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Abstract: Here we discuss a model for the quasi-static magnetoelectric (ME) interaction in three 15 

layer composites consisting of a single piezoelectric (PE) layer and two magnetostrictive (MS) layers 16 

with positive and negative magnetostriction.  Two types of layer arrangements are considered. 17 

Type 1:A sandwich structure with the PE layer between the two MS layers and Type 2: the two MS 18 

layers form the adjacent layers.  Expressions for the ME response are obtained using the system of 19 

equations of elasto- and electrostatics for the PE and MS phases.  The contributions from longitu- 20 

dinal and bending vibrations to the net ME response are considered. The theory is applied for tri- 21 

layers consisting of lead zirconate titanate (PZT), nickel for negative magnetostriction and Metglas 22 

for positive magnetostriction. Estimates of the dependence of the strength of the ME response on 23 

the thickness of the three layers are provided. It is shown that the asymmetric three-layer structures 24 

of both types leads to an increase in the strength of ME interactions by almost an order of magnitude 25 

compared to a two-layer piezoelectric-magnetostrictive structure.  The model predicts a much 26 

stronger ME response in Type 2 structures than in Type 1. The theory discussed here is of importance 27 

for designing composites for applications such as magnetic field sensors, gyrators and energy har- 28 

vesters. 29 

Keywords: multiferroic composites, magnetostriction, piezoelectricity, magnetoelectric effect, gy- 30 

rator, magnetoelectric harvester. 31 

 32 

1. Introduction 33 

Piezo-magnetostrictive (PE-MS) composites are unique materials for electronics due 34 

to the mechanical coupling between the magnetostrictive and piezoelectric phases leading 35 

to magnetoelectric (ME) interaction. This interaction manifests as an electric voltage when 36 

the composite is subjected to a magnetic field (direct effect), or, conversely, a change in 37 

the magnetization of the sample occurs when it is placed in an electric field (inverse or 38 

converse ME effect). Due to the ME interaction, there is an interrelation between the elec- 39 

trical and magnetic properties of materials. Due to this relationship, ME composites can 40 

be used to fabricate new electronic devices that cannot be created using traditional mate- 41 

rials [1-3]. Early works investigated various types of composites consisting of a variety of 42 

Citation: Filippov, D.; Liu, Y.; Zhou 

P.; Ge,B; Liu,J; Zhang,J; Zhang,T; 

Srinivasan,G . Theory of Magnetoe-

lectric Effect for Three Layer Piezo-

Magnetostrictive Asymmetric Com-

posites. J. Compos. Sci. 2022, 6, x Aca-

demic Editor: Firstname Lastname 

Received: date 

Accepted: date 

Published: date 

Publisher’s Note: MDPI stays neu-

tral with regard to jurisdictional 

claims in published maps and institu-

tional affiliations. 

 

Copyright: © 2021 by the authors. 

Submitted for possible open access 

publication under the terms and con-

ditions of the Creative Commons At-

tribution (CC BY) license (http://cre-

ativecommons.org/licenses/by/4.0/). 

mailto:liuying.hube@outlook.com
mailto:bignfengge@outlook.com
mailto:jiahui-liu@outlook.com
mailto:zhang_jitao@outlook.com
mailto:dmitry.filippov@novsu.ru


J. Compos. Sci. 2022, ?, x FOR PEER REVIEW 2 of 14 
 

 

ferromagnetic and ferroelectric phases in form of bulk composites as well as thick film or 43 

thin film layered structures and nanocomposites in the form of nanopillars in a host ma- 44 

trix, core-shell particles and core-shell nanofibers [4-11]. In spite of these early efforts, the 45 

question of increasing the efficiency of the field conversion in ME materials remains fun- 46 

damental at present. The efficiency is very important especially in the low-frequency re- 47 

gion, where the strength of the ME coupling is practically independent of frequency. Alt- 48 

hough the ME effect in the electromechanical resonance region is much stronger than at 49 

low-frequency, the frequency width of the electromechanical resonance line is rather nar- 50 

row.  Therefore, in applications such as energy harvesters operating at the resonance fre- 51 

quency will not be efficient. In contrast to single phase multiferroics, where the ME inter- 52 

action mechanism is a change in the electron spin–orbit interaction upon application of an 53 

external electric field [12], the ME response mechanism in PE-MS composites is the me- 54 

chanical interaction between the piezoelectric and magnetostrictive subsystems [13]. 55 

