].

From the plots of the magnetoelectric voltage coeffit for the CFO:PZT-4
composite in Fig. 2.2, we observe a maximum maghettric voltage coefficient of 180
(VIm)/(kA/m) obtained for a perfect interface cougl between phasekH1). The
maximum experimental value obtained was 92.8 (MkA)Mm). We assume that an
imperfect interface and other material factors rbaya reason for an approximate fifty
percent loss in the experimental result. An intefaoupling parameter of k = 0.4 results
in a magnetoelectric voltage coefficient that ischngloser to the experimental data. The

results show similar trends to other models asstrength of the ME voltage coefficient
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decreases as the coupling weakens [22]. Additipn&tir weaker coupling, the ME

voltage coefficient increases with increase in patectric volume fraction.
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FIGURE 2.3. Longitudinal ME coefficient for the Miyer of PZT-5H and CFO.
Maximum theoretical ME voltage coefficient obtainedL40 (V/m)/(kA/m). Considering
an imperfect interface coupling of 0.4, the valsielose to the experimental value of 74.4
(V/m)/(kA/m). Measured data is obtained from Ré&i. [

Figure 2.3 shows the theoretical longitudinal MEféigient for an ME composite
consisting of CFO for the magnetostrictive phast RAT-5H for the piezoelectric phase.
Similar trends with the piezoelectric volume fractiare observed for this composition.

The maximum theoretical ME voltage coefficient #01(V/m)/(kA/m). The experimental
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value obtained was 74.4 (V/Im)/(kA/m). The theomdticresults show similar
characteristics to available data.

We observe that the ME voltage coefficient is ldssn that for PZT-4. This
should be expected, due to the fact that PZT-5Hahhigher relative permittivity than
PZT-4. For the CFO:PZT-4 composite, the ME voltagefficient increases steadily,
with a maximum value when the phases are equathi®rcase of a perfect interface
coupling. As the interface coupling weakens, theximam ME coefficient shifts to
richer piezoelectric compositions. This trend isgistent with that obtained by Bichurin
et al. [22].

The plot of the longitudinal ME voltage coefficiefdr an ME composite with
CFO magnetostrictive phase and PZT-8 piezoeleptn@se is shown in Fig. 2.4. The
maximum ME voltage coefficient for this composite 175 (V/m)/(kA/m). The
experimental result was obtained as 18.6 (V/m)/kA/The experimental result for this
composite is much lower than expected. The reaspsuch low experimental result is
the ineffective method used to bond the layersttmge Whereas the more effective tape
cast method was used for the CFO:PZT-4 compositee gvas used to bond the
CFO:PZT-8 layers, hence resulting in a poor intsfeoupling between the phases. This
composition of CFO:PZT-8 is expected to have complar ME voltage coefficient to

CFO:PZT-4 as their permittivity and piezoelectroefficients are close in value.
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FIGURE 2.4. Longitudinal ME coefficient for the MkRyer of PZT-8 and CFO.
Maximum theoretical ME voltage coefficient obtainedL75 (V/m)/(kA/m). Relating the
experimental result of 18.6 (V/m)/(kA/m) to the dinetical model, we observe that the
interface coupling for the CFO/PZT-8 is very powith less than 10% strain transfer
between phases.

The theoretical models obtained here leads to theerpation that for a high
longitudinal ME voltage coefficient, the piezoelkect phase should have a high
piezoelectric coefficientdg;), and a low permittivity. This is due to the direelationship
between the piezoelectric coefficient and the MBage coefficient. The ME voltage
coefficient has an inverse relationship with thieaifve permittivity of the piezoelectric

phase, hence the requirement of a piezoelectrisgoWith low relative permittivity.
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FIGURE 2.5. Longitudinal ME coefficient for unclaed CFO-PZT layers as studied
in Ref. 21. The plot uses the theoretical modetudised in this paper. The maximum
coefficient obtained here (140 mV/cm Oe) is muds lhan that obtained in Ref. 21 (325
mV/cm Oe).

Finally, we show results of the theoretical modehio unclamped ME composite
with CFO for the magnetostrictive phase, and PATilie piezoelectric phase as studied
in Ref. 22. An unclamped ME composite is one inclhihere are no external forces to
hold the composite layers in place, besides thel la@plied at the interface. The plot of
the ME voltage coefficient for our theoretical mbaeshown in Fig. 2.5. We observed
similar trends in the behavior of ME voltage coaént, such as the direct relationship

between the interface coupling parameter and thgnimae of the ME voltage
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coefficient. Also, the maximum ME voltage coefficieshifts to piezoelectric-rich

composites for cases with less than perfect cogplin
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FIGURE 2.6. Comparison of the theoretical model thoe longitudinal ME voltage
coefficient for the unclamped CFO-PZT layer witk K. The theoretical data from Ref.
22 and our work here is compared to experimental dlatained from Ref. 9.

The magnitude of the ME voltage coefficient obtdine less than 140 mV/cmOe
compared to over 300 mV/cmOe in previous worksplaserved in Fig. 2.6. Hence, we
show that the current theoretical model better @aprates the ME voltage coefficient in
terms of its magnitude, while maintaining estal@strends for the ME composite.
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We had discussed the reverse ME process, realiz@ttbcing magnetization of
the piezomagnetic layer via strain produced bypileeoelectric layer. This is the electric
field induced magnetoelectric effect, and makesafstie aF susceptibility tensor. As
was stated while making initial assumptions to dgvethe theoretical model, we
investigate the reverse process, simply by usingnsrface coupling factork., to
guantify the strain transfer from the piezoelectager to the piezomagnetic layer. The

new interface coupling factor for the reverse pssogas defined in Eq. (2.12b).
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FIGURE 2.7. Longitudinal ME susceptibility for tleéectric field induced effect, ME
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The results from Fig. 2.7 are purely theoreticavashave assumed strain induced
magnetization as possible in the magnetostrictiyger using same piezomagnetic
coefficients. The results show that we need a mahiamount of piezomagnetic volume
fraction to induce maximum magnetoelectric sustdjiti. However, in cases where the
interface coupling allows less than ten percerdirsttransfer, we will need a higher
piezoelectric volume fraction. It is interesting &so observe how the piezoelectric
volume fraction affects thex" susceptibility obtained. We plot the results fbe t

magnetic field induced magnetoelectric effect ig. 2.8.
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FIGURE 2.8. Longitudinal magnetoelectric suscefityb for the magnetic field
induced effect, ME.
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For the magnetic field induced magnetoelectric atffeve need a high
piezoelectric volume fraction to obtain maximum meigpelectric susceptibility. It is also
important to note that the magnetoelectric susb#ipyi does not follow same trends as
the magnetoelectric voltage coefficient. This isdese the effective permittivity of the
composite layer affects the ME voltage coefficiebtained. Higher piezoelectric volume
fractions results in higher effective permittivitygs the piezoelectric layer has a much
higher relative permittivity than the piezomagneti@yer. The magnetoelectric
susceptibility obtained for both cases is prettgnparable and is verified in Appendix B
where the material parameters for the longitudmalgnetoelectric configuration in a
composite bilayer are computed. We observe thanthgnetoelectric coupling tensors
are the same for electric and magnetic induceastfe

The results obtained show that the theoretical inobiesely approximates the
experimental results for magnetoelectric bilay@itse model is also very robust, as both
piezomagnetic and magnetostrictive materials cararmayzed using the model. The
magnetoelectric effect obtained via induced medtarstrain of the piezoelectric layer
or induced mechanical strain of the piezomagneyei is also accounted for. However,
we must state that we do not know true value ofinterface coupling parameter for the
cases analyzed here. Such information will lendienee to the theoretical model, for
instance, should the effective interface coupliegabout 40% as observed in Fig. 2.2 and

2.3. Obtaining such information will be part ofdu¢ studies on the ME composite.
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CHAPTER 3: THEORETICAL MODEL FOR THE
TRANSVERSE MAGNETOELECTRIC EFFECT

The transverse magnetoelectric effect arises frben drientation of bias DC
magnetic fields along the composite plane and poktectric fields normal to the
composite plane. The stress-strain relationshigionbtl between the piezoelectric and
piezomagnetic phases under DC magnetic and elefiglds gives rise to the
magnetoelectric effect. Piezoelectric and piezomatignphases respond differently to
changes in direction of the DC magnetic field baasl the poling electric field, based
upon their respective anisotropy. Hence, a DC mgfield bias through the thickness
of the sample gives a different strain magnitudd direction than a bias along the
sample plane. This is quite similar to the changeghe form of the anisotropic
permeability tensor of a biased magnetic mateng th changes in direction of the DC
magnetic field bias. This permeability tensor shelpange described above is a
secondary effect observed in ME composites whemrdatd material is used as the
magnetostrictive phase in the magnetoelectric caitgo

The shape of the magnetoelectric susceptibilitgderobtained depends on the
direction of the stresses and strains within theamasite on application of bias/poling
fields. Thus, the non-zero values of the piezogleand piezomagnetic coefficient tensor

are important as they couple the stresses andsfigldthe media. By solving the
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constitutive relationships of the piezoelectric apgzomagnetic phases we obtain

relationships for the electric displacement fiahdl ahe magnetic flux density.

A3

Piezopfagneticphase

e

1 Ho

FIGURE 3.1. Bias DC magnetic field and poling electfield for the transverse
magnetoelectric configuration in a composite bifayidne composite is poled in the axial
direction while biasing along the sample plane.

3.1 Transverse magnetoelectric fields, stresses and strains

For the transverse configuration, the composita@ased in the 1-direction with a
DC magnetic field and poled along the 3-directioithwan electric field. Hence, we

express the fields in terms of DC and time varygomponents as
H,=1H,+1H ,., (3.1)
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E, = 3E, + 3E,.. (3.2)
In Egs. (3.1) and (3.2)Ho and E, represent the DC magnetic and electric fields
respectively, whildHac andEac represent the time varying fields that may be gme
the composite.

The theoretical formulation for the transverse nedgelectric configuration
follows a process similar to that for the longituai model. The constitutive equations for
the piezoelectric and piezomagnetic phases areedoivdependently for the fields,

stresses and strains. For convenience, we giveidzeelectric constitutive relationship

again as
"§="¢ " THATE (3.3)
"D, = °d, °T, + ", °E, (3.4)
"B, = ", "H,, (3.5)

For the piezomagnetic phase,

mS:m§ mT+ mH ml;', (36)
"B, = "0 "§ + Ly "Hy (3.7)
"D, = "¢, "E,. (3.8)

For the sake of convenience, we repeat the assomspthade on the mechanical stresses
and strains within the composite layer:

1. Shear stresses and strains are equal to zerottgtch

m, — N Mpe —
T.=0.""8 =0.t5ri=4, 5, ands. (3.9)

62



2. The thickness of each phase is much smaller thawvitith and length of the

phase. Hence the stress in the axial directioppsaximated as zero

Ty =T, =0. (3.10)

3. The strain transfer between phases is related byingerface coupling

parameterk, such that

S = kS (3.11)
As had been discussed in chapter 2, the reversessos also possible with a
change to the strain transfer relationship from pgrezoelectric layer to the
piezomagnetic layer. We do not discuss that herainagnor give the
expression for the reverse transfer process, ah#saalready been stated.

4. The summation of forces on the in-plane (1-2 pldrmindaries are zero, such

that

"T."V+ T Y =0,fori=1, 2, (3.12)
where ™v and’v respectively, are the piezomagnetic and piezoétectr

volume fractions, and are defined a&v=volumé)/ volum& and

Pv = volumé/ volur&®,
Solving the constitutive equations of each phassedaupon the given
assumptions, we obtain the electric displacemeid fin the piezoelectric region using
the nonzero components of the permittivity, perniggpcompliance and piezoelectric

coefficient as shown in Table 3.1.
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Using the nonzero coefficients from Table 3.1 alevith Egs. (3.3), (3.5), and

(3.11), we obtain expressions for the strain betwgeases as

(Psu+s,) T+ P, PES KM+ "s) "R K g"H (3.13)

(Pst ") P+ PAL,PES K Ms ") "R K g™ H (3.14)
In formulating Egs. (3.13) and (3.14), we assunmed thel and2 directional stresses are
equal, i.e.”"T, = P,
Combining Egs. (3.13) and (3.14), and usiig, = " "s,,,™"s, = "Ps,, and °d,, = "d,,,
we obtain

2("s,+ °s,) PR+ 27, "E= 2K s+ ") " kMg "¢ "H (3.15)

p

Using™T, = - p'l'l[m—\\ij from Eq. (3.12), into Eq. (3.15),

m m pv m m m
{2( Ps, + P§2)+2k( St §2)[m_vﬂ PT= % g+ q) H2°d,”E (3.16)
Then solving for the stress, thus rewriting (3.t6)erms of thel-directional stres¥, in

the piezoelectric layer, we obtain

a7 2%, e,

rTl:{(z("qﬁ‘J§2)+2‘("‘§1+’“%e)(‘V/ @))]mHl_{(i st g2 (e T Y v )

(3.17)

64



TABLE 3.1. NONZERO COEFFICIENTS OF BULK PIEZOELECTRIC AND PIEAGAGNETIC
PHASES FOR THE TRANSVERSE CONFIGURATION

Piezoelectric phase

Coefficient type Non-zero components
Permittivity e, = PE,, €4
Permeability PLa, = Pit, = Py,
Compliance P$,="5,"%,="5,"5~"s=F"s " S

S "5 = PSe T 2= 2( "5t 7 ).

Piezoelectric Pd,. = Pd,,, °d,,= Pd., "d.,

Piezomagnetic phase

Coefficient type Non-zero components
Permittivity g1, "y Eus
Permeability "l "y " g
Compliance "$,="S,="S, "5,= "S= S,

"8, =" = "S= "S= "= "%

Piezomagnetic s = " "= "y "Gy
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From the constitutive relationship expressed in B%), we obtain the components of

the electric field displacement in the piezoeleguiase as

"D, = *e,, "E,, (3.18)
"D, = *¢,, "E,, (3.19)
PD, = 2[Pd,, °T,+ "¢, E, (3.20)

Substituting Eq. (3.17) into Eq. (3.20), we obttia coupled-directional component of

the electric field displacement in the piezoeleguiase as

kpdzl( mch+ qu) m _2( " c°l1)2
"D, = H,+ +°, |PE,
(s e s ms) (V) |7 (75 g+ km "4 0 0)
(3.21)

Now, we consider the magnetic flux density of thezpmagnetic phase. Two cases are
considered here as was done earlier in the prevahapter for the longitudinal
configuration. For the first case, the DC magnééld bias creates no secondary effect,
such that there is no change in the form of thenpability matrix with the application of
the DC magnetic field. In the second case, theopnemgnetic material can be a media
with magnetic moments, such as a ferrite. In theerlaase, we obtain magnetic

anisotropy.

3.1.1 Case 1: Non-gyrotropic composites

We will use the form of the nonzero values of teenpeability as shown in Table 3.1.

"B ="q, N+ "q, "+ U, ™, (3.22)
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"B, = "y, ™H, (3.23)

"B, = "y "Ha (3.24)

m,

Using”T1=—mT1[p—\\:j, from Eq. (3.12), we obtain the piezomagnetic sstrfom EQq.

(3.15). Hence the stress-field relationship is wigd as

m,

vV
Pv

[zk(mgﬁqu)u(p%w@z)[ ﬂmxzzpqlp;— gl H (325)

From which we obtain the stress in the compositerlas

_ 'd, o 40" ™
K {(k(mq1+m§2)+("§l+"%)(ﬁ‘// b))} - [2( kst "g+( nu ¥ ”))} 1'
(3.26)

Applying Eq. (3.26) into Eg. (3.22), the magneticxfis expresses as

el Aaete)
[(“"’%*"’%)*("%*“ﬁ(“‘// W)] ) [2( RN ”1}”1

(3.27)
Thus, we have the electric displacement fieldsath lzomposite layers as
PD, = P, *E, (3.28a) "D, = "g,, "E, (3.29a)
D, = *¢,, "E, (3.28b) "D, ="¢,, "E, (3.29Db)
°D, =W, "H,+ W, " E (3.28¢) "D, = "g,, "B, (3.29¢)

where,
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kPdy("q,+ "q)
W= : (3.30)
{(( "5+ 5]+ "5t ") r”))]
_2( pd31)2
W, = +Pe, |- (3.31)
{(("Sn“%z% (s ms)( v/ V) ]
The magnetic flux density in both composite layaes expressed as
"B, = ","H,  (3.32a) "B =L "E;+ L,"H, (3.33a)
"B, = "1, "H, (3.32b) "B, = "y, ™H, (3.34b)
’B, = "u,, "H, (3.32¢) "B, = "y, "H (3.35¢)
where,
pdsl( mq11+ mqlz)
L = , (3.36)
{(k(’“sn+ ")+ (Par "8V "’/))J
_k( g, + mouz)z
L, = + ", (3.37)
[2(k(msu+”‘§z)+( "5+ °5)( W/ V) }

Hence, we have all the fields for a non-gyrotropiaterial used as the piezomagnetic

phase. In subsequent sections, we will apply fureddat EM boundary conditions.

3.1.2 Case 2: Gyrotropic composites

We use a new permeability tensor for the piezomiagpbase. Considering a DC
magnetic bias in the 1-direction for a gyrotropicaterial such as a ferrite, the

permeability tensor is given as
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"u=| 0 T, iy (3.38)
0 " THg

Thus, we rewrite the magnetic flux density in teiwhghe magnetic field and stresses

mBl = mqll mT1+ mq12 mT2+ I7’111 nHl (339)
mBZ = m11'122 ml_|2+ m:u23 fTH 3 (340)
"B, = "y, "Hyt g Hy (3.41)

There are no changes to Egs. (3.28) — (3.29), asctiange in the form of the
permeability does not affect those expressionss;Tthe expression for the electric field
displacements in both regions remains the samdoes the expressions for the magnetic
flux density in the piezoelectric region. Thus theagnetic flux density for the

piezomagnetic region is now

"B =L, "E,+ L,"H, (3.42)
mBz = m,uzz ml_|2+ m'u23 H 3 (3.43)
"B, = "y, "Hyt+ g H, (3.44)
where,
pCI31( mq11+ mqlz)
_ , (3.45)
- [(k(msu"' m§2)+( St p§2)( v/ ﬁ)/))}
_k(mou+ mouz)z .
- e |, (3.46)
[2(k(m%1+ ")+ (Par P8 (v V) }
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Next, we apply fundamental EM boundary conditianghe fields at the boundary of the

composite layers.

3.2 Application of boundary conditions

As done for the longitudinal magnetoelectric coufagion, we apply boundary
conditions on the fields along the interface of twmposite layers. The boundary

conditions have already been introduced in Se@ian

3.2.1 Case 1. Non-gyrotropic composites

Tangential components of the electric and magngélds are continuous at the

boundary, which implies that

"E="E=E (3.47)
"E,="E=FE (3.48)
"H,=P"H,=H, (3.49)
"H,="*H,=H, (3.50)

In Egs. (3.47) — (3.50) aboVe,, E,, H,,andH  represent the homogenized components

of the electric and magnetic field components @rtiedia.
It is assumed that each composite layer is eledhyi¢chin, with negligible field
variation within each individual layer, using alfieveraging method [41, 42], we define

the tangential components of the electric fielgpdisement and the magnetic flux density

as
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D,="D,"v+ *D, V=] &, "E, v+ B, E V=] &, £, Y E (3.51)

D,="D,"V+ *D, V=[ "k, "E, W+ B, T, V=[] B, W £, Y E (3.52)

B,="B"v+ "B Pv=[(LPE+ L™H) "W iy, H N
=L, PE, "+ (L, v+ By, M) H, (3.53)

B, ="B,"V+ °B, Pv=] ", "H, " L1, "H, M=[ L, W 5, Y H (3.54)
As should be expected, the homogenized magnetxcdénsity in the x-direction will
depend on the piezoelectric electric field in direction. We will simplify Eq. (3.53)
eliminate the3-directional term when we obtain homogenized exgoes for the electric
and magnetic fields in tH&direction.

Applying a second boundary condition, normal congras of the magnetic flux

density and the electric field displacement ardiooous across the boundary, we obtain,

"D, = *D, =D, (3.55)

"B,="B,= B (3.56)

Using the field expressions for th&directed magnetic flux density and electric

displacement fields,
m£33 mE3:VV1mH1+VV2 pEs (3.57)
mlu33 mHS =F 33 H_l 3 (358)
Assuming the each layer is electrically thin, with field variation within each individual

composite layer, we obtain homogenized field conepts
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E,="E° v+ "E"Vv (3.59)

H,="H, v+ "H, "V (3.60)
Thus,
l m m
"E3:p—V(EZ— E"V) (3.61)

Using Eq. (3.51) and Eq. (3.55), we express theraponent of the electric displacement
as

DZ:V\4mH1+%(EZ+mESm\a (3.62)

From Eq. (3.57)'E, = D,/ "¢,,, and thus

D, =W," H+—2F7 WV (3.63)
V£33

Thus, the homogenized normal electric field disphaent is obtained as

[1+ W, VJDZ =W "H, + L E|
V

Pv 833

Simplifying further, we obtain the z-component loé telectric displacement field as

DZ :[MJHX.F(MJ Ez (3.64)

W, v+ g, Py W v EL, Py
The homogenized normal magnetic flux density ismigtd as follows:

B, = "14;"H, (3.65)

Using the boundary condition as represented in(&§g8), we have

PH, = —Faamy, (3.66)

33

72



Applying Eq. (3.66) in Eqg. (3.60), then we obtdie magnetic field as

H, :(Pv#+ mvj H, (3.67)
Hss

Solving Eq. (3.67) fof"H,, we have

p
"H, :[ Ha JHZ (3.68)

Py, M p
VI e+ "V P,

Thus into Eq. (3.65), we obtain the z-componerthefmagnetic flux density as

0 P ]
B,=|—— H, (3.69)
[’Jv U+ "V Pl

We have obtained the homogenized z-components eofnthgnetic flux density and
electric displacement field. Now, we simplify therhogenized magnetic flux density for
the x-components. The magnetic flux density in Eq. (Bd&pends on tha-directional
electric field in the piezoelectric phase, with ghgression

B, = L "B v (L v Ty, M) H

From Eqg. (3.61), we have that
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Simplifying the expression in Eq. (3.70), we thdxain

1 W, v W™ v
PE, =|| — - 2 - H, | 3.71
3 [L Py pv(v\/2 Myt m&‘33 p\a} E L( V\£ m\4 n‘}:.33 py] x] ( )
Simplifying further, we have
W, "v+ ", Pv= W, v LAY
’E, = 2 43 - 3 H, | 3.72
AR, e

Factorizing the terms of Eq. (3.72), we obtain &pression for th&-directional electric

field in the piezoelectric region as

p — m£33 — Wlmv
E3 _IL(WZmV'F m&‘a:‘3 pv)] E ((V\é M\ %33 p\)] Hx] (373)

Finally, we express the homogenized x-componentiseomagnetic flux density as

— m m£33 _ Wlmv m p p
BX - L1 V[((Wsz‘l' m£33 pv)} E ((V\é Y rT"1333 p\)} HX]+( LZ o \a H(

Simplifying the expression for the x-component netgnflux above, we have

B, :[—levm‘933 Vj F7+£ L v+ P, ”v——leVV\{ v \) H (3.74)

W, v+ e, P W™ v ey, P
Hence, we have obtained all the material paramdtershe homogenized composite
media for the case where the piezomagnetic phasenen-gyrotropic material. The

constitutive relationship for the homogenized menliaterms of the electromagnetic

fields is given as
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D] [0 o0 Of[H] [e, O OJE,
D,|=| 0 0 O||H, |+ 0 &, O|E,| (3.75)
D,| |ai 0 OJ|H,] | 0 0 &,E,
_BX O O aXEZ EX /’IXX O O HX
B,|=[0 0 O|E|+ 0 g, OlH, (3.76)
B,] [0 0 O|lE| [0 0 u,H,

As we have explained in chapter 2, the above dotisg relationships apply only to
magnetoelectric composites using piezoelectric gmdzomagnetic layers. The
magnetoelectric effect arising from the use of peectric and magnetostrictive layers
will only be observed in the magnetic field induamdgnetoelectric susceptibility"

only.

3.2.2 Case 2: Gyrotropic composites

The change in the derivation from case 1 stems filmenapplication of a DC
magnetic bias to a media with magnetic moments, andgignificant saturation
magnetization to induce magnetic anisotropy. Ferttansverse orientation, with the DC

magnetic bias in the 1-direction, we obtain a petoilgy of the form [24, 25]

"ty O 0
"u=| 0 T, iy (3.38)
0 g, "y

We apply boundary conditions to obtain homogeniggds for the structure as was done
in case 1. Keeping in mind that, tangential comptsef the electric and magnetic fields

are continuous at the boundary, we obtain

D,="D,"v+ "D, V=] &, "E, v+ B, E, V=] &, £, Y E (3.51)
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D, ="D,"v+ D, V=] "k, "E, W+ B, E, V=] B, W £, Y E (3.52)
B,="B"v+ "B Pv=[(LPE+ L™H) "w iy, H Y
=L "E, mv+( L, "v+ P, pv) H,, (3.53)
However, the y-component of the magnetic flux dignshanges in form, and is given as
B,="B,"v+ "B "v=| W "H,"w W H " B, H, ¥
=[ "L NV L, V] H TV H, (3.77)
Applying a second boundary condition, normal congmis of the magnetic flux density

and the electric field displacement are continuaeress the boundary. Thus,

"D, = *D,=D,, (3.55)

"B,="B;= B. (3.56)
From Eg. (3.55) and (3.56), we obtain the expressio
m£33 mESZVVlmH1+ W2 pE3: Q (378)
”‘,u; "M, + m,L/*33 "M,= T, H;=B, (3.79)
Assuming each composite layer is electrically thiithout any field variation within
each individual composite phase, we obtain homagehiield components
E,=°PE v+t "E "y (3.59)
H,="H, v+ "H, "V (3.60)
The homogenization process for the electric disgtaent field is similar to that for the

non-gyrotropic ME media case, and results in a laimihomogenized electric

displacement field in the normal direction
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DZ :(MJHX.F[&J Ez' (3.64)
\Y \Y

WZ mV+ m£33 P V\é mV.I_ %33 P
We expect changes in the form of the magnetic fiensity obtained, and

therefore show some steps. The homogenized magfieticdensity in the normal

direction is obtained using Eqgs. (3.56) and (3.79)

Hence,
H e @8
Has Hss

Applying Eq. (3.80) into Eq. (3.79), also notifigl, = "H, = H, from Eq. (3.50)

.= LH(LJ ", @.8)
/'133 :u33

Solving for "H,

mH _ p1u33 H - plu33 D’)Vm’u32 ’ |
3 me,U33 + mV p - z me/,I33 + n\/ 7'{33 ?133 y

simplifying further,

p Py™
m — /'[33 v /'132
H,= . H - - H 3.82
i (pvmﬂ33+”‘\/p33} ’ (pvm/'[33+n\/w33} ’ ( )
Thus into Eq. (3.79), we obtain the z-componerthefmagnetic flux density as
B, ="t "Hy+ U, H,

z

Substituting for the 2 and 3 directional componeaithe magnetic field, we have

VY s O
B, =| "y - P Fo 4 Ho M |y (3.83)
I+ NP, NTE + VO,
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As done in case 1, we rewrite Eg. (3.53) for thgmedic anisotropy case as

BX:(_mvmg% Vj&{t;“w o, Py Y Vj H, (3.84)

VVZ mV+ m€33 P Wm W m£33 P
We also rewrite Eq. (3.77) in terms of the homogedifields,

"v v m,u; y7 H + v ?;23 Uss
me,u; + "V, | me,u; + "V g,

B, =(”‘v’“,u:2 + Pv P, - ] H, (3.85)

The constitutive equations for the composites urttier transverse ME orientation is

given as
D, 0O 0 Of[H,] [, O O]E,
D,|=| 0 0 OjlH, |+| 0 ¢, OJE, (3.86)
D,| |ai 0 O||H,| [0 0 &£,]|E,
'B.] |0 0 aL|[E]| |4, O O H,
B,|=|0 O O(E+| O u, u,||H, (3.87)
_BZ O O 0 EZ 0 /’IZy /'IZZ HZ

This finalizes the theoretical model for the traarse magnetoelectric effect in
piezoelectric and piezomagnetic layers. Equati86) and (3.87) only apply to
piezoelectric and piezomagnetic bilayers, wherentiagnetoelectric effect is obtained in
either direction. We analyze the effects as domwipusly, and also compare to other

published theoretical models using specific makefia each phase.
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3.3 Analysis of theoretical transverse magnetoelectric model

As previously mentioned, the ME effect is expresiseterms of the ME voltage
coefficient, o', for most experimental measurements, rather thaheasnagnetoelectric
susceptibility. The magnetoelectric susceptibidihd magnetoelectric voltage are 3 by 3
matrixes; hence simple matrix multiplication is ds® convert from susceptibility to
voltage coefficient. Comparison to other theoréticeodels in the literature is then
carried out to ascertain the differences and siiti#da between the work here and other
results.

The material properties available in the literataee for magnetostrictive
materials. Hence, we analyze the theoretical méatethe special case of piezoelectric
and magnetostrictive layers. The material charmties of the piezoelectric and
magnetostrictive phases are shown in Table 3.2inAgs was done in Chapter 2, we
only analyze the magnetoelectric effect arisingnfrthe coupling of the magnetic and
electric fields in the relationship for the electdisplacement field. For magnetostrictive
materials, the electric field is not coupled to thagnetic field in the expression for the
magnetic flux density. Similarly to the analysesGhapter 2, we present our theoretical
model for the transverse ME configuration using tegnetoelectric voltage coefficient,
rather than with the magnetoelectric susceptibiligt was derived. This makes for easier
comparison to previous theoretical models in therdiure. The theoretical model
obtained allows for detailed analysis of the MEeeffin the composite structure. We
show the magnetoelectric voltage coefficients foevesal piezoelectric and

magnetostrictive layers.
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TABLE 3.2.MATERIAL PARAMETERS FOR MAGNETOSTRICTIVE AND PIEZOELECTRIC
PHASES USED TO ANALYZE THE TRANSVERSE MAGNETOELECTRVOLTAGE COEFFICIENT

Parameter (Units) CFO NFO PZT-4 PZT-5H
S, 10_1212 6.5 6.5 12.3 16.5
N
S, 10—12ﬁ -2.37 -2.37 -4.05 -4.78
N
566 125 - -
10*129
he ( A]
.m -1880 -680 - -
10 12 770
q”( A]
d31 (10_12 g] - - -123 -274
N
d33 (10_12 gj - - 289 593
Hss 2 3 1 1
Ho
€33
10 10 1300 3400
€o
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FIGURE 3.2. Result for the Transverse ME effect f0FO/PZT-4 bilayer. The
transverse ME effect for the CFO/PZT-4 bilayer isicim higher for the transverse
orientation than for the longitudinal orientatiobess than perfect interface coupling
parameter requires more volume of the piezoelegthase to achieve maximum ME
voltage coefficient.

We start with the analysis of the ME voltage cardint for a CFO/PZT-4 bilayer.
The result for the bilayer is shown in Fig. 3.2. Whbserve a shift towards higher
piezoelectric volume fractions as the coupling leetw layers deteriorates. From the
result, we observe that piezoelectric-rich volursbeuld be used in composites where
the interface coupling is much less than perfeceé #¥tain a maximum ME voltage

coefficient of 460 mV/cmOe, with a perfect coupliaigthe interface.
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The ME voltage coefficient obtained for the CFO-PZTbilayer using the
transverse orientation is much greater than 144cm@e, as obtained for the same
bilayer using the longitudinal orientation [4This is due to the enhanced piezomagnetic
coupling in the magnetostrictive phase where tieecombination of g and g, while
deriving the ME susceptibility. This result followwame trends that have been established
in the literature [22] with the only difference hgithat the magnitude of the ME voltage

coefficients are not as large as had been obtained.
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FIGURE 3.3. Transverse ME effect for a NFO/PZT-fayer. Maximum ME voltage
coefficient is 155 mV/cmOe for a perfect interfaceupling. Richer piezoelectric
composites are required if the interface couplexgdr is less than perfect, as we observe
the shift of the maximum ME voltage coefficientRET-rich compaositions.
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Using the theoretical models obtained, we also stigate the ME effect with
changes to the materials that constitute the pleztiiee and magnetostrictive phases. We
start with a change to the magnetostrictive ph&skeeoME bilayer. We replace the CFO
layer with NFO. With a change to the magnetostrectphase, from CFO to NFO, we
observe a reduction in the ME voltage coefficiebtamed. The ME voltage coefficient
for the NFO/PZT-4 bilayer is shown in Fig. 3.3.

The maximum ME voltage coefficient is 155 mV/cmQe & perfect interface
coupling parameter, k =1. This is much less thah dbtained for the CFO/PZT-4 bilayer
(460 mV/cmOe). The reason for this reduction in ME voltage coefficient is the
reduced piezomagnetic coefficient of NFO comparedthat of CFO. NFO has an
increased permeability, but we note that the magphettric susceptibility does not
depend on the magnetic property of the media.

High ME susceptibilities/voltage coefficients areesged for practical
applications. It is important to know what combioat of piezoelectric and
magnetostrictive phases will produce the greatesgnetoelectric coefficient. For the
transverse ME field orientation, we have compatetl ME voltage coefficient for four
PZT/territe combinations, and the results are shmig. 3.4.

From Table 3.2, one may assume that the PZT-5/Gibmation should have
the highest ME voltage coefficient. However, thghhpermittivity of the PZT-5H leads
to a lower ME voltage coefficient than for PZT-4i3 is as should be expected given the
inverse relationship between the ME voltage coeffit and the permittivity of the

media. In both NFO cases in Fig. 3.4, there isngeldVIE voltage coefficient obtained.
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This result thus implies that NFO is not an ideatenial in the design of
magnetoelectric composites. The results help prtest the magneto-mechanical
coupling expected in NFO and piezoelectric compssg not large enough to warrant its

choice over CFO in the design of ME composites.
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FIGURE 3.4. Comparison of the transverse ME effemt different PZT/ferrite
combinations. Perfect interface coupling, k=1, ssumed at the interface for each
bilayer. CFO has the best performance for the ntagtrective phase, and PZT-4 has the
best performance for the piezoelectric phase. Heinee PZT-4/CFO combination has
best performance.
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The transverse magnetoelectric effect has a greatagnitude than the
longitudinal effect, in terms of the magnetoelectrvoltage coefficient. The
magnetoelectric voltage coefficient obtained foe thansverse case of a CFO/PZT-4
bilayer is 450 mV/cmOe, which is much higher thhattfor the longitudinal case (180
mV/cmOe). This is due to the fact that the combamabf piezomagnetic coefficients in
the direction of the applied magnetic field for tinansverse case is much greater than
that for the longitudinal case.

We analyze the difference starting from the derorabf the theoretical models.

For the longitudinal model, from Eq. (2.27), we bav

PD, =K, H,+K, "E, (3.88)
where,
_ 2[%d,, Mg, [k
K, = Sl ol , (3.89)
k(s ) (VW V) H( Pt P
2
K, = (') . (3.90)

[k("sa* ") (V/ V) +( Pat P
Ki represents the coupling for the fields within timagnetoelectric effect. For the

theoretical transverse magnetoelectric model,

PD, =W,"H, + W, PE, (3.28¢)
where,
kPdy("q,+ "q)
W= : (3.30)
(Ps+ s+ K5 ) W/ )
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= 2, +F 3.31
M (CESETEER O M) o

W, represents the coupling term for the piezoelegp@se of the magnetoelectric

composite. Observing Eq. (3.89) and (3.30), wetBatthe coupling is much greater for
the transverse model when we comp¥feto K; as( g, + mouz) >20"q,,. The greater

magnetoelectric coupling for the transverse modedkes it a more desirable
configuration than the longitudinal model. In clapt5, we will consider the

electromagnetic wave propagation characteristics tlé three magnetoelectric
configurations, and observe how the magnitude efriagnetoelectric coupling plays a
role in the phenomena obtained.

We compare results of our model to theoretical neodbtained in the literature.

The comparison is observed in Figs. 3.5 and 3.6bdth figures, the models follow
similar trends in terms of the observed charadtesiof the ME voltage coefficient in

relation to the piezoelectric volume fraction, hoee our model obtains lower

magnetoelectric voltage coefficients than obtaibgdRefs. [22] and [46]. The reason for
the difference in the magnitude of the ME voltagmeflicient obtained is due to

application of electromagnetic wave boundary coon# as shown in our derivations.
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FIGURE 3.5. Comparison of the theoretical model tfee transverse magnetoelectric

configuration to that obtained by Bichurin et &2] for a perfect interface coupling
parameter (k=1). This figure compares the resoit&fPZT-nickel ferrite composite.

We have previously shown that the ME voltage cogdfit obtained from the
PZT/ferrite composites should be lower [40], usexgerimental data for the longitudinal
magnetoelectric configuration. This information ha&en previously discussed in Chapter
2. However, we lack experimental data for the warse and in-plane configurations
with which to compare our theoretical model. We aliserve that our current model
follows similar characteristics to previous modeith magnitude mismatches along the

curve for the ME voltage coefficient.
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FIGURE 3.6. Comparison of the theoretical model tfee transverse magnetoelectric
configuration to that obtained by Bichurin et ad6] for a perfect interface coupling
parameter (k=1). This figure compares the resoltafPZT-cobalt ferrite composite.

We observe that the mismatch is greatest at thentppoof maximum
magnetoelectric voltage coefficient for the compams shown in figs. 3.5 and 3.6. This
was already observed in Chapter 2 and is so simeeapplication of the boundary
condition is most critical at the points of maximumagnetoelectric coupling between the
layers. As the strength of the magnetoelectric céffiminishes with changes to the
piezoelectric volume fraction, the agreement betwtee models improves as is observed
in Figs. 3.5 and 3.6.

The magnetoelectric susceptibility is investigatddr two PZT-ferrite

combinations. The magnetoelectric susceptibilifeedZT-cobalt ferrite and PZT-nickel
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ferrite bilayers are shown in Figs. 3.7 and 3.8peetively. Observe that as was the case
with the ME voltage coefficient, the PZT-cobaltrfes combination produces a higher

ME susceptibility than PZT-nickel ferrite.
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FIGURE 3.7. Magnetic field induced magnetoelectusceptibility for a PZT-Cobalt
ferrite bilayer. The susceptibility increases wititrease in the piezoelectric volume
fraction.

Both bilayers show an increase in the ME suscdipyibas the piezoelectric

volume fraction increases. This is easily explaided to the volume rati()pv/ ”‘v) which

is obtained in Eq. (3.30) and (3.31). Since theaundd ratio is in the denominator of Eg.
(3.30) and (3.31), it creates an inverse relatigns¥ith the ME susceptibility in Eq.
(3.64). We note that increase in the piezomagmeiigme fraction results in a decreased

magnetoelectric coupling. Also, as the piezomagnetlume fraction goes to zero, the
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ME susceptibility also goes to zero. In realitye thest combination should be at about
equal volume fractions for both phases, so as tesea large enough strain to be
produced by the piezomagnetic fraction. A very $mpazomagnetic volume fraction
may not produce enough strain to affect the pieet layer. This is important has the
bianisotropic application of the media will be leetsuited by an ME media with equally
high electric and magnetic field induced ME susibdgtes. Our theoretical model
represents a tool for the analysis of the best aoatlbn of volume fractions, and the

resultant ME effect obtained.
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Results from the theoretical model in terms oftegnetoelectric susceptibilities
show that the volume fractions required for maximumagnetoelectric voltage
coefficients and susceptibilities differ. This mportant since most of the experimental
measurements in ME composites are presented irstefrthe magnetoelectric voltage
coefficient. However, that does not give any infation on the maximum ME coupling
obtained for the media. The reason for the diserepéss the effective permeability which
also changes with the piezoelectric volume fractoal is an important factor in the
measurement and derivation of the ME voltage coefit. The choice of a ME voltage
coefficient or ME susceptibility depends on whaplagation is required. For example,
for electromagnetic wave propagation, one is irstek in the ME susceptibility as the
electric and magnetic field coupling in the congiite relationship of the media depends
on directly on the ME susceptibility. The ME voleagoefficient is really required more
for its application in the experimental measurensemt determination of the ME effect.
It is important that the theoretical model alsosprgs information on the ME composite
in terms of its ME susceptibility, as that informoat is vital to conducting research on the
electromagnetic wave propagation characteristigh@fcomposite. The results obtained
from the theoretical model show that same trendsoatained when compared to other
theoretical models in the literature, however, rtregnitude of the ME voltage coefficient
obtained is much less than that from theoreticad@in the literature as is the case with
experimental measurements.

We have obtained the theoretical model for the rasugiectric effect for the

transverse magnetoelectric configuration. The thigmal model takes into account the
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effects of an imperfect interface, and also deaith the resultant change in the
permeability of the composite due to applicationaoDC magnetic field bias. This

concludes the theoretical modeling for the trans¥@nagnetoelectric configuration.
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CHAPTER 4: THEORETICAL MODEL FOR THE IN-
PLANE LONGITUDINAL MAGNETOELECTRIC EFFECT

In the inplane ME configurdon, the composite media has a DC magnetic 1
bias in thel-direction and poling electric fie in the 1-directionas shown in Fig. 4.
This orientation has been investigatedthe literature and the resulta theoretical
models produced the largemagnetoelectric voltage coefficient of all thrMME

configurations.