When a magnetic field is applied mechanical deformations occur due to magnetostriction, 56 

which is transferred to the piezoelectric and resulting in a change in polarization. The 57 

most common ferromagnetic materials for creating the composites are permendur, nickel, 58 

Terfenol-D, and amorphous Metglas alloy. When they are placed in a magnetic field in 59 

the plane of the sample, longitudinal deformations of the tension-compression type are 60 

transferred to the PE layer and also bending deformations in the case of asymmetric struc- 61 

tures. 62 

In bilayers the contribution from bending deformation to ME coupling is significant 63 

[14,15].  A bimorph asymmetric structure consisting of two layers of PZT with opposite 64 

directions of polarization and located between two magnetic layers which were an amor- 65 

phous Metglas alloy with positive magnetostriction and a nickel layer with negative mag- 66 

netostriction was studied in the work of Ref. [16]. The magnitude of the ME interaction in 67 

such a structure turned out to be an order of magnitude higher than in a two-layer Ni- 68 

PZT structure with similar parameters and comparable sizes. In the works of Refs. [16– 69 

18], experimental studies of the ME coupling in the Terfenol-D/PZT/Ni structure at vari- 70 

ous nickel thicknesses are presented. In these works, it was shown that the efficiency of 71 

ME conversion in the region of the flexural vibration mode significantly exceeds the value 72 

of ME interaction in two-layer structures. The theory of the ME effect caused by bending 73 

deformations in a three-layer structure with two adjacent magnetic layers and a piezoe- 74 

lectric layer was presented in Ref.[19]. In this work, the contribution to the ME interaction 75 

only from bending vibrations was considered. However, in a two-layer structure, the con- 76 

tributions to the ME effect from longitudinal and bending vibrations have different signs, 77 

and their contributions to the resulting ME effect are dependent on the layer thickness. 78 

In this report, two types of asymmetric three-layer structures are considered.  Type- 79 

1 in which the piezoelectric (PE) layer is located between two magnetostrictive (MS) layers 80 

with positive and negative magnetostriction and Type-2 in which the PE layer is on top of 81 

two adjacent MS layers. The contributions to the ME effect from longitudinal and bending 82 

vibrations are taken into account. The purpose of this work was to model the influence of 83 

the two MS layers with positive and negative magnetostrictions on the strength of the ME 84 

interactions in each type and to determine the dependence of ME interaction strengths on 85 

the thicknesses of the MS layers. A widely used parameter characterizing the value of ME 86 

interactions is the ME voltage coefficient (MEVC) that is defined as the ratio of the induced 87 

electric field in the PE layer, (Vac/tp), to the applied AC magnetic field hac i.e., MEVC = 88 

Vac/(tp hac). We also considered the dependence of ME sensitivity coefficient, MESC= 89 

Vac /hac on the thickness of MS layers for the two types three-layer structures.  The model 90 

is applied to the case of composites with PZT and Ni, with negative magnetostriction,   91 

Metglas and Permendur with positive magnetostriction. 92 

2. Model  93 

Figure 1 shows the two types of trilayers consisting of PZT and MS layers with posi- 94 

tive and negative magnetostriction considered for modeling.    95 
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Fig. 1 Schematic drawing of (a) Type 1 and (b) Type 2 asymmetric trilayers, with PZT layer of thickness 𝑡𝑝 and mag-

netostrictive (MS) layers with positive (MS+) and negative (MS-) magnetostriction and thicknesses 𝑡𝑚1 and 𝑡𝑚2    

respectively. The dashed line represents the neutral plane. 