N

v

FIGURE 4.1. In-plan®E configuration, showing the orientation of bigelds. The DC
magnetic field bias and the poling electric fieté & the same direction, lying along f
surface plane of the compos
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We express the fields within the composite in tewhdDC and time varying

components as

~

H,=1H,+1H,., (4.1)

E, =1E, +1E,.. 4.2)
In Eq. (4.1) and (4.2), {HHand K represent the DC magnetic and electric fields
respectively, whildHac andEac represent the time varying fields that may be gme

the composite.

4.1 In-plane fields, Stresses, and strains

The electromagnetic fields in each respective plaserepresented by vector

fields of the form

mPE = E1+E,2+ E,3, (4.3)

mPH =H,1+H,2+H,3 (4.4)
In Eq. (4.3) and (4.4), the total fields are a corabon of time varying fields that may
exist within the composite in all directions, am@ tias/poling fields in fixed directions
along the sample plane (1-direction) as has bescrithed in Eq. (4.1) and (4.2).

The theoretical formulation for the in-plane magmeégctric configuration follows

a similar process that has been laid out for thevipus models. The constitutive
equations for the piezoelectric and piezomagnétasps are solved independently for the

fields, stresses and strains, and then relatedrinst of the induced strain in each layer.

The piezoelectric constitutive relationship is givaes
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pSzp§p-]|-+ PAPE

(4.5)
°D, = d,, T + ¢, "E,, (4.6)
"B, = "1, "H,, (4.7)
For the piezomagnetic phase, the constitutiveicglahip is
"§="8"T+ A "H, (4.8)
"B ="0 "T+ Uy, "H, (4.9)
"D, = "&,,"E,. (4.10)

We repeat the assumptions made on the mechanreglses and strains within the

composite layer:

1. Shear stresses and strains are equal to zerottgtch

m, — N Mpe —
T.=0.""8 =0.t5ri=4, 5, and. (4.11)

2. The thickness of each phase is much smaller thaitith and length of the
phase. Hence the stress in the axial directioppscximated as zero

T, = T, =0. (4.12)

3. The strain transfer between phases is related byingerface coupling

parameterk, such that

"§= k'S (4.13)
4. The summation of forces on the in-plane (1-2 pldmeindaries are zero, such
that
"T."V+ T W =0,fori=1, 2, (4.14)
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Solving the constitutive equations of each phassedaupon the given
assumptions, we obtain the electric displacemeid fin the piezoelectric region using
the nonzero components of the permittivity, perniggpcompliance and piezoelectric
coefficient as shown in Table 4.1.

Applying the nonzero coefficients from Table 4.1oinhe constitutive relationship for
each phase, we obtain a stress-field relationgrighle composite by relating the strain

between phases. Considering the strains on theasitepusing Eq. (4.13),
(psﬂ+ ”qz) PT+ Pd,PE= ;(m s+ " Q "B K g™t (4.15)
(psﬂwszz) PT+ °d," E= ;(m§1+ m§z) "B K g™t (4.16)
Combining Eq. (4.15) and (4.16), usihts, = " "s,,, and™"s, = " Ps,,

2(p511+ ps.z) pT1+(pd11+ pdlZ) PE=2 I( "et " §) " Q<m G " 9} " (4.17)

P
Using the relationship between the stresses in phabe’T, = - T(m—://] thus

sers)ra(rae s ) wtdn(e e g

Then solving for the stress, rewriting (4.18) imnts of the 1-directional streSg in the
piezoelectric layer, we obtain
T=Y"H+Y E (4.19)

where

¥ = K"a,+ ") (4.20)

(275 P +24 "5t " 5)( ¥/ V)
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TABLE 4.1. NONZERO COEFFICIENTS OF BULK PIEZOELECTRIC AND PIERAGNETIC
PHASES FOR THE INPLANE ME CONFIGURATION

Piezoelectric phase

Coefficient type Non-zero components
Permittivity e, = Pe,,, PE,,
Permeability P, = P, = P,
Compliance PS:="5,"5,="5,"°5="s="s= " S

"S PS5 = P8 " 5a= 2( P St © §)

Piezoelectric Pd,. = Pd,,, °d,= Pd,, Pd,,

Piezomagnetic phase

Coefficient type Non-zero components
Permittivity "1, "y Ean
Permeability "l "y " g
Compliance "$,="S,="S, "S,= "S= ",

"s,="8,= "g,= "= "g= "

Piezomagnetic "Ohs = "Ohgr "Chp= "Chy Ohy
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~(’dy+d)
(275t "5 +2H " "8 (Y V)

From the constitutive relationships in Eq. (4.6 wbtain components of the electric

Y, = (4.21)

field displacement in the piezoelectric phase as

"D, =(dy, + °d,,) "T,+ e, E, (4.22)
PD, = "¢, "E, (4.23)
PD, = Pe,, "E, (4.24)

Substituting Eq. (4.19) into Eq. (4.22), we obttia coupled 1-directional component of
the electric field displacement in the piezoelegiase as
"D, =G, "H,+G, "E, (4.25)

where

6 - k(Pdyy + "dy,)( "yt ") (4.26)

2[("su+ s+ ("t ") ( v/ V)]

G = —( °dy, + pd12)2 +Pg (4.27)
(Pt e g (W Y)] '

Now, we consider the magnetic flux density of thezpmagnetic phase. Two
cases are considered here. For the first caseD@anagnetic field bias creates no
secondary effect, such that there is no changéarfdrm of the permeability with the
application of the DC magnetic field. In the secaade, the piezomagnetic material is a

media with magnetic moments, such as a ferrite.
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4.1.1 Case 1: Non-gyrotropic composites

We use the non-zero values of the permeabilitybasimed from Table 4.1. From

the constitutive relationship for the magnetoelegthase,

mBl = mqll rT"Tl-i_ mql2 mT2+ [7111 mHZI (428)

"B, = "u,, "H, (4.29)

"B, = "y "H, (4.30)
Using"T, = —mﬂ(p—\\:j into Eq. (4.17), we obtain

R R KR AL S S RUCE

Pv

Thus, we obtain the 1-directional stress in thegieagnetic layer as

=X "E-X"H, (4.32)
where
(P + ")
X, = (4.33)
2l k(s "g) (st P8V V)]
k("q+ "q)
X, = (4.34)
2l k("5 + "g)+(Pet P (Y V)]
Applying Eq. (4.32) into Eq. (4.28), and usifi§ = "T,we have
"B=R"E+R"H (4.35)

where
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( pd11 + pdlZ)( mq11+ mq12)

= , (4.36)
& [K(ms+ ")+ (Pt Pe)(V/ V)]
_k(mq11+ monz)2 +
= " (4.37)
k(s s+ (a8 (v v)]

Thus, we have obtained the electric displacemefddiin both composite layers as

pDlzcalmHl-i_GZ pE:L mD1: m‘gll rTlEl

(4.25) (4.38)
p - P p m — m
D,="¢,"E, (4.23) D, = "¢, "E, (4.39)
p . p m —m
D; =655y (4.24) D, = "6 "Es (4.40)

whereG; andG; are as given in Eq. (4.26) and Eq. (4.27)

The magnetic flux in both composite layers has hksen obtained and are expressed as

’B, = "1y, °H, "B=R’E+R"H
(4.42) (4.35)
"B, = "1y, PH, "B, = ", "H, 4.2
(4.42) (4.29)
’B, = "1,,"H, "By = "y "Hy
(4.43) (4.30)

whereR; andR; are as given in Eq. (4.36) and Eq. (4.37)

Now we apply boundary conditions to obtain homogedifields for the structure.

4.1.2 Case 2: Gyrotropic composites

We will use a new permeability tensor for a DC m&gnbias in the 1-direction

for a ferrite media. The permeability tensor isegivas
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Hoy "My (4.43)

Thus, we rewrite the magnetic flux density as

"B=R’E+R"™H (4.44)
"B, = iy, "Hyt Ty H, (4.45)
"B, = "y, "Hyt sy H (4.46)

where

( Pdy, + pdlZ)( "oyt lez)

k(s s+ (e sV V)]

(4.47)

_k(qul+ mouz)z £y
a7 (e (W V]

R, = (4.48)

11

There are changes to the valueRefbased upon a change to the permeability tensor. In
terms of the general shape of the magnetic flwsitgrthe changes are only observed in
Eq. (4.45) and Eq. (4.46). There are no changdkecquations involving the electric
displacement field in both phases of the magnettridecomposite. Hence we apply

boundary conditions to obtain homogenized matpashmeters for the composite.

4.2 Application of boundary conditions

We apply boundary conditions on the fields along ititerface of the composite

layers. The boundary conditions are same as thgsde=d in sec 2.2.
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4.2.1 Case 1: Non-gyrotropic composites

Tangential components of the electric and magrfielids are continuous at the boundary

between both media, therefore we obtain the relahips

"BE="E=E (4.49)
B="E=E (4.50)
THy = H = H (4.51)
"H,="H,=H, (4.52)

In Eq. (4.49) — (4.52) abo¥sg, E , H,,andH  represent the homogenized components
of the electric and magnetic fields in the medias bssumed that each composite layer is
electrically thin, with no field variation withinagh individual composite layer. Using a
field averaging method [41, 42], we define the &rtgal components of the electric field

displacement as

D, ="D,"v+ *D, V=[ ", "E, "V+(G "M+ G, ’E) M.  (453)

Simplifying Eq. (4.53), we obtain thecomponent of the electric displacement field as
D, =(G,"V) H, +("&,"v+ G, "V E. (4.54)

Similarly, they-component of the electric displacement field isaoled as

D,="D,"v+ "D, V=[ ", "E, "+ &, E, V=] B, W £, Y E (4.55)

Also, the magnetic flux density is obtained as

B="B"v+ "B v=| (RPE+ B™H) "v Ly, "H Y (4.56)
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Simplifying Eq. (4.56), we obtain an expressiontfoEx-component of the magnetic flux

density as
BX=Rmv5+(3mw ",ullp\) H (4.57)
Finally, they-component of the magnetic flux density is obtaiasd
B, = "B, "v+ PB, Pv=[ T, "H, "+ Ry, PH, M= B, W B, N H (4.58)
Applying the second boundary condition that noro@hponents of the magnetic
flux density and the electric field displacemené aontinuous across the boundary,
which implies that

"D, = D,=D (4.59)

z

"B,="B,=B (4.60)
Using the expression for the electric displacenfietd and magnetic flux density in each

region, we have the relationships

"€y By = FE4, PE,= D (4.61)

z

miu33mH3: j 33F1_|3:B

z

(4.62)

We assume that each composite layer is electrithilly with negligible field variation
within each individual composite layer. We useddfiaveraging method to obtain field

components as
E, = PE,Pv+ "E "V (4.63)
H, = PH,Pv+ "H, "V (4.64)

Using the boundary condition as represented in4£61),
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°E, — s "E, (4.65)

p£33
Applying Eq. (4.65) in Eq. (4.63)
_— mg m m
E, —[ ”v?z+ vj E (4.66)
Solving for "E, we obtain
" | s |, (4.67
PVTe, + "V Ry, '

Thus thez-component of the electric displacement field isaoied as

me. p
D,=| o tu__|E, (4.68)
VT, + Vi,

For the magnetic flux density, from Eq. (4.62),
B, =", "H, (4.69)

Using the boundary condition as represented indj4\8 obtain

PH, = —Fae my, (4.70)
33

Applying Eq. (4.70) in Eq. (4.64), we obtain theomponent of the magnetic field as

H, = [ ry—Has mvj "H, (4.71)
Iz

Solving for "H, we obtain

P
"H, = ( Has J H, 4.72)



Finally, applying Eq. (4.72) into Eq. (4.69), wetain the magnetic flux as

B, :( - mm/'lgs p{'nlssp j H,
Vil ¥ TV g,

Hence, the constitutive equations for the compssitethe in-plane ME orientation is

(4.73)

given as
D, ] |al) 0 OfH,| [¢e,, O O]E,
D,|=| 0 0 O||H, |+| 0 &, OJE,|. (4.74)
' D, 0 0 OfH, 0 0 &,||lE,
'B,] [aE 0 O|[E,]] [#, O O][H,
B,|=| 0 0 O||[E |+| O u, OfH, (4.75)
| B, 0 0 O|lE, 0 0 u,||lH,

4.2.2 Case 2: Gyrotropic composites

The change in the homogenized material parametershé case of magnetic
anisotropy is seen in thg- and zdirected magnetic flux density. The electric
displacement fields are essentially of same formobisined for the non-gyrotropic
model. Hence, we will not expressly show the derwvaof the homogenized electric
displacement fields for this case. Also, theirected magnetic flux density stays the
same and will not be reformulated here. Howevels itnportant to note that while the
form of thex-directed magnetic flux density will be the saniere will be a change in its
magnitude due to the change in the values of thgponents in the permeability matrix.

We obtain new relationships for the homogenizea tlensity in they-direction

using the boundary condition on the tangentialteleand magnetic fields. Thus,
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B,="B,"v+ "B Pv=| W "H, "w U H W A, H, . (4.76)
Simplifying the expression in Eq. (4.76), we have

B, =[ "4, "V+ ", | H, + L VTH,, (4.77)
The magnetic flux density in tredirection is obtained as follows:

Normal components of the magnetic flux density #reelectric field displacement are

continuous across the boundary. Thus,

"D, = "D, =D, (4.78)

"B, = "B,=B. (4.79)
From Eqg. (4.79), we obtain the relationship
"t "H,+ U "Hy= uy, H, =B, (4.80)

Hence, we have that

Hy =t T+ ey (4.81)
33 33

Applying Eq. (4.81) into Eq. (4.64), also notifg1, = "H,=H from Eq. (4.52), we

have
H,= pv% H,+ pv#+ v | "H,. (4.82)
/'133 /’[33

Solving for "H, in Eq. (4.82), we obtain

Py, M

= "y H - s oV
’ mefu33 + v F 33 ’ pvnpsg + W ?133 2’33 ’
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Simplifying the expression fdfH,, we obtain

p Py™y
m — lu33 M 'usz
H, = - H,- - H.. 4.83
: vamuggmvpsg] [w; wgsj y 89
Then applying Eqg. (4.83) into Eq. (4.80), we have
VT, T s U
Bz: mlu _ — 32 33 ]H +£ 33 33 Hz' (484)
[ A S TR T
We simplify Eq. (4.84), and obtain
Py™ m, F p
BZ - mﬂ* 1_ —— /'[33 5 Hy+ m/;133 ﬂ33 HZ. (4.85)
N VI + TV Ll VIV

Hence we rewrite Eq. (4.77) in terms of the homaghfields,

B, =UH,+U,H, (4.86)
where

, "vPv"u Oy
U - me + pvp — _ 23 32 . 487
1 [ /’122 /’[22 pvlj'nij33 + mVDp 33] ( )

"V Pu
U,=| 2 |. (4.88)
VUL Y P,

The constitutive equations for the composites urtter transverse ME orientation is

given in a straight forward way as

H

D, a, 0 Of|H,| |, O O} E,
D,(=| 0 0 O||H, |+ O ¢, OJE, (4.89)
D 0O O OfH 0 0 ¢,||E
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BX a)I(EX 0 0 EX ILIXX O O H X
B,[=| 0 O O||E |+| O w, u,||H, (4.90)
B, 0 O Ol E 0 wu, M, H,

This concludes the derivations of the theoreticablet for the in-plane magnetoelectric
model.

With the constitutive relationship for the in-plangagnetoelectric effect now
obtained, we are able to investigate the electrowtagwave propagation characteristics
for all three magnetoelectric configurations. Firstve analyze the in-plane
magnetoelectric model, and make comparisons ttotigtudinal and transverse models.
As was done in previous models, we investigatesipecial case of magnetostrictive-
piezoelectric layer combination. Material parameteior the piezoelectric and
magnetostrictive media are shown in Table 4.2. §dime material parameters, we
compute the magnetoelectric voltage coefficienttfa in-plane configuration. Also, as
done in the previous two chapters, all analysesdamge using the magnetoelectric

susceptibilitya™ only.
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TABLE 4.2.MATERIAL PARAMETERS FOR MAGNETOSTRICTIVE AND PIEZOELECTRIC
PHASES USED TO ANALYZE THE INPLANE MAGNETOELECTRIC VOLTAGE COEFFICIENT

Parameter (Units) CFO NFO PZT-4 PZT-5H
S, 10_1212 6.5 6.5 12.3 16.5
N
S, 10—12ﬁ -2.37 -2.37 -4.05 -4.78
N
566 125 - -
10*129
he ( A]
.m -1880 -680 - -
10 12 770
q”( A]
d31 (10_12 g] - - -123 -274
N
d33 (10_12 gj - - 289 593
Hss 2 3 1 1
Ho
€33
10 10 1300 3400
€o
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4.3 Analysis of the theoretical in-plane magnetoelectric model

We analyze the in-plane ME effect in piezoelecamc magnetostrictive bilayers.
The ME voltage coefficient for CFO/PZT-4 and NFOIPZ bilayers are shown in Fig.
4.2 and 4.3 respectively. The current theoreticatleh agrees with previous models in
the literature [22] that the in-plane orientatiomoguces the largest ME voltage

coefficient of all three magnetoelectric configiwas.
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FIGURE 4.2. ME voltage coefficient for the in-ptarorientation for CFO/PZT-4
bilayers. The maximum ME voltage coefficient isabed as 3140 mV/cmOQOe.
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The maximum ME voltage coefficient is obtained #10% piezoelectric volume
fraction. This means that the maximum coupling ltesmhen small piezoelectric volume
is under stress due to the strain from a larger n@@gtrictive volume. This is in
agreement with the results by Ryu et al. [18], thieater ME effect can be obtained
when the stress on the PZT layer is high, andregsires a thinner PZT layer. As the
piezoelectric volume fraction increases, the mamgiettric coupling strength is greatly
reduced, so much that the interface coupling patemiarely has any effect on the ME

voltage coefficient obtained.
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FIGURE 4.3. ME voltage coefficient for the in-ptarorientation for NFO/PZT-4
bilayers. The maximum ME voltage coefficient isaibed as 1020 mV/cmOQOe.
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Using Figs. 4.2 and 4.3, we compare the use of MFOFO. The maximum ME
voltage coefficient is obtained for a 10% piezo&leosolume fraction for both material
combinations. Hence, we can infer that the mateneled do not affect the required
volume ratio to obtain maximum ME voltage coeffidieWe observe that with the
change in orientation, CFO remains a better ME asit@ material in comparison to
NFO in terms of the maximum ME voltage coefficieWith the use of NFO, the ME
voltage coefficient drops from 3140 mV/cmOe to 1020/cmOe. This is simply due to
the fact that CFO has a greater magnetostrictiaan tdoes NFO. The maximum
achievable ME voltage coefficient is not the ordgtbr in the choice of the composite
materials. Another important factor in the choide neaterial is the strength of the
interface coupling in both cases. For this reasé®Nas been used in ME composites
due to its efficient magneto-mechanical coupling][Such analysis is strongly aided by
the current theoretical model should information tbe effective interface coupling
parameter be available.

Comparisons are made to other theoretical modelseiiterature. In Fig. 4.4, we
compare the current model to one obtained by Binretral [22] for a CFO-PZT bilayer.
We observe that the ME voltage coefficient in bodlses follow the same trends in terms
of the rise and fall of its magnitude in relatiom the piezoelectric volume fraction.
However, the magnitude of the realized ME voltageefficient is different. The
difference is much greater in the region of the imaxn ME effect, as the application of
boundary conditions are much more important at tsoafi maximum coupling. This is

same as with the cases for the longitudinal antstrerse configurations.
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FIGURE 4.4. Comparison of the in-plane magnetdatemodel obtained in this work
to that obtained by Bichurin et al. [22] for a CIRZT bilayer. We observe that the
magnetoelectric voltage coefficient follows simiteends; however our model produces a
lower magnitude.

The theoretical model for the in-plane ME configiga is robust; such that we
can also analyze the magnetoelectric effect obdaimging the magnetoelectric
susceptibility, a", as shown in Fig. 4.5. We observe that the ME suguky obtained
for both transverse and in-plane configurationseh@itferent characteristics in relation to
the piezoelectric volume fraction than the ME vodtacoefficient. This is of importance
to researchers, as this theoretical model givaasaght to both the susceptibility and ME
voltage coefficient expected than has been prelyootained from other published

theoretical models. The ME susceptibility is of mwn@ance when investigating
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characteristics of the ME composite such as tharel@magnetic wave propagation as will
be done in Chapter 5. Hence, through the currebrédtical model, we obtain the
magnetoelectric voltage coefficient for experimésatdo use as a guide in verification of
measurement results. Also, theorists can obtainntiagnetoelectric susceptibility to

conduct analysis of the characteristics or propsif the ME composite.

12 T

k=0.2
ol ===k=0.4 |
= BN | - ‘1-. '4
% k=0.6 K J— °..’
g ||---ke08| &7 e -~
L R - . i
:I:tﬂ ammEm k-:'l_ﬂ ’.Q' ,f "-.—l_..“ \{?‘
2 S e St
.-E E B "* ’ .’ .\\’ T
:'3_ .i- ,’ "’ t"
@ + - %
F4 *
o K %
= e d & 7
7 S w
1] * !3° \
= 5y
2t oS % -
& \
D P 1 1 1 1 1 1 | | | ‘
0 0.1 0.2 0.3 0.4 0.5 (RS 07 0.8 04 1

Fiezoelectric Volume Fraction

FIGURE 4.5. Magnetic field induced ME susceptililior the In-plane configuration.
The susceptibility for the bilayer is highest foegoelectric rich compositions.

The maximum ME susceptibility for the in-plane MBnéiguration is obtained

with close to equal volume fractions as shown img Bi.5. The maximum ME

susceptibility is obtained as 10s/m with 60% piezoelectric volume fraction. It

interesting to know how the piezoelectric volumacfron affects the electric field
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induced ME susceptibilitya®. As a check, we assumed the strain-magnetization
relationship on the magnetostrictive material asrgble such that® # 0, and we can
then refer to the phase as piezomagnetic. Henceybteened the electric field induced
ME susceptibility for the bilayer as shown in F§6. It should be noted that this is
purely theoretical and used only due to the lackdafa for actual piezomagnetic
materials. The result obtained is interesting asalge observe that the maximum ME

susceptibility is obtained for close to equal volufractions.
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FIGURE 4.6. Electric field induced In-plane magred¢atric susceptibility.
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In Fig. 4.6,k is used to show that the ME effect is obtainednfrihe electric
field, which is the reverse to the cases we haveiexdti thus far where the ME effect has
been generated solely via magnetostriction. Threxfate coupling parametdg, does not
differ from k that has been used thus far and still ranges keet@end 1 as explained in
Section 2.1. The need for a different interfaceptiog parameter for this case stems
from the fact that the strain transfer from thezpidectric phase to the piezomagnetic
phase may not always be equal as the transfer thempiezomagnetic phase to the
piezoelectric phase. This may be because the metbed to bond the composite layers
may more effective in one layer than the othertdue characteristics of one composite
surface (rough, smooth, etc) compared to the offie. information from Figs. 4.5 and
4.6 reflect that the magnetoelectric susceptibibtgreatest using close to equal volume
fractions for both the electric and magnetic figlduced effect. This is not the case for
the ME voltage coefficient where 10% volume fraetaf the piezoelectric layer is ideal.
Results from the theoretical model in terms of thagnetoelectric susceptibilities
showing that the volume fractions required for maxm magnetoelectric voltage
coefficients and susceptibilities differ impliesatrone cannot assume a high ME voltage
coefficient at a certain piezoelectric volume fractimplies a high ME susceptibility.
This is important since most of the experimentahsueements in ME composites are
presented in terms of the magnetoelectric voltaggfficient rather than with the ME
susceptibility. Thus, a theoretical complete makels introduced here, which allows the
researcher to obtain results using the materighrpater that best suits his/her work.

Hence, the experimentalist can verify results usinggvoltage coefficient and the theorist
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can investigate the media’s characteristics via ghsceptibility. This completes the

theoretical model for the magnetoelectric composite
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CHAPTER 5: ELECTROMAGNETIC WAVE
PROPAGATION IN BULK MAGNETOELECTRIC
COMPOSITES

Several studies have investigated the propagatiorlectromagnetic waves
through magnetoelectric media. In 1962, O’Dell [3@] studied electromagnetic wave
propagation in lossless magnetoelectric materi@ad concluded that lossless
propagation will not be possible in the media. Qll2erived at that conclusion due to the
complex index of refraction he obtained in soluttorthe wave equations of the media.
However, in 1965, Fuchs [38] showed that electrametig waves can indeed propagate
in lossless magnetoelectric media without atteounatifor any value of the
magnetoelectric coupling tensor. Fuchs solved thelpm and discovered sign errors in
the derivation obtained by O’Dell. Fuchs observadhange in the propagation velocities
in magnetoelectric media with changes to the dwacbf propagation (forward or
backward). Fuchs, however, considered only cedpétial cases of the ME media. It is
important to note that the electromagnetic wave pagation characteristics in
magnetoelectric materials will vary with changestle nonzero coefficients of the
magnetoelectric tensor. Depending upon the coefftsi of the magnetoelectric tensor,
we may obtain circularly polarized waves as wasplel by Birss and Shrubsall [39] or

linearly polarized waves.
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We intend to observe the electromagnetic wave gai@n phenomena for bulk
magnetoelectric composites, utilizing the effectmaterial parameters already obtained
through the theoretical modeling of the magnetdetecomposite. Propagation of the
electromagnetic wave is described via an eigenvadumation where the wave number is
the eigenvalue and the electric or magnetic fisldhe eigenvector. We solve for the
wave number, from which we observe the relationstiith angular frequency, and the
polarization state of the propagating wave. Wet stéh solutions to Maxwell’'s equation
for electromagnetic wave propagating along the $arppane of the magnetoelectric
media. We obtain a wave equation for the magnettbedemedia, and solve for the
eigenvalues and eigenvectors. We assunm&“d@gime dependence in all the following

analysis. Starting with electromagnetic waves soarce free media of the form
E=Eek" (5.1)
H=H,e*" (5.2)

Applying the electromagnetic wave into Maxwell'suatjon, we obtain [43, 44]

k xE = B (5.3)
kxH =-wD (5.4)
kD=0 (5.5)
kB=0 (5.6)

The electric displacement field and the magnetix flensity are defined as
B=a"E+H (5.7)
D=fE+a"H (5.8)
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From Maxwell-faraday equation, we obtain

B:—(kxE) (5.9)

H=1"(B-a°E) (5.10)

Hence, we express the magnetic field as

H :,t:l_lL—la(EXE)—c:rEE} (5.11)

We relate Ampere’s law to the constitutive equationthe electric displacement field,

thus, we have the electric displacement field as

D:—E(ExH):?EH:rHH (5.12)
w

Substituting for the magnetic field in Eq. (5.18Y,using Eq. (5.11), we have

—E{EXE’l{i(ExE)—ﬁEE}} = ?E+5Hf1‘{—l(FXE)—§EE} (5.13)
w w w
Simplifying Eq. (5.13), we obtain
—{Ex 7| (kxE) —aﬁEE]} = o7FE+" | w kxE) - wa E | (5.14)
We simplify further using an identityg, such that
gE=kxE (5.15)

Then, Eq. (5.14) becomes

kx| 7 (0E) -l "T°E ] = W FE + 0" (G E) - " B

FE  (5.16)
Thus we obtain a simplified wave equation for thE Media as
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kx[ 2™ (QE) - "a"E |+ wa" i *(9E) - wd" I 7°E+wFE =0 (5.17)
Equation (5.17) is used to examine the electromagmeave propagation phenomena in
the bulk magnetoelectric media. Solving Eq. (5.17¢, obtain the eigenvalue which is
represented by the wave number of the media. We shbe for the eigenvector of the
problem which is the electric field. Using the ab&al results, we do a complete analysis
of electromagnetic wave propagation in a bulk MElae

We must obtain the operatag, which is used to simplify the ME wave equation.

The operator has been defined in Eq. (5.15) intioglato the wave number. First, we

express the wave number and electric field as
k =%k + Yk +Zk (5.18)
E=XE + VE +ZE (5.19)
Hence, the curl operation for the wave number dectrec field is given as
kxE=%(KE-kE)+ Y kE- KB+ f k& k§ (5.20)

Thus, if we express the operata@r, as a matrix of the form

B 01 9 O3
0=10y G» 0. (5.21)
Os1 93 Us3

Then, we obtain the components gfby equating the components of Eq. (5.20) and
(5.15). For thec-components of Eqg. (5.20), we have

9.E+ 9,5+ 9:E= K E- KE (5.22)
Then, the components of the operator are
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911207912:_kz! Oi3= K/ (5.23)
For they-component of Eq. (5.20),

921E>< + 922Ey+ 9235 = K Ex_ K E (5.24)

Then, the components of the operator are

O = kzv 922:0! 923:_K< (5.25)

Finally for thez-component of Eq. (5.20),

OBt gszEy+ O E = K Ey_ l§ E (5.26)

Then, the components of the operator are
931:“%’ O = Ku 933:O (5.27)

Thus, the operatog, is expressed in matrix form as

0 -k, k

g=| k, 0 -k (5.28)
&, kO

Using the wave equation for the media we obtairresgions for the wave numbers in
each of the magnetoelectric configurations. We wiilly consider electromagnetic wave

propagation along the sample plargglane) for the bulk magnetoelectric composite.

5.1 Wave numbers for bulk magnetoelectric composites

5.1.1 Longitudinal ME Electromagnetic wave Propagation

For the longitudinal magnetoelectric configurationye can consider

electromagnetic wave propagation along the sampleems shown in Fig. 5.1. However,
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we consider only propagation along thaxis, as the results will be the same as that for
propagation along thg-axis. For propagation along theaxis, we consider cases of

gyrotropic and non-gyrotropic ME media.

Homogenized ME
medium ’ >

FIGURE 5.1. Homogenized ME medium for the longihadi ME configuration
showing the possible propagation directions aldwgxy plane.

5.1.1.1 Gyrotropic ME media: Propagation along the x-axis

We consider propagation along tkexis, such that the wave number for the
propagating wave is given as

k =Xk (5.29)

Thus, the operatolg, is expressed as

0
K (5.30)
0

Q|
[l
o o o
XN O O
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For the gyrotropic ME media, the permeability terfeo the longitudinal configuration is

given as
luxx luxy O
A=|Hty H, O (5.31)
0 0 4,

The inverse of the permeability tensor is

— [ttty =ttt ) 1o (1t g ), 0

= sy (= ttt )t (ot g ), 0| (532
0 0 Vi,

For simplicity, we will express the inverse of {permeability tensor as

Uy Uy 0
g*=\u, u, O (5.33)
0O O u

zz

Additional material parameters for the longitudiNVdE configuration are given as

g, 0 O

£=0 ¢, O (5.35)
0 0 g,
00 O

a"=/0 0 0 (5.36)
0 0 a}
00 O

at=|0 0 0 (5.37)
0 0 af

Solving for the dispersion relationship, as obtdireEq. (5.17), we obtain
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WrE, 0 0 E,
0 e, —kiu, wk,u.at, E /=0 (5.36)
0  akuga, oc,~Ky -o’ug'gt||E

For non-trivial solutions, the determinant of thatnx operating on the electric field goes

to zero. Thus, we obtain

WE,, 0 0
0 afe, —kf . wk u.at, =0 (5.37)
0 >< zza 7z ajz‘s 2z k2>u vy a)Zu gHgE 7z

Hence, we obtain the equation,
(ajzuy uzzgxx) K+ w’e ( wu g WU g )Zk2+a) 3 (@ € & LW ugzzayyazz) =0
(5.38)

We obtain a bi-quadratic equation in Eq. (5.38). \8@ve Eq. (5.38) to obtain

expressions for the propagating wave number as

k _+w[ wY ZZ( Upf T Ug 3 \/u?f;; y2Ug W&, 4, de2+4d L&?ﬂyg ‘)T/Z
o J2u,u

yy “zz

(5.39)

k _+w[ w4 ZZ( Uyf ytUg \/lffﬁy y2Ug WNE 1 de?+4d szygyg ‘)T/z
C J2u, u

yylz
(5.40)
For electromagnetic wave propagation in a bulk M&dia under the longitudinal
configuration, we obtain four waves propagatinghwitvo distinct speeds. The solution

also shows that propagation is reversible, as theewpropagates in the forward or
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backward direction with same speed. The propagdieids have no cut-off frequency
based upon the direct relationship with the angtiaguency; hence the propagating
mode may be transverse electromagnetic (TEM). TEderof propagation implies lack
of field components in the direction of propagatidhis cannot be confirmed now, but
we will confirm the mode of propagation for the gtmdinal ME media in later sections
when we obtain the field relationships and poldiaraof the propagating EM waves.
We obtain the wave number for the special case rohgnetostrictive layer. For

this case, the electric field induced magnetodleausceptibility % =0.The wave

numbers for this case are given as

™

Kk, =+ |2 (5.41)
uZZ

K, =+ Sz (5.42)
uyy

We obtain four propagating waves with two distispeeds. As observed from Eq. (5.41)
and (5.42), the magnetoelectric susceptibility congmts do not factor into the
electromagnetic wave propagation characteristicghie longitudinal configuration with

magnetostrictive and piezoelectric layers. This important information, as

electromagnetic wave propagation in this orientatidoes not present any new
propagation phenomena due to its lack of dependencthe ME effect. Hence, this
orientation should not be a candidate for devigaliegtions that will make use of any

EM wave propagation phenomena.
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5.1.1.2 Non-gyrotropic ME media: Propagation along the xsax

The permeability of the media changes, as we assamen-gyrotropic ME
media. The media need not be isotropic in termgsgbermeability or permittivity, and

may be uniaxial or biaxial. The general form of gemeability is given as

uXX O O
A= 0 u, O (5.43)
0 0 4,

The inverse of the permeability tensor is

Yy, 0 O
g'=| 0 Yu, O (5.44)
0 0 Yu,

For simplicity, we express the inverse of the peabiléy tensor as

u, 0 0
g*=0 u, O (5.45)
0O O u

All other material parameters remain the same.iBglthe wave equation for the media,

WE,, 0 0 E,
0 e, -kiu, wku.at, E =0 (5.46)
0 aj(xuzzalzz (“)25 2z k2>u v wzu QHQE z E z

For non-trivial solutions, we set the determinahthe matrix operating on the electric

field to zero. Thus, we have

WE,, 0 0
O Cdzfyy - kfu wkxu ngzz = O (547)

0 aj(xuzzalzz C{JZE zz kZJJ vy w2 u gHgE 2z

zz
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Hence, we obtain a bi-quadratic equation given as

(ajzuy uzzgxx)k4+a)£ ( wu £ WU g )Zk2+a)£ (yg)g g, mwuE,aa, )ZZO

228y 0y,
(5.48)

Observe that this is the same expression obtaoretié case of the gyrotropic ME media
in Eq. (5.38). The gyrotropic case is similar tastltase because the off-diagonal
components of the permeability matrix (gyrotropio) not play a role in the eigenvalue
equations due to the mostly zero components ofMEe susceptibility tensors. This
implies that the change to the shape of the perititgatensor does not affect the
electromagnetic wave propagation along the sampbnep for the longitudinal

configuration. However, the actual speed of propagawill change since the values of
the diagonal terms of the permeability for gyrotcognd non-gyrotropic cases are

different. Hence the wave numbers obtained ar¢hsosame

Y2
L ut{ug g g 2ug ye g deind due g
- \/7uyyuzz

(5.49)

’ _+w[ wH ZZ( yfyy+uz§zz\/tffy S2Ug M&, t, del+4 8 ug gl Z)T/z
NS

(5.50)

Again, we obtain the wave number for the specialecaf a magnetostrictive

layer. For this case, the electric field inducedynetoelectric susceptibilitg® =0.The
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wave numbers are same, in expression, as obtasneddyrotropic media composed of a
magnetostrictive phase as expressed in Eq. (54d)(%42). We obtain four waves
propagating in the media with two distinct speelise waves propagate in the forward
and backward directions with same speed. The magleetric susceptibility components
do not factor into the electromagnetic wave profiaga characteristics for the

longitudinal configuration with non-gyrotropic magostrictive and piezoelectric layers.

Ho

E=E, ¢’

FIGURE 5.2. Propagation directions for the transeeME configuration in a
homogenized ME medium. Propagation in khéirection results in propagation parallel
to the magnetic field bias, while propagation ie thdirection results in propagation
perpendicular to the magnetic bias.

5.1.2 Transverse ME Electromagnetic wave Propagation

For the transverse configuration, we consider pyapan parallel and
perpendicular to the DC magnetic field bias as showFig. 5.2. We expect a change in

the propagation direction to affect the resultalgcteomagnetic wave propagation
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characteristics. The direction of propagation altraxy plane plays affects propagation
in the transverse ME configuration unlike the clasghe longitudinal ME configuration.
Propagation along the axis results in the propagation being parallehviite magnetic
bias. This orientation usually results in Faradatation in gyrotropic materials such as
ferrites. Propagation in theimplies that the propagation direction is perpeualdir to the
magnetic bias. In ferrites, such orientation resiut the propagation of ordinary and
extraordinary waves in the media. Solutions towase equation for the transverse ME
configuration will give clear insights on how theEMoupling affects the electromagnetic

wave propagation phenomena in the media.

5.1.2.1 Gyrotropic ME media: Propagation along the x-axis

We consider propagation along tkaxis, thus the wave number vector is given

as
k =Xk (5.51)

Thus, the operatorg, is expressed as

0
K (5.52)
0

Q||
[l
o o o
XN O O

For the gyrotropic ME media, the permeability tenw the transverse configuration is

given as
#XX O O
f[ = O /’lyy lLlyz (553)
O luyz luzz
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For simplicity, as was done previously, we will egs the inverse of the permeability

tensor as
u, 0 0
=1 _
g =0 u, u, (5.54)
0 u

The values of the matrix elements for the inversthe permeability are easily obtained

and are expressed in matrix form as

Y 4, 0 0
Atz 0 gl ) cu iy w04 ) (555)
0 —,Uzy/(,Uyy/jzz_,Uyy Z) H y/(’u /VI =z H '% )zy

Additional material parameters for the transvensentation are given as

g, 0 O
£E=|0 ¢, O (5.56)
0 0 g,
O 0O
a"={ 0 00 (5.57)
a' 00
0 0 af
a“=|0 0 0 (5.58)
0 0 O

Solving for the dispersion relationship, as obtdireEq. (5.17), we obtain

WE, 0 0 E,
0 e, —kiu, k2u,, E, =0  (559)
0 kiu,, aw’e,,~Ku, ~w'ug gt l| E
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For non-trivial solutions, the determinant of thatnx is set to zero. We have,

WE,, 0 0
0 afe, —Ku, Ku,, =0 (5.60)
0 kf u, W'e,,~ KU, ~w'ug gt

Hence, we obtain the equation

_a)zgxx( u +U z) I(lx_wzg (C() u)fy‘ y}'-w uée, zza) u ya, ZE)XK

Uy,
-l (-w'e g, 0l g it ) =
(5.61)

We obtain solutions to the bi-quadratic equatidmove, and obtain the first set of

propagating wave numbers as

K _+w[( pl= Ut ) (U o Ug 5 U palal 4 RootTenﬂ
V2 (b, 0,7 0,0

In Eq. (5.62)

(5.62)

RootTerne (&7 -2 yg, Ue ,+2 w,u g g,'g + &,

_zufzuxxgngngxz-F uzz"f >(>gH) ( )< +4u 'S’& zy yy
—4u,u,u.e a"at  (5.63)

The second set of roots describing the wave numshmstained as

kx =+ w[(uyy 22" yz 25)( Uﬁ y)ﬂ-( ug 7 ul szqu _xz\/ml)ﬂ]/2
yy 2z~ yz z

Here, theRootTerms same as has been given in Eq. (5.63).

(5.64)
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We obtain four propagating EM waves, two in themard direction and two in
the reverse direction. The waves propagate in oneard direction with two distinct
speeds. This is also the case for waves propagatitige reverse direction. We observe
that the wave has no cut-off frequency and maybkl Th nature.

We obtain the wave numbers for the special case maagnetostrictive layer, by
setting the electric field induced magnetoelectsigsceptibility a® =0.The wave
numbers for this case are given as

0.5

_+w[(uzzuw— uZ}pyz)(g Mt ug ;Zr\/ez § 526 Y YE,t, 0544 € yyuzzu)y} ;/z
“ NEI RTINS

zz7yy

(5.65)

0.5

w[(uzyuyz— uzzuy)(e WMot Ug 5\/52 W n2e | Ye h, 08244 € WUZZUZH vz
\/E(uzzuyy_ uzx“ﬂ)

k, ==+

X2

(5.66)
We obtain four waves propagating with two distispeeds. The waves are reversible,
propagating in the forward and reverse directioith same speed. It is important to note
that the magnetoelectric susceptibility componstitsdo not factor into the propagation
characteristics whea® = 0.Hence, we have observed for the cases studieddhdisat

the propagation characteristics are devoid of aiydifects.
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5.1.2.2 Gyrotropic ME media: Propagation along the y-axis

Now we consider propagation in thedirection, such that the direction of
propagation is transverse to the direction of tit2 rdagnetic field bias. Here, the wave

number is then expressed as
k =9k, (5.67)
Thus, the operatolg, is expressed as

K

<

o O

(5.68)

o O o
o o

>~

y
The material parameters are as have been usect irdinected propagation and are

defined by Eq. (5.53) — (5.58). Solving for thepdission relationship, we obtain

we, —kiu, O 0 E,
0 e, 0 E, =0 (5.69)
0 0 afgzz+(—ky+a)a'jx)uxx(ky— aJaEX) E,

For non-trivial solutions, we set the determinahthe matrix operating on the electric

field to zero. Thus, we have

a)zgxx —k)zluZZ 0 0
0 a)zgyy 0 =0 (570)
0 0 aie,+(~k,+art)u (k- wof)

Hence, we obtain the equation
(wzuxxuds yy) ki—w’u y{wu g Fwu g;”)x R

+|:_w4uxx€x><€yy+ wu £ y\(_wzg i Wy QHQ{E )Z] <
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4 E H 4 2 2 HE\ —
+a)£xxsyy(a)uxgxz+a)uxg ZX)ky—a)as £ y(—a)s Fow'u gg, )KZ—O

(5.71)

Solution to the equation is obtained as

Y1 u

zz

o u.(asrar)e v (o) -2vggs v o) vaus, |

Y2 2U

XX

(5.73)

We obtain a set of ordinary waves as shown in B/2) and a set of extraordinary
waves as expressed in Eg. (5.73). The waves asgsible, propagating with the same
speed in the forward and reverse directions. Theewaimber in Eq. (5.73) is viewed as
extraordinary as it contains and is dependent a@n rttagnetoelectric susceptibility
parameters. We will see a little later how thigeaf§ the polarization of the wave.