 

When a sample is placed in a magnetic field, compressive strains occur in a layer with 96 

negative magnetostriction (nickel or nickel ferrite, for example), and tensile strains occur 97 

in a layer with positive magnetostriction (Permendur, Terfenol-D, Metglas alloy). By 98 

means of a mechanical coupling through the interface, these deformations are transferred 99 

to the PZT layer, as a result of which longitudinal tensile or compressive deformations 100 

occur in it. In addition, since the mechanical stresses resulting from the deformations are 101 

not axial, a bending moment is also present which leads to bending deformations. As a 102 

result, when a sample is placed in a magnetic field, two types of deformations occur sim- 103 

ultaneously in a piezoelectric material - longitudinal deformations and bending defor- 104 

mations. Both types of these deformations contribute to the magnitude of the ME interac- 105 

tion. 106 

3. Longitudinal deformations 107 

When considering the ME interactions, we restrict ourselves to the quasi-static case, 108 

i.e., the case when the length and width of the sample are much smaller than the length. 109 

In this case, the change in strains and stresses along the length and width of the sample 110 

can be neglected and, in this case, elasto-and electrostatic equations have following forms: 111 

𝑆𝑖
𝑝

=
1

𝑌𝑝 (𝑇𝑖
𝑝

− 𝜈𝑇𝑗
𝑝

) + 𝑑31
𝑝

𝐸3, (1) 

𝑆𝑖
𝑚1 =

1

𝑌𝑚1
(𝑇𝑖

𝑚1 − 𝜈𝑇𝑗
𝑚1) + 𝑞1𝑖

𝑚1𝐻1, (2) 

𝑆𝑖
𝑚2 =

1

𝑌𝑚2
(𝑇𝑖

𝑚2 − 𝜈𝑇𝑗
𝑚2) + 𝑞1𝑖

𝑚2𝐻1, (3) 

𝐷3
𝑝

= 𝜀33
𝑝

𝐸3
𝑝

+ 𝑑31
𝑝

(𝑇1
𝑝

+ 𝑇2
𝑝

) , (4) 
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where the indices i and j take the values 1 and 2, and i  j . Here 𝑆𝑖
𝑝, 𝑆𝑖

𝑚1, 𝑆𝑖
𝑚2 are strain 112 

tensor components of piezoelectric, magnetostrictive layers MS+ and MS-, respectively, 113 

𝑌𝑝 , 𝑌𝑚1 , 𝑌𝑚2are their Young's moduli, 𝜈 is Poisson′s ratio,  𝐸3 , 𝐷3
𝑝  are components of 114 

the vector of the electric field and electric induction, 𝑇𝑖
𝑝, 𝑇𝑖

𝑚1 , 𝑇𝑖
𝑚2are the stress tensor 115 

components of PZT and MS+ and MS-, 𝑑31
𝑝 , 𝑞1𝑖

𝑚are piezoelectric and piezomagnetic coef- 116 

ficients, 𝜀33
𝑝  is the component of the permittivity. In contrast to Ref. [20], we do not as- 117 

sume that the width of the sample is much less than its length, so in this work we also 118 

take into account the contribution to the ME interaction from the stress T2, which is a more 119 

accurate modelling. 120 

For simplicity of calculations, we will assume that the sample's thickness is much smaller 121 

than its length and width. We also are supposed that the bond on interface is ideal, and 122 

we don’t take into account the effects, arisen on the interface. In this case we can assume 123 

that longitudinal strains are uniform throughout the layer volume, i.e., the following 124 

equality hold: 125 

𝑆𝑖
𝑚1 = 𝑆𝑖

𝑚2 = 𝑆𝑖
𝑝

= 𝑆𝑖 . (5) 

Under this assumption the longitudinal deformations for both types of structures, 126 