We obtain the wave number for the special case rohgnetostrictive layer. For
this case, the electric field induced magnetodeausceptibility o =0.The wave

numbers for this case are given as

K, =+ |2 (5.74a)

f et [T ot )

k, = 5.74b
Y2 2U ( )

XX
We also obtain a set of ordinary waves and ano#etr of extraordinary waves
propagating in the forward and reverse directionsh wwo distinct speeds. The

extraordinary waves are influenced by the magnetbet susceptibility tensor. The
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result is similar to that obtained for the piezatie/piezomagnetic composite media.
Additional details on the mode of propagation, aothrization state of the eigenvectors

will be discussed in subsequent sections.

5.1.2.3 Non-gyrotropic ME media: Propagation along the ysax

We observed ordinary and extraordinary waves femtiagnetoelectric composite
with magnetic anisotropy. We keep the propagatiomagthey-axis, and observe the
effects of a non-gyrotropic permeability matrix.erd, the wave number is expressed in
vector form as

k =9k, (5.75)

Thus, the operatorg, is expressed as

0 0 Kk
g=| 0 0 O (5.76)
-k, 0 O
The permeability for the non-gyrotropic ME media is
ﬂXX 0 O
A= 0 u, O (5.77)
0 O ILIZZ
The inverse of the permeability tensor is
Yuo 0 0
at=| 0 Yy, O (5.78)
0 0 Yu,

For simplicity, as has been done previously, wel wipress the inverse of the

permeability tensor as
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7'=l0 u, O (5.79)

Solving for the dispersion relationship, we obtain

we,—kou, O 0 E,
0 s, 0 E,|=0 (5.80)
0 0 e, +(-k,+ant)u (k-was)| LE

For non-trivial solutions, the determinant of thatrx goes to zero. Thus, we have

a)zgxx _k)z/uzz 0 0
0 afeyy 0 =0 (5.81)
0 0 a)zgzz+(_ky+mjx)uX>(ky_wEX)

Hence, we obtain the equation

(wzuxxuzzg yy) ki—w’u ¢ W(a)u g Fwu g”)x R
H~wlue g, t g [~afe Fwtu ghgt) K

4 E H 4 2 2 H E\ —
+ £Xx£yy(auxpxz+wuxg Z)ky—ws £ y(—a)s Fw'uqig )KZ—O

(5.82)

Solution to the equation is obtained as

K, =+ e (5.83a)

Y u

7z

o v (o5 at)e i far) -2rgtga i fa ) v aus, |

Kk 5.83a
Y2 2U ( )

XX
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We obtain a set of ordinary waves, and a set aberdinary waves propagating
in the medium. Observe that this is the same swlubbtained for propagation in tlye
direction for a gyrotropic magnetoelectric media.ende, we state that the
electromagnetic wave propagation characteristicsafpropagation direction transverse
to the magnetic field bias in a magnetoelectric imeeimains the same whether the media
is gyrotropic or non-gyrotropic. The actual speetflshe wave will differ, however the
eigenvectors should have same modes of propagatidpolarization states.

We now consider the case of a magnetostrictive mahtaused as the
piezomagnetic layer. For this case, as definedhercase of magnetostrictive layers, the
electric field induced magnetoelectric susceptipilir® =0.The wave numbers for this

case are given as

k, =tw | = (5.84a)

of ao. el ) raue )
K = (5.84b)
Y2 2u

XX

This is same result as that obtained yedirected propagation with magnetic
anisotropy. We obtain a set of ordinary waves amotheer set of extraordinary waves

propagating in the forward and reverse directions.

5.1.2.4 Non-gyrotropic ME media: Propagation along the Xsax

We consider a non-gyrotropic magnetoelectric contedsr propagation along

the bias direction. Hence, we assume propagatitimeix-direction, thus,
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k =Xk (5.85)

Thus, the operatorg, is expressed as

00 O
g=|0 0 -k (5.86)
0k O

The magnetoelectric susceptibility and effectivenptivity are of the form as have
already been used in obtaining the wave numberspfopagation in a gyrotropic
magnetoelectric composite. The permeability of tiedia remains the same as that in
the case of the non-gyrotropic magnetoelectric amsiip, and propagation along tie

direction. Solving the dispersion relationship, eeain

WE, 0 0 E,
0 e, —kiu, 0 E =0 (5.87)
O 0 (“)2522 - wzu xﬂszExz_ k2>u %Y E

For non-trivial solutions,

WE,, 0 0
0 ofe,-Ku, 0 =0 (5.88)
0 0 e, —w'u ohaS K

Then we obtain the equation,
(a)zuwuzzfxx) k“x+[—w4uy§ £y Wug szg —wluq'gr )X:L K
+w4£xx£yy(a)2£ ZZ_ wzu XgHZgEX) = O
(5.89)

Solution to the problem is obtained as
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k =+ 2% (5.90a)

k =+ (5.90b)

We obtain two distinct wave numbers, one for a eétordinary waves
propagating in the positive and negatixedirections, and another for a set of
extraordinary waves also propagating in the positand negativex-directions. The
ordinary and extraordinary waves propagate witietgiht speeds. Effects of the wave
numbers on the polarization of the fields will biscdissed later when we derive the
polarization state for each propagating wave imtleelia.

Finally for the transverse configuration, we obtdive wave numbers for the

special case of a magnetostrictive layer. The wawebers for this case are obtained as

k, =*w, (5.91a)
uZZ
£
kK, =+w [Z (5.91b)
2 uyy

Hence, we obtain two sets of ordinary wave propagawith two distinct speeds. As
observed from Eg. (5.91), the magnetoelectric qutguiéty components do not affect the
electromagnetic wave propagation characteristicsthef magnetoelectric composite.
Additional information on the mode of propagatiomdapolarization will be given in

subsequent sections.
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5.1.3 In-plane ME Electromagnetic wave Propagation

The effective material properties for computingusioins to the electromagnetic
wave propagation in the in-plane configuration sireilar to that for the transverse ME
wave propagation. This is due to the fact thatctenge in direction of the poling electric
field does not directly affect the shape of thenpeability or permittivity tensor. This is
due to the low electron mobility in the piezoelectnedia, as has already been explained
in the first chapter. The change in the poling gledield only changes the shape of the
magnetoelectric susceptibility tensors. In thistisec we will investigate the effects of
the changes to the magnetoelectric susceptibiéitsdrs to the electromagnetic wave
propagation characteristics in the magnetoelecwimposite. We will also consider the
effects of gyrotropy on the electromagnetic waveppgation characteristics, as have
been done in preceding sections. A figurative dpson of electromagnetic wave

propagation in the in-plane configuration is shawfrig. 5.3.

5.1.3.1 Gyrotropic ME media: Propagation along the x-axis

We follow similar steps as has been done for previmagnetoelectric configurations.

We start with propagation in thedirection such that
k =Xk (5.85)

Thus, the operatorg, is expressed as

0
-k, (5.86)
0

Q||
0
o o o
XN O O
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FIGURE 5.3. Possible propagation directions in mbgenized ME medium under the
in-plane ME configuration. Propagation in the xedtion is parallel to both bias and
poling field, while in the y-direction result in g@agation direction perpendicular to the
bias and poling fields.

All material properties but the magnetoelectriccayptibilities are same as that for the

case of the transverse magnetoelectric configurafithe magnetoelectric susceptibility

is given as
al 00
a"={ 0 00 (5.92)
0O 0O
ac 0 0
at={ 0 0 0 (5.93)
0O 0O

Solving for the dispersion relationship using Efj17), we obtain
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WE g = WU o1, 0 0 E,
0 e, —kiu,, k2u,, E =0 (5.94)
0 kf u,, w'e,,~Ku,l | E,

For non-trivial solutions, the determinant of thatnx operating on the electric field goes

to zero. Thus, we have

WE g = WU o 0 0
0 we, ~Ku,  Ku, |[=0 (5.95)
0 kf u,, w’e,,~ KU,

Thus, we obtain a bi-quadratic equation given as
[(afsxx—afu”gigi)(uyyzz—uzy )Z] Ié;r[(afs —ug'q )L W’ ug, S° UE, ]Z R

2 2 H E\ —
+a'e £ (a)fzz—a)uxgzg x)—O

2% yy
(5.96)
Solutions to the problem are then obtained as
) :iw[( wUz ~ U u z)( Ug s+ Ug £+ RootTergﬂ (5.97a)
0 \/E(uyyuZZ u,u Z)
In Eq. (5.97a)
RootTerm= &, -2 Yg,, Us .+ bs’14 u g g, (5.98)
The second set of roots describing the wave numshastained as
K, =+ ] {1y~ uy V)( Ug o UE EN ROOtTerEn)T/z (5.97a)

%o
yy 2z yz z

Here, theRootTerm is same as has been given in Eq. (5.98).
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We obtain four possible propagating waves in thdioma, two propagating in the
forward direction and two in the reverse directidhe results we obtained here confirm
the results obtained by Birss and Shrubsall [3%t tkthe electromagnetic wave
propagation in ME materials is reversible with astant speed. That has been the case
with all the wave numbers obtained thus far for rathgnetoelectric configurations.
Observe that with the direction of propagation pekd@o the magnetoelectric coupling
axis, the wave only sees the transverse compowértkte permeability and permittivity
which confirms the study conducted by Lindell [8)at the propagating wave will not
see the magnetoelectric coupling when the propawgalirection lies along the direction
of the magnetoelectric effect. This may also imihlgt the magnetoelectric effect in the
in-plane configuration lies along the optical agighe material. Hence, the ME coupling
tensors do not affect the wave propagating aloagdimection.

As have been done for the previous two magnetoalaxinfigurations, we obtain
the wave number for the special case of a magmietinge material for the piezomagnetic
layer. Setting the electric field induced magnetotric susceptibilitya® = 0.The wave

numbers for this case are given as

=+“’[(“zz“w-u (et us 3 52y e eiige € w“zz”ﬂofz
= V2(u,u,-up,)

zzyy

(5.99a)

a)[(uzy vz o y)(g y)Uyy ug 7 \/g }j 72 )l'S; );Sigzz-'-zz 68 zz+24'€ 3 WuZZu;:lO;’SZ
K, =z
& \/E( U, Uy~ UZS}JZ)

(5.99b)
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We obtain four propagating waves, with two propamgain the forward direction
and two in the backward direction. The results shbat the magnetoelectric coupling
tensor does not affect the propagation charadtsist the wave number in the in-plane

configuration with magnetostrictive/piezoelectrantposite layers.

5.1.3.2 Gyrotropic ME media: Propagation in the y-direction

In the y-directed propagation for the in-plane configunatithe wave number is
perpendicular to the magnetic bias and poling gtefield. The wave number is defined

as
K =9k (5.75)

Thus, the operatorg, is expressed as

<

o O

(5.76)

«fl
1

=~
o O o
o o

y
All material properties are same as that usedHergropagation in the-direction. We
directly solve for the dispersion relationship.

Solving for the dispersion relationship, we obtain

a)ZEXX - wzuxxa;lﬂix_ kz)}'l Y74 O wu gHXJ( y E
0 e, 0 E,|[=0 (5.100)
wuxxakay 0 e, - kzyu | E,

For non-trivial solutions, we set the determindnthe matrix to zero. Hence we have

(")Z‘Exx - wzuxxa;'xaix_ k25“ 2z 0 wu >ng>l( y
0 Wre 0 =0 (5.101)

yy
wu atk 0 e~ Kpu,

XX XX Y
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Thus, we obtain the bi-quadratic equation
(a)zuxxuzig yy) kzt(_(afuxg x§ y)7|- 6()4U é é( )ykzi-weg ‘gz “‘;/y ;xweu gxxgyya;afx :xp (5102)

Solutions to the problem are obtained as

w[uxxuzz(uxg ot U 4/ RootTergw)T/2

k, =+ NS (5.103a)
In EqQ. (5.103)
RootTerm= G, —2 We, U .+ t° 14 bE,a;a, (5.104)
The second set of roots describing the wave numshastained as
Y2
K, =+ e +Ju§f U_V RootTer) | (5.103b)

Here, theRootTerm is same as has been given in Eq. (5.104).
We obtain four waves propagating with two distirsgieeds in the magnetoelectric
composite. The propagation characteristics of thaves are affected by the
magnetoelectric susceptibility components. The wawabers obtained are reversible as
the waves propagate in the forward and backwarttiom with the same speed. More
information on the polarization of the fields anddes of propagation will be discussed
in subsequent sections.

We now obtain the wave number for the special cafs&a magnetostrictive
material being used for the piezomagnetic layere Wave numbers for this case are

given as

k, =tw | (5.105a)
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k =zt |tz (5.105b)

We obtain four waves propagating with two distispeeds. The waves are reversible
with same speeds in the forward and reverse dmextiThe magnetoelectric coupling

components do not affect the propagation charatiesifor this case.

5.1.3.3 Non-gyrotropic ME media: propagation in the x-ditiec

We consider propagation in thedirection; the wave number is expressed in

vector form as
k =Xk (5.85)

Thus, the operatorg, is expressed as

00 O
g=|0 0 -k (5.86)
0k O

The magnetoelectric susceptibility and effectivenpdivity are of the form as have
already been used in obtaining the wave numbergrgpagation in a gyrotropic ME
media. The permeability for the non-gyrotropic MEdra has been previously given as

well. Solving for the dispersion relationship, wetan

WE g = WU o1, 0 0 E,
0 w'e,, —K2u,, 0 E,[=0 (5.106)
0 0 w'e,, -k, | | E,

For non-trivial solutions, we have
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WE g = WU o 0 0
0 a’e,, —kiu,, 0 =0 (5.107)
0 0 w’e,, —kiu,

Then we obtain the equation,
uu,,(afe ~afu @@ ) K (-u g 5 ug Yo'e swiualal)| Kk

4 2 2, H E\—
tw £yy£zz(w £xx_w u xg xg x) =0

(5.108)
Solution to the problem is obtained as
W\JU,E .
k, =t——— (5.109a)
uZZ

wu, &

k =+~ 2% (5.109b)
? u
yy

We obtain four ordinary waves propagating with mgtinct speeds.

We now solve for the wave number for the specislecaf a magnetostrictive

layer. The wave numbers for this case are obtaased

™

k, =+, [ (5.110a)
uZZ

k, =+

%

£ (5.110b)
uyy

We obtain two sets ordinary waves propagating  fibrward and reverse directions
with two distinct speeds. The magnetoelectric effdoes not affect the propagation

characteristics of the waves in this case. Obs#raethe wavenumbers are same as that
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for the piezomagnetic/piezoelectric composite,heswaves are not affected by the ME

effect.

5.2 Polarization of propagating waves in ME composites

We have obtained all propagating wave numbers far magnetoelectric
composite, in the three basic configurations witierdgion paid to the gyrotropy of the
bulk homogenized ME composite. The wave numbers thee eigenvalues of the
dispersion relationship equation that has beeresolVhe electric field is the eigenvector,
and its field relationships and polarization steés be obtained using the dispersion
relationship. More insight into propagation of efemagnetic waves in bulk
magnetoelectric composites is obtained by inveStigathe polarization of the
propagating waves. The wave numbers obtained #ruepresent the eigenvalues of the
propagation problem. The associated fields repteeneigenvectors and help give a
complete understanding of the electromagnetic wavepagation characteristics.
Analytical expressions for the eigenvectors in ®iwhthe material parameters are quite
tedious, and do not always break down into simpkeng that are easily analyzed for
polarization and transmission mode information. ¢gemwe solve the problem and obtain
the eigenvectors numerically using expressiongHerwave number and wave equation.
In obtaining the numerical solutions, we make agsions on the piezomagnetic
material. In creating a theoretical material par@méor the electric field induced ME
effect, we simply assume that the piezomagneticfficamts as used in the
magnetostrictive media also relates the strain h® induced magnetization in the

piezomagnetic phase. This allows for a little mosgght as we obtain solutions using the
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numerical values computed for the composite. THeegfor the material parameters

used in the computations are given in Appendix B.

5.2.1 Longitudinal ME Electromagnetic wave Polarization

5.2.1.1 Gyrotropic ME media: Propagation along the x-axis

For the case of the longitudinal magnetoelectriafigoration, with magnetic

anisotropy, the wave numbers were obtained as

12
w[uwuzz( U tug #Eg s2ug e, +deind d ug yg“ypizﬂ 2
k, =2
® \/Euyyuzz
(5.44)
12
w[uwuzz(uyf JHug Eg2ug e, 4 delnad ue yg“ypizﬂ 2
k, =2
i \/Euyyuzz
(5.45)

Piezomagnetic materials are very uncommon and @®emal parameters are not readily
available. We have modified the material paramedéis magnetostrictive composite by
introducing a strain-magnetization relationshiphtain a theoretical layer with complete
piezomagnetic characteristics (such thatt 0). This is necessary as the analytical
solutions to the propagation problem are rather ptexnand do not breakdown into
simple forms when solved. For propagation along xttexis, we obtain eigenvector

relationships of the form
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5=0 (5.111)

E, =alE,
In Eg. (5.111),a is a constant that depends on the material clarsiit of the
homogenized composite, and is easily computed ftgm(5.41). We observe that we
obtain linearly polarized fields tilted between thandz axes for electromagnetic wave
propagation in the media. Easier understanding hef media and its propagation
characteristics is possible using the theoreticalenial parameters obtained in Appendix
B. Using the effective material parameters for tlomgitudinal magnetoelectric
configuration, at an operating frequency of 500 MMz numerically obtain the wave

numbers as

k, =+309.3m (5.112)
k, =+46.64m (5.113)

We compute the polarization of the waves using(k4.1). Hence, fokxl we obtain

7.69% 10° 0 0 E,
0 -1.65¢10  3.% 10 |[JE, |= (5.114)
0 35x10 -7.4& 19| |E

Z

For k& we obtain

7.69% 10° 0 0 E,
0 75216 53 10 |[JE, |= (5.115)
0 53x10 3.74 19| | E

Z

Now we determine the polarization state for the @gpropagating in this media. From

Eq. (5.114), we obtain
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E =0

5.116
E, = 2123, (5.116)

We obtain the polarization state of the propagatwage by computing the sets of angles

(v, 8) and ¢, 7). By definition,

E E’
y=tan'| —=|,or tan'|—2 0°<y<IC (5.117)
Eyo Ezo

0 = Phase difference betwegmndz field components  -180° <J < 180

(5.118)
£=cot™ (AR) ~45° < £ < +45 (5.119)
T = Tilt angle 0°<7r<18C (5.120)

Utilizing the Poincare sphere, the two sets of aadl, 6) and €, 1) are related by [45]

cos(2/ )= cos(2 )cos@@ (5.121)
_tan(Z)
tan(5)——sin(2r) (5.122)
or
sin(2s)= sin(3/ )sin (5.123)
tan(Z )= tan(% )cosi (5.124)

Thus, using Eq. (5.116), we obtain

E+
y=tan* (E—TJ = 89.97 (5.125)
Yo

From the field relationship in Eq. (5.116)js @, and we easily compute the values: of

andrt using Eq. (5.123) and (5.124)
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£=0.5sir"[ sin(¥ )sing )= © (5.126)
r=0.5tar'[ tan(¥ )cos( | 179.9 (5.127)

Hence, we obtain a linearly polarized wave for ¢hee of propagation in thedirection

with magnetic anisotropy. Similarly, for the secos®t of wave numberlgz. From Eq.