Type-1 and -2, will be the same and contributions to ME interactions for both type of 127 

structures will be the same. For following calculations, we will be using the modified pro- 128 

cedure in Ref. [20]. The equilibrium condition of the sample, namely the equality to zero 129 

the X and Y projections of the force, gives for this case the following equations: 130 

𝑡𝑝𝑇𝑖
𝑝+ 𝑡𝑚1𝑇𝑖

𝑚1 + 𝑡𝑚2𝑇𝑖
𝑚2 = 0, (6) 

where the index i takes the values 1,2. After that, expressing the components of the stress 131 

tensor from Eq. (1), Eq. (2) and Eq. (3) and substituting the obtained expressions into Eq. 132 

(6), we obtain the following equation relating the deformations with the applied magnetic 133 

and induced electric fields: 134 

(𝑆𝑖 + 𝜈𝑆𝑗) =
1

𝑌̄𝑡
{𝑌𝑝𝑡𝑝(1 + 𝜈)𝑑31

𝑝
𝐸3,𝑙𝑜𝑛𝑔 + [

𝑌𝑚1𝑡𝑚1(𝑞1𝑖
𝑚1 + 𝜈𝑞1𝑗

𝑚1) +

+𝑌𝑚2𝑡𝑚2(𝑞1𝑖
𝑚2 + 𝜈𝑞1𝑗

𝑚2)
] 𝐻1}.  (7) 

Here 𝑌̄ = (𝑌𝑝𝑡𝑝 + 𝑌𝑚1𝑡𝑚1 + 𝑌𝑚2𝑡𝑚2)/𝑡  is the average Young’s modulus, and 𝑡 = 𝑡𝑝 + 135 

𝑡𝑚1 + 𝑡𝑚2 is the total thickness of the sample. After simple transformations, we get 136 

(𝑆1 + 𝑆2) =
1

𝑌̄𝑡
{2𝑌𝑝𝑡𝑝𝑑31

𝑝
𝐸3,𝑙𝑜𝑛𝑔 + [

𝑌𝑚1𝑡𝑚1(𝑞11
𝑚1 + 𝑞12

𝑚1) +

+𝑌𝑚2𝑡𝑚2(𝑞11
𝑚2 + 𝜈𝑞12

𝑚2)
] 𝐻1}.  (8) 

Substituting this expression into Eq. (4) and take into account the open-circuit condition 137 

we obtained for the electric field induced in the piezoelectric layer due to longitudinal 138 

deformations the following expression: 139 

𝐸3,𝑙𝑜𝑛𝑔 =
𝑌𝑝𝑑31

𝑝

𝜀33𝑌̄𝑡

[𝑌𝑚1𝑡𝑚1(𝑞11
𝑚1+𝑞12

𝑚1)+𝑌𝑚2𝑡𝑚2(𝑞11
𝑚2+𝑞12

𝑚2)]

[1−𝜈−2𝑘𝑝
2(1−𝑌𝑝𝑡𝑝/𝑌̄𝑡)]

𝐻1, (9) 

where 𝑘𝑝
2 = 𝑌𝑝(𝑑31

𝑝
)

2
/𝜀33  denotes the square of the electromechanical coupling coeffi- 140 

cient. Using the definition of the MEVC in the form 𝛼𝐸,𝑙𝑜𝑛𝑔 = 𝐸3,𝑙𝑜𝑛𝑔/𝐻1, we obtain the 141 

expression for the contribution to MEVC from longitudinal deformations in the form: 142 

𝛼𝐸,𝑙𝑜𝑛𝑔 =
𝑌𝑝𝑑31

𝑝

𝜀33𝑌̄𝑡
⋅

[𝑌𝑚1𝑡𝑚1(𝑞11
𝑚1 + 𝑞12

𝑚1) + 𝑌𝑚2𝑡𝑚2(𝑞11
𝑚2 + 𝑞12

𝑚2)]