(5.115), we obtain

S0 5.128
E,=-1.42x10E, (5.128)
Thus, using Eq. (5.128), we obtain
—1 E;()
y=tan E_+ = 0.004 (5.129)
Yo

From the field relationship in Eq. (5.128)js @, and we easily compute the values: of

andrt using Eqg. (5.123) and (5.124)

£=0.5sim'[ sin(¥ )sing )= © (5.130)
7=0.5tan*[ tan(® )co#( | 0.00. (5.131)

Thus we obtain two linearly polarized waves propagawith different speeds in the
positive and negative directions. There is a difference in the tilt anglf the linearly
polarized waves obtained from the wave numbers.

We observe that there are no electric fields in drection of propagation.
However, we confirm if the wave propagating through medium is a TEM wave by

obtaining the magnetic field in the media. We hesl/pusly obtained

H :ﬁ‘l{i(ExE) —EEE} (5.11)
w
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Hence, since we have the electric field as
E= 9Ey+“z|§ (5.132)

The magnetic field is expressly given as

aE

H = f,—lHﬁ g - gj_ y% 5} (5.133)

w Co

The propagating wave is a TEM wave as we obsereelts along the direction
of propagation. This confirms the wave number obtaiasdhere is no cut-off frequency
observed due to the direct relationship between theewamber and the angular
frequency.

For the special case of a magnetostrictive material uséhe realization of the
magnetoelectric composite, we obtain linearly polaraaves. The mode of propagation
is also realized as TEM. We observe that for the magtréttive materiala® = 0,hence
this simplifies the form of the expression for the magniid in Eq. (5.11). We see that
the cross product of the electric field and wave numhérnet result in any fields

directed along the propagation direction.

5.2.1.2 Non-gyrotropic ME media: Propagation along the Xsax

The wave numbers for the non-gyrotropic ME media withppgation in the

direction were obtained as

12
w[uwuzz(uyf JHug FFgt2ug e, 4 delnd doug yg“ypizﬂ 2
k, =2
8 \/Euyyuzz
(5.52)
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12
- w[uwuzz(uyf JHUE U g F2Ug Pe, + delrad ug ya”yﬁiﬂ 2
. J2u, u

yy zz

(5.53)
For propagation along theaxis in the case of a non-gyrotropic ME media, weaiobt
eigenvector relationships of the form

5=0 (5.134)
E, =b[E,
In Eg. (5.134),b is a constant that depends on the material charstatenf the
homogenized composite, and is easily computed from((2¢9). We observe that we
obtain linearly polarized fields tilted between thandz axes for electromagnetic wave
propagation in the media. As done before, we solvamemically using the effective
material parameters from Appendix B, and an operatitmeguency of 500 MHz, we

numerically obtain the wave numbers as

k, =+358.9m (5.135)
k, =+57.2Jm (5.136)

We compute the polarization of the propagating wagesguEg. (5.41). Hence, fd(X1 we

obtain
7.69x 10° 0 0 E,
0 -6.01x 16 x 16 E, [= | (5.137)
0 2x10  -6.64 18| | E,

For kM we obtain
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7.69x 10° 0 0 E
0 7.5x10° 3.x 18 |E, |= | (5.138)
0 3.2x10 1.3& 10| | E

z

Looking at Eq. (5.137) and (5.138), we observe that aee Hinearly polarized
waves propagating in the media. The field is thuedity polarized at an angle between
they, andz axes. We compute the polarization state for the fidlhelp give better

information on the tilt angle for the propagating wausing Eq. (5.137), we obtain

5=0 5.139
E, =3324E, (5.139)
We solve for the polarization state of the waves imtleeia. First, we obtain
L[ Ex
y =tan E_* = 89.98 (5.140)
Yo

Since there is no difference in phase for the electridgjélis given as 9§ and we easily

compute the values efandt using Eq. (5.123) and (5.124)

£=0.5sim*[ sin(Z )sing )= © (5.141)
r=0.5tar'[ tan(¥ )cos( | 179.9 (5.142)

Hence, we obtain a linearly polarized wave for waveiner.
For the second wave number, using Eg. (5.138), werobtai

E =0

5.143
E, =2.35x 10 [E, (5.143)

We solve for the polarization state of the fields, as I@en done previously. First, we

obtain
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E+
y=tan™ {E—%J = 0.0024 (5.144)
Yo

Since there is no difference in phase for the electridgjélis given as § and we easily

compute the values efandt using Eq. (5.123) and (5.124)
£=0.5sim*[ sin(Z )sing )= © (5.145)
r =0.5tar*[ tan( )cos( ] 0.00: (5.146)

Hence, just as was the case with the magnetic @opsg we also obtain linearly
polarized waves for the case of propagation inxltkrection in a non-gyrotropic ME
media. The media contains four possible propagatingsyawith two propagating in the
forward direction and two in the backwards directiont Both forward and backward
propagation, all fields are linearly polarized, and pgaie with different speeds. Hence,
we have two waves propagating in the forward directiith two distinct speeds, and
also for the backward direction with two distinct speedldditionally, the tilt angle of
one forward or backward propagating wave is different froenather. We also observe
that the waves obtained are TEM in nature and @lyeaerified by checking the
magnetic field using the relationship between thetatefield and magnetic field. We

had previously obtained the expression,
:_1 1 ' =E
H=x {—(kXE)—a E} (5.11)
w

Hence, we observe that there will not be any magrfedlds along the direction of

propagation. The expression for the magnetic field taiobd as
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H = —‘1[‘( Ey+ Dy Ej y_ E:I (5.147)

With the electric field as
E=9JE, - E (5.148)
We observe that for the longitudinal ME electromagnet&ve propagation, we
obtain linearly polarized electric field, and an accamypng linearly polarized magnetic
field. This is ME coupling term for the longitudindfect can only produce adirected
electric field component.
Linearly polarized TEM waves are obtained for the caflsa magnetostrictive

material used for the piezomagnetic layer.
5.2.2 Transverse ME Electromagnetic wave Polarization

5.2.2.1 Gyrotropic ME media: Propagation along the x-axis

Now considering the transverse magnetoelectric configuathe wave numbers

were previously derived as

el un)(ug r us 5 v vara 1 RootTen)]
Xl -
( yy ZZ yZ Z\)

In Eq. (5.65)

(5.65)

RootTerme (e -2 yg ., Ug ,+2 w,u ug g"gf 4 &S

—2URuE, 2"V uF (") (0 )+ AU yee,

—4u,u,u. e @t (5.66)
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The second set of roots describing the wave numbétasned as

of(uyumu)(ug g ug 7 paal ) Rootrery]
o = V2 (uy,u,-uu,)

Yy "2z

(5.67)

Using the effective parameters from Appendix B, and perating frequency of 500
MHz, we obtain the wave numbers as

k, =+260.7m (5.149)
k, =+45.3¢m (5.150)

We compute the polarization of the waves using E41{5Hence, forkxl we obtain

5.72x 10° 0 0 E,
0 -1x10 j7.516 |DE, |= ( (5.151)
0 -j7.5x10 -55% 18| | E,

For k,,, we obtain

5.72x 16° 0 0 E,
0 5.56x16° j 2.3 1B|(IE, |= (5.152)
0 -j2.3x10 9.x 10| |E,

Looking at Eqg. (5.151) and (5.152), we observe that eailsl have elliptically
polarized waves propagating in the media. The pol@mizatate of the propagating wave
gives better insight into the polarization obtained propagation in the media. Thus,
using Eqg. (5.151), we obtain

E =0

1
E, = j74.4E, (5.153)

We solve for the polarization state of the waves imtleeia. First, we obtain

159



g
y =tan =3 =89.2 (5.154)

Yo

Sinces is seen to be -90we compute the values ofindt using Eq. (5.123) and (5.124)
£ =0.5sim*[ sin(¥ )sing )=~ 0.77 (5.155)
r=0.5tari*[ tan(¥ )cos\ | 179 (5.156)

Hence, we obtain a right hand elliptically polarizecéve for the case of
propagation in thex direction with magnetic anisotropy. We then analyhe

polarization for the second set of propagating wavesmdJthe information from Eq.

(5.152), we obtain the relationship between the fiakls

=0 5.157
E, = j2.46x 1(3Ey (5.157)
We solve for the polarization state of the waves imtleeia. First, we obtain
=
y=tan = = 0.023 (5.158)
Yo

Sinces is seen as 90we simply compute the values ofandt using Eg. (5.123) and

(5.124)
£=0.5sin"[ sin(3 )sing )= 0.0 (5.159)
r=0.5tar*[ tan( )cos( | 0.02: (5.160)

Hence, we obtain a left hand elliptically polarizedws for the second set of

waves propagating with wave numbéy .This implies that we have four possible

propagating waves in the media. We have two waves, ight hand elliptically

160



polarized and the other left hand elliptically poladz propagating in the positive
direction. Also there are two similar waves that pr@pagn the negative direction.
Although we obtained elliptically polarized waves tbis case, with no electric field
components in the direction of propagation, the moderopagation is not TEM in

nature. We observe that since
=_1 1 T =E
H=x {—(kXE)—a E} (5.11)
w

The expression for the magnetic field is obtained as

—| .k . i
H=7 {ZEX E, + y% E - XJ% 5} (5.161)

Since we have obtained the electric field as
E=VE -ZE (5.162)

We observe that the magnetoelectric coupling comgon&ioduces a field term
in the direction of propagation. Hence the mode ofpagation for the transverse
magnetoelectric electromagnetic wave travelling in>trection is transverse electric
(TE). It is important to observe how the magnetoeleatdapling affects the general
characteristics of the wave. When we switch off the MEpting terms, the polarization
of the propagating wave does not change. We stikmeselliptically polarized waves
resulting from the solution of Eq. (5.63) or (5.64) with ME components set to zero.
However, the mode of propagation changes to TEM ag e no field components in

the direction of propagation.
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For the case of a magnetostrictive material used repdda piezomagnetic layer,
the wave obtained is elliptically polarized. We obta set of right handed and left
handed elliptically polarized waves propagating & itiredia. The mode of propagation is
obtained as TEM, with no fields along the directidpmpagation.

It is important to note that the fields obtained heray be circularly polarized
depending on the material parameters of the magnetoelecomposite. This is
especially true as the value of the piezomagnetifficeant for the piezomagnetic layer
may differ greatly from that which is used in theory describe its piezomagnetic
coefficient. It is quite possible that the polarizataf the fields changes from elliptically
polarized waves to circularly polarized waves with gemnto the material parameters of

the ME composite.

5.2.2.2 Gyrotropic ME media: Propagation along the y-axis

Now we consider propagation in tgedirection of the sample plane. The wave

numbers for this case were derived as

Y1 u

zz

o u.(asrar)e v (o) -2vggns v o) vaus, |
k,, = - (5.74)

XX

Using the effective parameters, and an operating frequen600 MHz, we obtain the

wave numbers as

k, =+260.7m (5.163)

Y
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k, =+45.67m (5.164)

Y2

We compute the polarization of the waves using EGOJ5Hence, forkyl we obtain

0 0 0 E,
0 57216 0 E, |= ¢ (5.165)
0 0 -5.54 16 | | E,

For kyz, we obtain

5.55x 10° 0 E,
0 5.7x 10° E, = ( (5.166)
0 0 0| | E,

From Eq. (5.165), we observe thgtis the only non-zero field for wave number
k,. Similarly, from Eq. (5.166)E; is the only non-zero field for wave numbley . For
this case of propagation in tigelirection, we obtain two linearly polarized wavEgand
E,, propagating with wave numbet@l and kyz, respectively. Hence, we observe the

birefringence of the media due to the two characterfigtids propagating with different
phase velocities. This implies that propagation he y direction for the transverse
magnetoelectric configuration results in a birefringeetdia. We observe that the waves
obtained are TEM, as there are no fields along thetahireof propagation. Hence, there

will be no magnetic field directed along the directadrpropagation.
/\:—l ky
H,=-zi"—E (5.167)

For the case where the electric field is obtained as
E, = XE, (5.168)
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And,

—.( K, at
H,= yl(zy—c—ﬂjg (5.169)
0

For the case where the electric field is obtained as
E, = ZE, (5.170)

Thus, the mode of propagation in this media for the oég-directed propagation
for a transverse magnetoelectric material with magnetiso&ropy is TEM. So we
observe a change in the mode of propagation simplychgnging the direction of
propagation in the transverse ME media. Observe tleaW/ith coupling is only active in
the magnetic field for the second wave number. As thascase with the-directed
propagation, absence of the ME coupling does nottrasahanges to the polarization of
the propagating fields. The mode of propagation alsaisnTEM with the ME terms
set to zero in Eq. (5.74).

The results for the non-gyrotropic ME media yedirected propagation are same
as obtained for the gyrotropic ME electromagnetic evaropagation in thg-direction in
terms of the polarization and the mode of propagatioe.d&/ not need to compute the
polarization for the non-gyrotropic ME media wigkdirected propagation as the results
obtained will be exactly the same as that obtafoethis current case.

For the case of a magnetostrictive media as one afaimposite layers, we obtain
linearly polarized ordinary and extraordinary waves. didserve a case of birefringence

as we obtain characteristic waves propagating wistindt speeds. The mode of
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propagation of the fields in the media is TEM as theme no waves lying along the

direction of propagation.

5.2.2.3 Non-gyrotropic ME media: Propagation along the xsax

Here we consider the case of a non-gyrotropic ME m&tike propagating in the
x direction. The wave numbers for this case have bemnqusly obtained and are given

as

w, /U, &
k =+ =% (5.83)

s u

(5.84)

Using the effective parameters obtained from the thieatetnodel and an operating
frequency of 500 MHz, we obtain the wave numbers as

k, =+309.3m (5.171)
k, =£57.15m (5.172)

We compute the polarization of the waves using E§OJ5Hence, forkXl we obtain

572x10° 0 0 E,
0 0 0 E,|=0 (5.173)
0 0 -4.90< 1& | | E,

For k, we obtain
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5.72x 10° 0 E,
0 5.53« 16° E, |= ( (5.174)
0 0 0| | E,

From Eq. (5.173), we observe ttatis the only non-zero field for wave number

kxl. From Eq. (5.174); is the only non-zero field for wave numblg{z. This is similar

to the case of propagation in thalirection in a gyrotropic magnetoelectric media. The
difference here is the characteristic fields whichBrandE,, as we have no fields in the

direction of propagation. Thus, we obtain two lineapglarized wavesf, and E,,

propagating with wave numbeisﬁ and kXZ, respectively. Once again, we observe the

birefringence of the media due to the two characterfigtids propagating with different
phase velocities. In conclusion, we state thafbirgence property can be obtained for
both gyrotropic and non-gyrotropic magnetoelectric male in the transverse
configuration.

In terms of the modes of propagation, we once agaierebsthat one of the
waves will be TEM in nature. There are no fields (ele@nd magnetic) directed along

the direction of propagation of the ordinary wave. Hgribere are no magnetic fields

directed along the direction of propagation as obseimedave numbekxl.

1k

=2

= (5.175)

For the case where the electric field is obtained as
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However, for the extraordinary wave, we obtain a TE motlgropagation, as the
magnetoelectric coupling induces a magnetic fielthendirection of propagation. Hence,

we obtain the magnetic field as

H, = _f,—l(yk_ax)J, X%j E (5.177)
For the case where the electric field is obtained as
E, = 2E (5.178)

Hence, we have two distinct waves propagating witterént speeds and also different
modes of propagation within the media. The magnettrégecoupling induces the TE
mode of propagation due to the magnetic field prodiueie x-direction via coupling to
thezcomponent of the electric field.

For the case of a magnetostrictive material, we oliteinsets of characteristic

linearly polarized waves propagating with different phasecities. This is also a case of

birefringence in the media. The mode of propagatiohecbmposite media is TEM.
5.2.3 In-plane ME Electromagnetic wave Polarization

5.2.3.1 Gyrotropic ME media: Propagation along the x-axis

For the in-plane magnetoelectric configuration, we fisstsider the case of propagation
in thex direction in a gyrotropic ME media. The wave numlveese previously obtained
as

_of(uyumu)(ug 7 ug 4y Rootrer) |
kxl—i \/E(U u _uyzuz)

yy P2z

(5.92)
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In Eq. (5.92)
RootTerm= &, -2 Yg,, Us .+ bs’14 u g g, (5.93)

The second set of roots describing the wave numbértésned as

= w[(uyyu“_uyzuz (“vs? W Ug 27\/WTer5n)T/2
V20, u,0)

Yy “zz

(5.94)

Using the effective parameters obtained for the in-plaagnetoelectric configuration,

and an operating frequency of 500 MHz, we obtain taeesnumbers as
k, =+2.6x1G/m (5.179)
k, =+45.50'm (5.180)
We compute the polarization of the waves using E§OJ5Hence, forkXl we obtain

4x10° 0 0 E
0 -1x10  j7.4 18 |E, |= ( (5.181)
0 -j7.4x10 -5% 18| |E

For k& we obtain

4x10° 0 0 E
0 55¢10° j2.% 10|0E, |= | (5.182)
0 -j2.3x10 9x1d||E

We expect elliptically polarized wave for the wave @oating in the media. From Eq.
(5.181) we obtain

E, = j74.4E, (5.183)

We solve for the polarization state of the waves imtleelia. First, we obtain
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g
y =tan = =89.2 (5.184)

"o
Since$ is -9¢, we then simply compute the valuessofindt using Eg. (5.123) and
(5.124)

£ =0.5sim*[ sin(¥ )sing )=~ 0.77 (5.185)
r=0.5tan’[ tan(® )cos( |F 179 (5.186)

Hence, we obtain a right hand elliptically polarizedve for the case of propagation in
the x direction with magnetic anisotropy. Thlealirected electric field dominates that in
they-direction that the wave almost seems to be linearlgrjzed.
The case is same for the second wave number. From EB2J5 we obtain the
relationship for the propagating fields as
E,=j2.5x10 (E, (5.187)

The case is same for the second wave number, as wete|iptically polarized
waves also. In this case the wave will be a leftdheltiptically polarized wave. Due to
the dominance of thg-directed electric field, the wave almost seems toibeatly

polarized. We observe that since

H :,t:l_lL—la(EXE)—c:rEE} (5.11)

The expression for the magnetic field is obtained as
=_1 kx ~ A .
H=x B(zEy - iE)) (5.188)

Since we have obtained the electric field with the form
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E=9E, +ZE (5.189)

The magnetoelectric coupling does not affect the maan characteristics obtained for
the in-plane magnetoelectric propagation. This is lmedhe wave is propagating along
the optical axis of the media. The magnetoelectriectfélso lies along this axis; hence
the wave only sees the transverse properties of theamed

For the special case of a magnetostrictive materiedl dsr the piezomagnetic
layer, we obtain a set of left handed and right haneléidtically polarized waves
propagating in the media. The right and left handdigtieblly polarized waves have
different speeds of propagation. The mode of propagatiothéowaves is TEM, as there

are no electric or magnetic fields along the directibpropagation.

5.2.3.2 Gyrotropic ME media: Propagation along the y-axis

For the case of magnetic anisotropy, we consider petjmegalong the direction. The

wave numbers for this case have been previously autaia

w[uxxuzz(uxg ot U 4/ RootTerrsn)T/2

k, =+ (5.100)
» \/EUXXUZZ
In Eq. (5.100)
RootTerm= (£, -2 Y, Ys .+ Ug° 44 b E.a,a, (5.101)
The second set of roots describing the wave numbértésned as
12
a)[uxxuzz(uxg ot UL 74/ RootTengn)}
k, =% (5.102)
’ \/EUXXUZZ
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Using the effective parameters obtained for the in-plaagnetoelectric configuration,
we obtain the wave numbers as

k, =+220.4m (5.190)

i

ky, = +44.59m (5.191)
We compute the polarization of the waves using E§OJ5Hence, forkyl we obtain

-1.7x10 0 5% 10 | [E
0 5.7x 10° 0 E, = ( (5.192)

1.15x 10° 0 -3% 19| |E

zZ

For ky2 we obtain

3.7x10° 0 1.x 10| [E,
0 5.7x 16° 0 E, |= C (5.193)
2.3x10 0 7.% 10| | E

z

. From Eqg. (5.192), we obtain

E, =3.38E,
(5.194)
E, =0
Thus, using Eq. (5.194), we obtain
5[ B
y=tan"| — |= 73.52 (5.195)
Exo

From the field relationship in Eq. (5.194)js @, and we compute the valuessoénd+t
using Eqg. (5.123) and (5.124)
£=0.5sin"[ sin(¥ )sind )= © (5.196)

r=0.5tari*[ tan(¥ )cos{ | 16.4 (5.197)
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Hence, we obtain a linearly polarized wave for the cdggopagation in thg direction

with magnetic anisotropy. Similarly, a linearly polaizwave is obtained for the second

set of wave numberk, . From Eq. (5.193), we obtain

E,=-32.1E, 5 108
E,=0 (5.198)
Thus, using Eqg. (5.198), we obtain
5[ B
y =tan —~|=1.78 (5.199)
Exo

From the field relationship in Eq. (5.198)js @, and we compute the valuessoéndt
using Eqg. (5.123) and (5.124)

£=0.5sin"[ sin( )sing )= © (5.200)
7=0.5tan’[ tan( )cos( | 1.7¢ (5.201)

Hence, we obtain a linearly polarized wave for the cdggopagation in thg direction
with magnetic anisotropy. Thus we obtain two linegryarized waves propagating with
two distinct speeds in the positive and negaidérections. Although the waves are both
linearly polarized, the tilt angle is not the samedach case. The waves here are also

TEM waves as observed using

S e

And we have obtained an electric field of the genemahfo

E=XE +%E (5.203)
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Thus, it is relatively easy to see that there will lIb@ anyy-directed magnetic fields in the
media. Hence, the mode of propagation is TEM, asthex no field components in the
direction of propagation. There is also no changéernpblarization of the magnetic field.
Turning off the ME coupling terms do not change theapotion of the fields, nor the
mode propagation.