[1 − 𝜈 − 2𝑘𝑝
2(1 − 𝑌𝑝𝑡𝑝/𝑌̄𝑡)]

 (10) 

Along with the MEVC, which is the main ME parameter to characterizes the magnetic 143 

field-to-electric field conversion efficiency we can also use the other parameter, to charac- 144 

terize the electric response to the magnetic field. This parameter, namely the ME sensitiv- 145 

ity coefficient is equal to the ratio of the magnitude of the induced electric voltage 𝑈𝑙𝑜𝑛𝑔 = 146 

𝐸3𝑙𝑜𝑛𝑔𝑡𝑝 to the magnitude of the alternating magnetic field, i.e., 𝛽𝑈,𝑙𝑜𝑛𝑔 = 𝑈𝑙𝑜𝑛𝑔/𝐻1. Using 147 

Eq. (6) we get the following expression for the ME sensitivity coefficient (MESC): 148 

https://novsu-my.sharepoint.com/personal/dmitry_filippov_novsu_ru/Documents/%D0%9F%D0%B0%D1%81%D0%BF%D0%BE%D1%80%D1%82%20III.docx?web=1
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𝛽𝑈,𝑙𝑜𝑛𝑔 =
𝑌𝑝𝑑31

𝑝
𝑡𝑝

𝜀33𝑌̄𝑡
⋅

[𝑌𝑚1𝑡𝑚1(𝑞11
𝑚1+𝑞12

𝑚1)+𝑌𝑚2𝑡𝑚2(𝑞11
𝑚2+𝑞12

𝑚2)]

[1−𝜈−2𝑘𝑝
2(1−𝑌𝑝𝑡𝑝/𝑌̄𝑡)]

,  (11) 

Equations (10) and (11) make it possible to analyze the dependence of the MEVC and 149 

MESC due to longitudinal deformation on the physical parameters of the magnetostrictive 150 

and piezoelectric phases and their layer thicknesses. 151 

3. Bending deformations 152 

When an asymmetric structure is placed in a magnetic field, a bending moment 𝑀𝑦 153 

arises, leading to bending along axis 𝑋(1) and a bending moment 𝑀𝑋, leading to bending 154 

of the structure along axis 𝑌(2). The deformations 𝑆1 and 𝑆2 arising in this case are pro- 155 

portional to the bending moments 𝑀𝑦 and 𝑀𝑥 respectively and they are inversely pro- 156 

portional to the stiffness of the structure at bending along length 𝐿 and width 𝑊.  157 

When considering the bending deformations, we will assume that the bonding be- 158 

tween the layers is ideal and, according to the Bernoulli hypothesis [21] the following re- 159 

lation holds for the deformations of the piezoelectric and the two magnetic layers: 160 

𝑆𝑖 = (𝑧 − 𝑧0)/𝜌𝑖, (12) 

where 𝑧0 is the neutral line coordinate and 𝜌𝑖 is the radius of curvature of the neutral 161 

line along i axe. The bending moment 𝑀𝑖, occurs in MS layers by applying magnetic field 162 

𝐻1 and is related to the radius of curvature by the relation: 163 

1/𝜌𝑖 = 𝑀𝑗/𝐷𝑖, (13) 

where 𝐷𝑖 = (𝑌𝑚1𝐽𝑖,𝑧0
𝑚1 + 𝑌𝑚2𝐽𝑖,𝑧0

𝑚2 + 𝑌𝑝𝐽𝑖,𝑧0
𝑝

) is the cylindrical stiffness of the structure. Here 164 

𝐽𝑖,𝑧0
𝑚1 , 𝐽𝑖,𝑧0

𝑚2    and 𝐽𝑖,𝑧0
𝑝  are the moment of inertia of the layered sections about the neutral axis 165 