For the case of magnetostrictive material used forpieeomagnetic layer, we
obtain linearly polarized waves with a TEM mode of @oation. As had been obtained

from the wave number, the waves propagate with diffeeeeds.

5.2.3.3 Non-gyrotropic ME media: Propagation along the xsax

Finally, we analyze the case of propagation alongxtk@ection for the case of a non-

gyrotropic ME media. The wave numbers were previoustgioed as

w,/U,.E
k, =+t——>~ (5.111)

" uZZ
w, /U, E
k, =+——"= (5.112)
uW

Using the effective parameters obtained for the in-plaagnetoelectric configuration,

we obtain the wave numbers as
kXl =+61.9m (5.204)
k. =+11.4m (5.205)

X2

We compute the polarization of the waves using E§OJ5Hence, forkXl we obtain
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15810 0 0 E,
O 0 0 E, |=0 (5.206)
0 0 -1%16||E,

For k,_we obtain

1.6x10 0 E,
0 22x10 E, |= ( (5.207)
0 0 Of|E

For each wave number, we obtain a linearly polarizedewaopagating in the

media. Thus, we obtain two linearly polarized wagsandE,, propagating with wave

numberskXl and kx2’ respectively. Once again, we observe birefringencédefitedia

due to the two characteristic fields propagating witfiecent phase velocities. In
conclusion, we state that birefringence property caoltained for both non-gyrotropic
magnetoelectric materials in the in-plane magneta#demnfiguration.

For the case of a magnetostrictive material used fopigmomagnetic phase, we
obtain characteristic linearly polarized waves propgagawith different speeds. The
mode of propagation here is TEM. We obtain a case offrlsigence for this
configuration and propagation direction with the subttin of a magnetostrictive layer.

We have analyzed electromagnetic wave propagatiobulk magnetoelectric
composites, and found propagation as possible imiaia. We also discover a number
of electromagnetic wave propagation phenomena in mdkgnetoelectric composites.
The results agree with those obtained by other Suatiesimilar materials. It is important

to note that we have not considered the effects thehamical stresses and strains
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induced in the composite will have on the propaggfields. These factors have been

ignored here, but may play a substantial role initseal
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CHAPTER 6: CONCLUSION

We have obtained theoretical models for the longitalditransverse and in-plane
magnetoelectric configurations that closely approxaretperimental results and trends.
The theoretical model is obtained via the applicatod fundamental electromagnetic
boundary conditions to the fields mechanically iretlign magnetoelectric composites.
Application of such boundary conditions improves thaecuracy of this proposed
theoretical model when compared to previous modelsidoin the literature. The
magnetoelectric effect obtained is highly dependemtttee strength of the interface
coupling between the piezoelectric and piezomagheyiers. Although, we do not study
in detail the factors affecting the interface couplipgrameter for different types of
piezoelectric and piezomagnetic combinations, weéebelthat such study will aid in
better theoretical models for the magnetoelectric caitgm The theoretical models
obtained here also allows for a theoretical investigabf the magnetoelectric effect
using various piezoelectric and piezomagnetic contising. We believe this ability to
mix and match the piezoelectric and piezomagnetierta will be invaluable to
experimentalists, who will rather gain insights inte results possible before embarking
on a physical realization of the magnetoelectric casiipo

In an attempt to make the theoretical model as robgspossible, we also

considered cases where the piezomagnetic phase dfiEheomposite is a non-ferrite
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material. In this case, we obtain a non-gyrotropic Me&dia with the application a DC
magnetic bias. Hence, the results obtained hereotltimit the range of piezomagnetic
materials that can be used in the realization of ntaglextric composites. Results from
the theoretical models obtained here show thatrtipdaine magnetoelectric configuration
produces the largest ME voltage coefficient. The ssallmagnetoelectric voltage
coefficient is obtained from the longitudinal configuoa.

The results obtained from the theoretical models ard uséhe investigation of
electromagnetic wave propagation in bulk (Chapter 5 bounded (Appendix A)
magnetoelectric media. We analyzed electromagnetiovewpropagation in the
longitudinal, transverse, and in-plane magnetoelecwiafigurations. The propagation
direction is restricted to the sample plane, as prdmagaormal to the sample plane is
not possible. The results for the bulk ME electromagnetive propagation are very
interesting. An important result, is the fact that godarization of the magnetoelectric
media can be changed by the ME effect in the trans\@nsfiguration when propagation
is along the bias direction. The mode of propagation the transverse ME
electromagnetic wave propagation along the magb&&direction is also changed from
TEM to TE due to the magnetoelectric effect. Suchceffen electromagnetic wave
propagation in magnetoelectric composites had not pesviously reported.

Birefringence is another property observed in the propaygaf electromagnetic
waves through the magnetoelectric composite. Closeestigation to the wave
propagation showed that the magnetoelectric coupéingpt observed on the magnetic

field for every propagating wave. As an example, propagagerpendicular to the DC
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magnetic field bias in the transverse configurationddadwo wave numbers where only
one of the associated magnetic fields are affectetidyntagnetoelectric coupling tensor.
Results on propagation along the sample plane dehm the possibility of rotation of

the polarization plane, a phenomenon better knowRaasday rotation. A strong reason
for this is the absence of circularly polarized waves @gaging in the magnetoelectric
media.

As part of future works on the ME media, we intend tosider electromagnetic
wave propagation in thin films. EM wave propagatiortbim films is of interest due to
recent realization of on-wafer ME media [26]. The redailwa of ME thin films will
greatly aid the application of the ME effect to imgd circuits. EM wave propagation
in thin films is very much different from the EM wave pamation in bulk media as has
been obtained here. In thin films, boundary condgiare enforced on the propagating
waves such that they decay rapidly away from the sudadee film. Included in future
works is the multi-physics modeling of the ME thin filktWe have investigated the use of
a commercial software COMSOL, with which we have niedisome ME waveguides in
this discourse (Appendices A and C). COMSOL allowstlier simulation of models that
involve several coupled physics phenomena. Suclityabilows for the simultaneous
modeling of the mechanical and electrical propertiea material using its constitutive
relationships. Hence, we are able to model propag#tiamugh the ME thin film as the
films undergo stress and strain, with realization ofNte effect. Additionally, using the
COMSOL multi-physics tool, we may be also able tadelaand investigate the interface

coupling parameter for several ME composite combinations
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In summary, accurate models for the magnetoelectricteffiepiezoelectric and
piezomagnetic bilayers have been obtained. Thraenclismodels are obtained for the
Longitudinal, Transverse and In-plane magnetoelectmdigurations. Additional studies
show propagation as possible in bulk magnetoelectamples. Polarizations of
propagating waves are obtained as either linear otiedligolarizations. The modes of
propagation obtained were either TEM or TE, based ufium magnetoelectric
configuration, and the gyrotropy of the bilayer. Thaulsscontained in this work will be
useful for both theorists and experimentalists workingetastic-mediated composite

multiferroics, as the theoretical models are robust gindo be of value to both groups.
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APPENDIX A: ELECTROMAGNETIC WAVE PROPAGATION
CHARACTERISTICS OF PLANAR MAGNETOELECTRIC WAVEGUIDES

For device applications, the characteristics of guideste propagation through
magnetoelectric media are of importance. The applicatfononreciprocal materials to
microwave devices using planar waveguide structuresbban studied for quite some
time. We have developed planar waveguide structurestudy the propagation of
electromagnetic waves within such complex media.[80¢ intend to apply knowledge
nonreciprocal media and planar structures to devekp and/or similar microwave
devices using magnetoelectric composites. Thus,ngoitant part of this additional
research effort was to observe and understand the elegnatic field behavior within
magnetoelectric materials in planar waveguide strustuf@e overall goal will be to
implement possible applications based upon thereedgohenomena.

The shape/form of the constitutive parameters (tensorsjotdhe nature of the
fields observed in any planar magnetoelectric wavegstideture. Some special cases of
bianisotropic/magnetoelectric substrates in planar tstreg have been considered in [56]
using the tensors for orthorhombic and tetragonal ntagoeystals. Results from [56]
show that the electromagnetic wave propagation chaisiits in are affected by
different material parameters based upon the mode of gatipa. Also, reciprocity of

the modes, Transverse Electric or Transverse Magndépends on the real and
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imaginary parts of the magnetoelectric coupling tens@éfkile the results obtained in
[56] are interesting, they are only hold for the specades where the magnetoelectric

coupling tensors are of the form

0 & O 0 ¢, O
$=14& 0 &[.6={¢ 0 ¢ (A.1)
0 & O 0 ¢ O

The form of the magnetoelectric coupling tensors in \Aepresent orthorhombic and
tetragonal magnetic crystals, and are much different ftbe form for the layered
piezoelectric and piezomagnetic layers obtained aptrs 2, 3, and 4. Hence, we must
study the specific cases for the magnetoelectric effetined through the longitudinal,
transverse, and in-plane configurations.

In our study, observation of the electromagnetic pheara is made possible by
the use of numerical modeling, since classical aiwaytiutions for planar bianisotropic
waveguide structures are quite tedious not easilyaidble. In this section, we
summarize the results of our research efforts in understariehh field behavior in
planar waveguides that use magnetoelectric compoaitdsthe possible applications
available using these structures. We investigateethetromagnetic wave propagation
characteristics of microstrip and slot lines. Thereteu reasons for considering these
structures. First, as has been mentioned, the implatemn of this material is currently
being done using multilayer magnetoelectric compssiBecondly, planar structures are
compatible with MMIC and VLSI technologies.

In our research study, the material characteristich@fstibstrate are important.

We intend to obtain results for material characterigtien closely bear a resemblance to
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those found in reality. Hence, we only use results ftbm theoretical model of the
magnetoelectric composite as obtained in ChapteBsapd 4. We used information for a
PZT/cobalt ferrite composite. We would expect magneiiisotropy for the ferrite

material; hence we will use theoretical models for safenagnetic anisotropy.

We make use of numerical simulations making use otuHi4physics software,
COMSOL. Information on the use of the software to ab&alutions to electromagnetic
wave propagation is found in Appendix C. The planavegaide problem is solved as a
2D problem, with propagation in thry-plane as was done for the case of bulk
electromagnetic wave propagation. However, COMSOL esol¢s 2D problems with
propagation only in the-direction. Hence, we apply coordinate rotation to ritederial
parameters to obtain numerical solutions with propagati thez-direction, that actually
represenix or y directed propagation. Information on the coordinatasfiamation is
located in Appendix D. As seen in Appendix D, thare limitations in COMSOL on the
shape of the tensors that can be solved. Thesetimmsado not allow for the simulation
of the longitudinal magnetoelectric configuration witlagnetic anisotropy. However, we
are able to study all other configurations in full deta

The material parameters are computed and are foundudle A.1. The materials
used here are cobalt ferrite for the piezomagneticephasl PZT for the piezoelectric
phase. The DC magnetic field bias is 1.5 Tesla (Ib®Auss) applied to the sample to
obtain the different magnetoelectric configuration. Thas is same as have been used in
literature. The saturation magnetization of the cofalite is 1780 Gauss. Additional

information in the material properties is available jppandix B.
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TABLE A.1. EFFECTIVE MATERIAL PARAMETERS FOR APZT/CoBALT FERRITEME
COMPOSITE IN THE THREEME CONFIGURATIONS Eo, Ho, AND Co ARE, RESPECTIVELY THE
FREE SPACE PERMITTIVITY FREE SPACE PERMEABILITY AND SPEED OF LIGHT IN A VBUUM.

Longitudinal Transverse In-plane
Property ME ME ME
Configuration Configuration Configuration
£/ & 880 655 465
£y /& 880 655 655
£,/ 19.87 19.83 19.85
T 0.9972 0.945 0.95
:ny/luo -j0.013 - -
yyy/,uo 0.9972 0.9972 0.997
Hye/ Mo j0.013 - -
M,/ My - j0.013 j0.013
U,/ Ly 0.999 0.9972 0.997
My | - -j0.013 0.013
a /e, - - 2.98
o/ : : 5.96
at /e, - 0.03 -
at/c, - 0.03 -
al /e, 0.0135 - -
at/c, 0.0135 - -
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Magnetoelectric slot line

We investigate the dispersion characteristics for anetaglectric slot line. A
representation of the magnetoelectric slot line is shimaFig. A.1. For the substrate, we
include a low-loss dielectric layer over the magnetddle layer.The dielectric layer is
used to allow a better portion of the wave to propagatbe dielectric layer than in the
bianisotropic layer where attenuation of the wave maygbeater [60]. Hence, the

dielectric layer serves as an insulating surface to alviate losses.

Magnetoelectriclayer m
Sr:‘i’!'lr:‘agaax g y

Dielectric ——= w <— Jayer

Dielectriclayer g,. H, d

s o at
¥ |4 .
Magnetoelectriclayer

FIGURE A.1. Planar magnetoelectric slot line. Figwigows dielectric layer over
magnetoelectric layer. Red line indicates region ofattization. The dimensions w, m,
and d represent the slot width, magnetoelectric tigsk, and dielectric thickness
respectively.

A figurative description of the planar magnetoelecttat §ne is shown in Fig.
A.l. Here, we do not show the bias directions foRemagnetic and electric fields. We
do assume that the bias directions can be effectoledynged without any changes to the

orientation of the slot line as shown in Fig. A.1.eTdimensions of the magnetoelectric
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slot line are given ad = 0.5mm,m = 1.2mm, andv = 2mm. As part of the investigation
of the planar structure, a parametric study was dooétan the best dimensions for the
slot line. We do not show the results of that stuesgehNumerical simulation is done for
all magnetoelectric configurations at 400MHz. The Itsstor these simulations are

discussed below.

Transverse magnetoelectric slot line

The magnetoelectric slot line is simulated for the dvanse magnetoelectric
configuration using the effective material parametershefttansverse magnetoelectric
media as shown in Table A.1. The results from thestrarse magnetoelectric slot line as
observed in Figs. A.2 and A.3 respectively, show thaided wave propagation is
possible in the media. The line behaves akin tdetedric slot line. Propagation is

directed along thg-axis for this case and all others handled here.

Pl = IB2E, AT

FIGURE A.2. Power flow for transverse magnetoelectriclghet Uniform propagation
of fields observed along both edges of the slot lirezl Rhes indicate metallization.

185



A
Vs

FIGURE A.3. Electric field pattern across the magnletddc slot line. The pattern
follows similar electric field pattern for dielectric slotes.
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We study the dispersion characteristics for the transveragnetoelectric slot
line. We obtain the dispersion curve for the propagatiode, and compare it to that of a
non-magnetoelectric media having similar material patareeas the magnetoelectric
media. The non-magnetoelectric media has same pedieabnd permittivity

parameters as the magnetoelectric composite. The differbes in the fact that the

magnetoelectric coupling tensors are set to (eﬂb=aE =O). The dispersion curve is

shown for both structures are shown in Fig. A.4. We ofesthat there are relatively no
changes in the propagation constant of the media ferntlagnetoelectric and non
magnetoelectric structure. It is important to note thatmagnetoelectric coupling for the
composite may be insufficient to produce any new pyapan phenomena in the media.
So, we increase the value of the magnetoelectric caupbefficients in our simulations.

We observe that the speed of the propagating wavessttown with increase to the
magnetoelectric components. However, this decreasspaed is relatively small.

Simulating at 400 MHz, we increase the value of tlagmetoelectric components to ten

times the actual value, and we obtain a change f@m., =9.37,t0 B, . c.c=9-36.
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Hence, for the transverse case, the magnetoelectritimgpupefficients are two small to
cause any relevant changes to the propagation cwnsia affect the direction or

polarization of the propagating fields.

2D T T T T T T T T T
= Transverse Magnetoelectric
18 === Anisotropic (= = [0])

16

141+

121

Mode Index ( p/k,)

B

1 1 1 1 1 1 1 1 1
0 200 400 GO0 ©00 1000 1200 1400 1600 1800 2000
Frequency (MHz)

FIGURE A.4. Dispersion curves for a magnetoelectric aod-magnetoelectric slot

line. We observe that the magnetoelectric couplingsdwot affect the phase constant of
the slot line.

In-plane magnetoelectric slot line

The magnetoelectric slot line is simulated for the lamp magnetoelectric
configuration using the in-plane magnetoelectric mdt@aaameters as shown in Table
A.1l. The simulation results, respectively for the poWew in the x-direction, and the
electric field pattern across the slot line is showrFigs. A.5 and A.6. The results are

similar to that obtained for the transverse configuration.
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FIGURE A.5. Power flow for an in-plane magnetoelectiot ne. Power flow is out of
the page. Red lines indicate region of metallization.
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FIGURE A.6. 2D representation of the Electric field tpat across in-plane
magnetoelectric slot line.
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Again, as was observed in the transverse magnetoelestot line, the
magnetoelectric coupling does not affect the propagatbnstant for the planar structure.
It is important to note that we are not able to obseany rotation in terms of the
polarization of the propagating wave in with the 2Bwgliation, should that phenomena
be occurring in the slot line. However, we do not expthat since the in-plane
magnetoelectric composite does not produce circulaolgrized waves. We also study

the dispersion characteristics for the in-plane magresttvad slot line, and compare with
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a non-magnetoelectric media having similar permeabilityd permittivity as the

magnetoelectric media. The result is shown in Fig. A.

|| =In-plane Magnetoelectric
=== Anisotropic (« = [0])

Mode Index (p/k )

1 1 1 1 1 1 1 1 1
0 200 400 OO0 800 1000 1200 1400 1600 1800 2000
Frequency (MHz)

FIGURE A.7. Dispersion curves for a In-plane magnetdetecand non-
magnetoelectric slot line. Magnetoelectric couplisginsufficient to affect the phase
constant or characteristics of the slot line.

As was done for the transverse slot line, we increasamtignetoelectric coupling and
simulate at 400 MHz. Increase in the magnitude ofntlagnetoelectric susceptibility up
to ten times the actual value only caused a chahgme hundredth to the value of the
propagation constant of the slot line. Hence, wthike coupling is observable in the bulk
propagation characteristics of the media, its effectdaagely ineffective in application

to planar structures.
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Longitudinal magnetoelectric slot line

The magnetoelectric slot line is simulated for theglardinal magnetoelectric
configuration using the longitudinal magnetoelectriatenial parameters as shown in
Table A.1. The case of a non-gyrotropic ME medianigstigated for the longitudinal
case, since we are unable to numerically computgyraropic case. The results for the
simulations produce similar results to the transverad @m-plane cases already
investigated. The results are shown in Figs. A.8 Arfsdd Figure A.8 shows the power

flow along thex-axis for the longitudinal magnetoelectric media.

o, A
w v

[

FIGURE A.8. Plow flow for the longitudinal magnetodhsr slot line. Uniform power
flow is observed along both sloth edges.

These result shows that the magnetoelectric effechéontedia is insufficient to
produce new phenomena in the composite. We alsy sheddispersion characteristics
for the longitudinal magnetoelectric slot line. Wemgare all three magnetoelectric

configurations in Fig A.10.
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FIGURE A.9. Electric field pattern across slot line tbe in-plane magnetoelectric
planar structure.
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FIGURE A.10. Dispersion curves, showing comparisornefdifferent magnetoelectric
configurations for the slot line.

There are noticeable differences in the dispersion curve dlb three
magnetoelectric configurations. However, these changgg be not as a result of the
magnetoelectric coupling coefficients; rather it may eafiom the differences in the
permeability and permittivity of the composites. Ounveastigations into the

magnetoelectric slot line lead us to the conclusitiat unless much greater

191



magnetoelectric susceptibilities are realized, apiinaof magnetoelectric composites to

transform the propagation characteristics of slot lindisb&iunsuccessful.

Magnetoelectric microstrip line

As has been done for the slot line, we investigate d@lectromagnetic wave
propagation characteristics of the microstrip line withgmetoelectric composite as the
substrate. To handle losses due to wave attenuattbm the planar structure, we use a
dielectric layer as was done in the slot line cAsigurative description of the microstrip

line is shown in Fig. A.11.

&, M, Free Space
. . z
EE— W e
g, Dielectriclayer d v
T X
m| g, 1r,a£H,a!E Magnetoelectriclayer

FIGURE A.11. Planar magnetoelectric microstrip lingguiFe shows dielectric layer
over magnetoelectric layer. Red lines indicate regiametallization. The dimensions w,
m, and d represent the slot width, magnetoelectrickti@iss, and dielectric thickness
respectively.

The dimensions of the magnetoelectric microstrip Bme given agdd = 0.4mm,m =

0.8mm, andv = 2mm. As part of our investigation of the planar strteta parametric

study was done to obtain the best dimensions fomifezostrip line. We also utilize
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results from previous studies [60] on magnetoelectrivagaides. Simulations were done

at 400 MHz.

Transverse magnetoelectric microstrip line

The magnetoelectric microstrip line is simulated for theansverse
magnetoelectric configuration using the material patarseas shown in Table A.1. The
simulation results are shown in Figs. A.12 and ATl% propagation characteristics are

quite similar to the case of a non-magnetoelectric ratamline.
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FIGURE A.12. Power flow for transverse magnetoelectricositip line. Propagation
is along the x-axis. We observe equal propagation lofsfilong microstrip.

As was done for the slot line, we also study theeatisipn characteristics for the
transverse magnetoelectric microstrip line. The projreganode is compared to that of
a non-magnetoelectric media having similar materialrpatars as the magnetoelectric
media. The dispersion curves for the magnetoelectrimanemagnetoelectric structures
are shown in Fig. A.14. We observe that there are ffereinces in the propagation

characteristics of the media, in terms of the phasetaons
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FIGURE A.13. Electric field streamline for the transvensagnetoelectric microstrip
line
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FIGURE A.14. Dispersion curves for a transverse maghettric and non-
magnetoelectric microstrip line. Magnetoelectric coupldoes not introduce changes to
the phase constant of the slot line.

In-plane magnetoelectric microstrip line

The magnetoelectric microstrip line is simulated nuoadly for the transverse

magnetoelectric configuration using the material patareeas shown in Table A.1. The
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simulation results are shown in Figs. A.15 and ATlte propagation characteristics are
guite similar to the case of a dielectric microstripelim terms of the pattern of the
electric field. We study the dispersion characterisfiicsthe transverse magnetoelectric
microstrip line. The propagating mode is compared & tf a non-magnetoelectric

media having similar material parameters as the magleetric media.
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FIGURE A.15. Power flow for the in-plane magnetoelectnacrostrip line.
Propagation direction is out of the page

FIGURE A.16. Electric field streamline for the in-plam@agnetoelectric microstrip line
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FIGURE A.17. Dispersion curves for an In-plane magrettec and non-
magnetoelectric microstrip line. Magnetoelectric couplis insufficient to affect the
phase constant or characteristics of the slot line.

Longitudinal magnetoelectric microstrip line

The magnetoelectric microstrip line is simulated for thHeansverse
magnetoelectric configuration using the material patarseas shown in Table A.1. We
study the dispersion characteristics for the transveegmatoelectric microstrip line. The
propagating mode is compared to that of a non-magmeetoiel media having similar

material parameters as the magnetoelectric media.
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FIGURE A.18. Power flow for the longitudinal magneta#ie microstrip line. Equal
field magnitudes propagate along structure. Propagédirention if out of the page

FIGURE A.19. Electric field streamline for the in-plamagnetoelectric microstrip line

The results show guided wave propagation as possilpéanar structures using
magnetoelectric composites. We note that not allexa®r the magnetoelectric
composites were handled. The case for propagation alwmgy-axis which will be
perpendicular to the bias direction should be an isterg case. This is because such
propagation orientation usually leads to a field dispiment effect in ferrite materials
biased with a DC magnetic field. Obtaining results dases such as that will be the
focus of future research as we intend to investigateagatmon in the magnetoelectric

material.
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FIGURE A.20. Dispersion curves, showing comparisorhefdifferent magnetoelectric
configurations for the slot line.

The results thus far show that the magnetoelectriploguhas little magnitude to
affect the propagation characteristics of the planar megleetric waveguides. Increase
up to ten times the normal values of the magneta@eamupling coefficient only affects
the phase constant by one hundredths. Thus, we wexjgct several orders of
magnitude more for the ME coupling coefficient to cremty interesting characteristics
on the fields or propagation constant.

Guided wave propagation with the magnetoelectric metid not yield many
interesting phenomena. The magnitude of the ME coeffisi obtained in all three
configurations is inadequate to effect any changethdopropagation characteristics of

the planar structures. Some propagation orientationsd coot be simulated due to
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limitations in the shape of the tensor that descrites material parameters of the
magnetoelectric media. This is an area for future workut®os for the guided wave
propagations can be studied using semi-analyticdk teoch as the Method of Lines
(MoL) or the Extended Method of Lines (E-MoL). These médt may help obtain

numerical results for y-directed propagation in the platractures considered here.
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APPENDIX B: MAGNETOELECTRIC MATERIAL PROPERTIES

Using the material properties of the composite matedat$ the results of the
theoretical model, the effective parameters of the caitgas obtained for each
magnetoelectric bias configuration. The composite siste of a cobalt ferrite
piezomagnetic phase and a PZT piezoelectric phasep@ing the effective material
parameters allows for the use of numerical solvers toirolda insight into the
propagation characteristics of the media. The appli@driagnetic field bias is 1.5 Tesla
(15,000 Gauss). This is applied to the sample toimlte different magnetoelectric
configuration. The saturation magnetization of theatolferrite is 1780 Gauss. We
assume lossless properties for both composite phaskltiohal information on the
cobalt ferrite can be obtained in [58]. The operatireguency is at 400 MHz. The
material parameters for each configuration are givenibelo

Based upon the absence of material parameters for anpagmetic material, we
have used material parameters from the magnetostridtiasepto represent parameters
for the piezomagnetic layer. The assumption made erthat the piezomagnetic
coefficient of the magnetostrictive layer is also dedpo the stress such that application
of stress leads to magnetization. This property israbsanagnetostrictive materials, and

is only done here to allow for easier understanding of thee material parameters affect

200



electromagnetic wave propagation in ME compositespecm®d of piezoelectric and

piezomagnetic phases.

1. Longitudinal magnetoelectric effective parameters
Material parameters for the case of anisotropic permeahitd computed using cobalt

ferrite and PZT material. The permittivity and permagbdre given as

880 0 O 0.9972 -j 0.013 0
£=¢| O 880 O | F=pj0.013 09972 0 (B.1)
0 0 19.87 0 0  0.99

The magnetoelectric (MB coupling term is obtained as

00 O 00 O
a=loo o |=Yoo0o o | (B.2)
C
00 4%E-11 °| 0 0 0.013

The magnetoelectric (M coupling term is obtained as

00 0 00 O
at=/0 0 o |=Yo o o . (B.3)
C
0 0 4F-11 ©°| 0 0 0.013

Material parameters for the case of non-gyrotropic pertigabbtained. The effective

permittivity and permeability are obtained as

880 0 O 15 0 O
£=¢g,| 0 80 0 |, g=4|0 15 0 (B.4)
0 0 1987 0 0 133

The magnetoelectric (ME coupling term is obtained as

201



00 0 Joo o
a'=o o 0o |==|lo0 0 | (B.5)
00 298-11 ®°| 0 0 0008

00 0 00 O
a=/0 0 0 Yoo o . (B.6)
C
0 0 29€-11 °| 0 0O 0.008

2. Transverse magnetoelectric effective parameters
Material parameters for the case of anisotropic permégabdlie computed. The

permittivity and permeability are obtained as

655 0 O 0945 0 0
£=g| 0 655 O |, m=p| O 0.9972 j0.01 (B.7)
0O 0 198 0 -j0.013 0.997

The magnetoelectric (ME coupling term is obtained as

0 00 . 0 00
a'=| o 0 o:C— 0O 0 O, (B.8)
1E-10 0 O °| 003 O

The magnetoelectric (M coupling term is obtained as

0 0 IE-10 1 0 0 00
at=/0 0 0 =C— 0O 0 0] (B.9)
00 0 °’0 0 O
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Material parameters for the case of non-gyrotropic perititgalare computed. The

effective permittivity and permeability are obtained as

655 0 0 145 0 O
£=g| 0 655 O |,g=4| O 15 O (B.10)
0O 0 198 0 0 133

The magnetoelectric (MB coupling term is obtained as

0 00 . 0O 00O
a=| 0 0 o=C— 0 0 0, (B.11)
1E-10 0 O °| 003 O

The magnetoelectric (M coupling term is obtained as

0 0 IE-10 0 0 00
a=lo0 0 o |=t{0 0 0 |. (B.12)
C
00 O °’0 0 O

3. In-plane magnetoelectric effective parameters
Material parameters for the case of anisotropic permgalbitimputed for the in-plane

configuration. The effective permittivity and permeabihs

465 0 0 095 0 0
£=g| 0 655 O |, @=p| O 0997 jO0.01 (B.13)
0O 0 198 0 -j0.013 0.997

The magnetoelectric (ME coupling term is obtained as

99€-9 0 0 298 0
at=| o 0 0j==| 0 00 (B.14)
0 00 ° 0 00O



The magnetoelectric (M coupling term is obtained as

1.98-8 0 O . 596 0
at = 0 0 0l==| 0 O 0. (B.15)
C
0 00 °l 0 00

Material parameters for the case of non-gyrotropic perfigabomputed. The effective

permittivity and permeability are obtained as

465 0 0 145 0 O
£=g| 0 655 O |, g=4| O 15 O (B.16)
0O 0 198 0 0 133

The magnetoelectric (MB coupling term is obtained as

9.9E-9 0 O 298 0
a=| o0 0 o= 0o o 0, (B.17)
0 oo ® 0o 0o

The magnetoelectric (M coupling term is obtained as

1.96-8 0 O 596 0
at = 0 0o o= 0o o 0. (B.18)
C
0 00 °l 0 00O
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APPENDIX C: NUMERICAL MODELING OF PLANAR MAGNETOELETRIC
WAVEGUIDES
The initial step of the research effort was to obtaimeans to observe the
electromagnetic wave propagation in bianisotropicimefls has been stated, due to the
complexity of the medium, analytic solutions are @asily obtained. Hence, we modeled
the medium using numerical methods. This is donarpfementing numerical solutions
for Maxwell's equation for the medium. The source-free Malkwquations are given by

(€ time convention)

OXE=-juB
. (C.1)

OxH = jaD

whereo is the angular frequency. Using
D= fE + .;(_H (C.2)
B=pgH+CE

the Helmholtz equation for the media is obtained; @lgim

Ox T *E+ jadx I 'CE - jwéli 'OXE + Wi TE-wFE =0 (C.3)

The weak formulation using (C.4) is derived as showjb1). Numerical results
are obtained by applying the relevant formulationsritd=&BM solver. A commercially-

available multi-physics FEM solver, COMSOL, was usethis study.
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After the solver had been implemented, several wadeguvere investigated to
assess its robustness. We present here the simudasedof a circular bianisotropic
waveguide as analyzed in [57]. The circular waveguiieradius R is filled with

bianisotropic material characterized by

1.099 -j0.043 0 0.7 -j 0.3 i 07 0370
£=¢(j0.043 1099 O |Z=p|j 03 07 P&=p|- 03 070 1§s-¢
0 0 114 0 0 0 0 j

(C.5)

The dispersion characteristics for the different modespggating in the
waveguide are shown in Figure 1. This figure comparesrédly to a similar dispersion
curve shown in [57]. A comparison of the resulting ndipeal propagation constant
obtained using our numerical method show good agreewitmresults obtained in [57].

This is observed in Table C.1.

TABLE C.1:COMPARISON OF THE NORMALIZED PROPAGATION CONSTANT BBVEEN REFR
57 AND OUR SOLVER FORKgR =3.5

Mode Reference 57 Our Solver
HE11l 1.30 1.28
HE-11 0.62 0.55
HE21 1.00 0.94
HE-21 0.33 0.28
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FIGURE C.1. Dispersion characteristics for different moglespagating in a circular
bianisotropic waveguide

The numerical system is now verified and can be ussdltze a variety of waveguide
problems using simple or complex media.

Using this system, several planar waveguide structueze modeled, with good
agreement in terms of the results obtained. We showameexample of a microstrip line
on a chiral substrate. Other cases such as the ewptairal waveguide, coupled chiral
microstrip line, and the chiral slot line were alsoastigated with similar accuracy. Here,
we compare our chiral micro-strip line solutions to hsswbtained in [59]. The

waveguide dimensions and properties are given below.
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FIGURE C.2. Chiral microstrip line simulated for verifiicat of numerical code

A frequency sweep is done from 1GHz to 20GHz. A sumradritable of results is

shown below.

TABLE C.2.COMPARISON OF PROPAGATION CONSTANT FOR A CHIRAL MIGBSTRIP LINE
BETWEEN SOLUTIONS OBTAINED BYREF. 59 AND OUR SOLVER
Frequency Propagation Constant fromPropagation constant from % Error

GHz) [59] our solver

(
1 36.12 36.53 1.14
5 190.5 191.41 0.48
10 436.62 435.16 0.33
15 766.75 766.72 0.003
20 1147.94 1153.95 0.52

The results show that the numerical system can aetyrabdel planar chiral waveguide

structures.
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APPENDIX D: COORDINATE ROTATION OF MAGNETOELECTRIMATERIAL
PARAMETERS FOR NUMERICAL SIMULATION USING COMSOL

We require electromagnetic wave propagation in the plane of the
magnetoelectric sample. The planar waveguide structaresimplemented with the
assumption of propagation along the sampyg fflane. However, the numerical software
(COMSOL) only allows for 2D propagation solutions direcedong thez-axis. Hence,
we use this numerical solution by implementing ardowte rotation to obtain material
parameters where the numerical results, although soli#d z-directed propagation,
reflect the characteristics for propagation alongxtbey directions.

The numerical software also has additional limitati@sCOMSOL only accepts

tensors with zero elements as expressed in Eq. D.1.

S
Shape=s| § 5 0. (D.1)
0 0 S,

Hence, any tensor where thxg yz zx andzy components are non zero cannot be
computed. This is a limitation of the commercial s@ite used in this study.
A. Coordinate rotation of material parameters for x-directed propagation
1. Longitudinal magnetoelectric effect
Material parameters for the case of anisotropic permealnlithe longitudinal

configuration were obtained as
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g, 0 0 Loty O 00 O 00 O

£§=|0 &, O =\, #, 0| @ =00 0[,a=00 0

0 0 &, 0 0 u, 00 a¥ 0 0 at
(D.2)

Using a coordinate rotation on the effective materiabipeeters, we obtain material

parameters for adirected propagation as

g, 0 0 4, O u, 0 0 O 0 0 O

£=|0 ¢, 0|, g=|0 u, O, a"={0 a! 0|,a=(0 a5 O

0 0 g, Ky O py 0 0 O 0O 0 O
(D.3)

Based upon the form of the permeability obtained, weuaable to simulate this case for
the longitudinal magnetoelectric configuration in COGIL. Hence, propagation
characteristics for this case are not obtained in thdys

Material parameters for the case of non-gyrotropic pernigabibr the

longitudinal magnetoelectric configuration are given as

g, 0 O 4, O 0 00 O 00 O

£§=|0 &, O[,Z=|0 g, 0| @"={00 0[,a=00 0

0 0 &, 0 0 u, 00 a¥ 0 0 at
(D.4)

Using a coordinate rotation, we obtain material paramsethat show same propagation

characteristics while propagating in the z-directidme iew material parameters are

g, 0 0 u, 0 O 0 0 0 0 0 O
£={0 ¢, O|,g=| 0 pu, O|,@a"=0 a 0|, a"=|0 a; 0|. (D.5)
0 0 &, 0 0 u, 0 0 0 00 0
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Simulation using the material parameters as indicai#djive the required results.
2. Transverse magnetoelectric effect
The effective material parameters for the case of anjgotfermeability in the

transverse magnetoelectric configuration are given as:

g 0 0 4, 0 0 0 00O 0 0 af

£=| 0 ¢, O, @=|0 pu, u,|,a =0 0o0,a=00 0

0 0 ¢, 0 4, M, a) 0 0 00 O
(D.6)

Using a coordinate rotation, we obtain material pararsethat show same propagation

characteristics while propagating in the z-directidme iew material parameters are

g, 0 0] [wy, m, 0] 00 O] o 0O
£=|0 ¢, O|, A=\, M, 0|, a" =00 a,|, a"=0 0 Of.
0 0 ¢ 0 0 u, 00 O 0 a& 0
(D.7)

The effective material parameters for the case of non{gyiat permeability for

the transverse magnetoelectric configuration are gisen a

g 0 0O 4, 0 0 0 00 0 0 af
£=|0 ¢, O, z=|0 y, O|a"={ 0 0 0[,a"=|0 0 O|. (D.8)
0 0 ¢ 0 0 u, a, 0 0 00 O

Using a coordinate rotation, we obtain material pararsethat show same propagation

characteristics while propagating in the z-directidme iew material parameters are

g, 0 0 4y, 0 O 00 O 0 0 O
£=|0 ¢, O|,7=| 0 u, 0[,3" =0 0a"|,a°=|0 0 0. (D.9)
0 0 ¢ 0 0 u, 00 O 0 at 0
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3. In-plane magnetoelectric effect

The effective material parameters for the case of anjgotfermeability in the

transverse magnetoelectric configuration are given as

m

& 0 0 4, 0 0 a, 0 0 a. 0 0

£=|0 &, O|,F@=|0 u, u,, @ =0 00[,a=0 00

0 0 &, 0 u, i, 0 00 0 00
(D.10)

Using a coordinate rotation, we obtain material pararsethat show same propagation

characteristics while propagating in the z-directidme iew material parameters are

& 0 O] [#, #, O] OO O] OO O

£€=|0 ¢, O|,Hd=\M, H, O0|[a"=0 0 0],a°=|0 0 O

0 0 ¢ 0 0 u, 0 0 a 0 0 at
(D.11)

The effective material parameters for the case of non{gyict permeability for

the transverse magnetoelectric configuration are gigen a

g, 0 0 4, 0 0 a® 00 at 0 0

£=| 0 ¢, 0|, @=|0 g, 0|@"=0 00[,=/0 0 0

0 0 & 0 0 u, 0 00 0 00
(D.12)

Using a coordinate rotation, we obtain material paramethat show same

propagation characteristics while propagating in theirgstion. The new material

parameters are
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g, 0 O 4, 0 O 00 O 00 O

£=|0 &, O|,f=| 0 u, O[,@"=[0 0 0[,a°=[0 0 O

0 0 ¢ 0 0 u, 00 at 0 0 at
(D.13)

B. Coordinate rotation of material parameters for y-directed propagation

1. Longitudinal magnetoelectric effect

For y-directed propagation, the rotated material parasate obtained as:

& 0 0 4, 0 0 a, 0 0 ac 00
£=|0 ¢, O, A=|0 p, u,|,@=0 00[,3=0 00. (D.14)
0 0 ¢, 0 u, u, 0 00 0 00

Rotated material parameters for the case of non-gyrotqe@imeability in the

longitudinal magnetoelectric configuration are given as

gX

. 0 0 4, 0 O a 00 a, 00
£=|0 ¢, O, u={ 0 u, 01],8"=0 00,a=0 0 0. (D.15)
0 0 ¢, 0 0 u, 0 00 0 00

2. Transverse magnetoelectric effect

Rotated material parameters for the case of anisotropimegability in the

transverse magnetoelectric configuration are given as:

&g 0 0 M, O 0 a) O 0 00
£={0 ¢, 0|, m=|0 pu, 0],a" =0 0/, =|at 0 0|. (D.16)
0 0 g, H, 0 u, 0O 0 O 0 0O

Rotated material parameters for the case of non-gyrotgrimeability in the

transverse magnetoelectric configuration are given as:
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&g 0 0 M, O 0 a) O 0 00
£={0 g, 0|, Z=|0 pu, 0[,@" =0 0 0,3 =|at 0 0. (D.17)
0 0 g, H, 0 u, 0O 0 O 0 0O

3. In-plane magnetoelectric effect

Rotated material parameters for the case of anisotropiogadbility in the in-

plane magnetoelectric configuration are given as:

& 0 0 M, O 0 0O 0 0O
£=|0 ¢, O, g=|0 u, 0],a"=0 a, 0[,a°=0 a5 0. (D.18)
0 0 g, M, O u, 0 0O 0 0O

Rotated material parameters for the case of non-gyiotpgymeability in the in-

plane magnetoelectric configuration are given as:

£, 0 0 i, 0 u, 0 0O 0 0 O
£=|0 ¢, O, =0 4y, 0],a"=0 a, 0[,0°=0 aj 0. (D.19)
0 0 ¢, 4, O u, 0 0 0 000

These material parameters are used in the simulafigmanar magnetoelectric
structures. Note that cases for y-directed propagatittinmagnetic anisotropy cannot be

simulated using COMSOL due to the requirement orsttape of tensors allowed for 2D
simulations.
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