0z . The position of the neutral line is determined from the condition that the X-projection 166 

of the force is equal to zero. 167 

The bending moment, the position of the neutral axis and, as a result, the moment of 168 

inertia of the layers about the neutral axis for Type-1 and Type-2 will be different. It will 169 

result in longitudinal deformations opposite in direction and the contributions to MEVC 170 

due to bending deformations from for the two composites will be different. 171 

 172 

 3.1 Type-1 Structure 173 

For this type of asymmetric composite, the position of the neutral line, the bending mo- 174 

ment and the moments of inertia are given by the following expressions: 175 

𝑧0 = 0.5 [
𝑌𝑚1(𝑡𝑚1)2+𝑌𝑝(𝑡𝑝)2 + 𝑌𝑚2(𝑡𝑚1)2 + 2𝑌𝑝𝑡𝑚1𝑡𝑝 +

+2𝑌𝑚2(𝑡𝑚1 + 𝑡𝑝)𝑡𝑚2 ]/𝑌̄𝑡, (14) 

𝑀𝑗 = 𝑊𝑖 [𝑞1i
𝑚1𝑌𝑚1𝑡𝑚1 (

𝑡𝑚1

2
− 𝑧0)

+ 𝑞1i
𝑚2𝑌𝑚2𝑡𝑚2 (𝑡𝑚1 + 𝑡𝑝 +

𝑡𝑚2

2
− 𝑧0)] 𝐻1 

(15) 

𝐽𝑖,𝑧0

𝑚1 =
1

12
𝑊𝑖(𝑡𝑚1)3 + 𝑊𝑖𝑡

𝑚1(0.5𝑡𝑚1 − 𝑧0)2, (16) 

𝐽𝑖,𝑧0

𝑝
=

1

12
𝑊𝑖(𝑡𝑝)3 + 𝑊𝑖𝑡

𝑝(𝑡𝑚1 + 0.5𝑡𝑝 − 𝑧0)2, (17) 

𝐽𝑖,𝑧0

𝑚2 =
1

12
𝑊𝑖(𝑡𝑚2)3 + 𝑊𝑖𝑡

𝑚2(𝑡𝑚1 + 𝑡𝑝 + 0.5𝑡𝑚2 − 𝑧0)2, (18) 
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where 𝑊𝑖 = 𝑊 for i =1 and 𝑊𝑖 = 𝐿 for i =2, 𝑊 is the width of the sample.  176 

As can see from Eq. (15) – (18), bending moment 𝑀𝑗 and stiffness 𝐷𝑖  linear depend on 177 

𝑊𝑖, because but their relationship 
𝑀𝑗

𝑊𝑖
  does not depend on W or L. For further calculations, 178 

we introduce the following notation 𝐷 = 𝐷𝑖/𝑊𝑖 is a cylindrical stiffness of the structure 179 

and 𝑚𝑥 =
𝑀𝑥

𝐿
, 𝑚𝑦 =

𝑀𝑦

𝐿
. 180 

The neutral line position depends on the relation between thicknesses of the PE layer, first 181 

and second MS layers and can lie either in the PE layer or in the MS layers. If the neutral 182 

line is in the PE layer, then in this case the part of the PE that lies above the neutral line 183 

undergoes tension (compression), and the other part undergoes compression  (tension). 184 

As a result, the resulting electric fields in different parts of the PE layers will have opposite 185 

directions, because of which the total electric field will decrease. If the neutral layer is in 186 

a MS layer, then the bending moments arising under the action of the magnetic field in 187 

the parts located on opposite sides of the neutral line will have opposite directions, and 188 

the net bending moment decreases. The maximum ME response will be in the case when 189 

the neutral line is located at the interface between the MS layer and the PE layer, i.e., when 190 

the neutral line coordinate 𝑧0 = 𝑡𝑚1 or 𝑧0 = (𝑡𝑚1 + 𝑡𝑝). Using Eq. (11) one can calculate 191 

the thicknesses of the layers for maximum MEVC. Under the action of a bending moment, 192 

the structure bends, and the resulting deformations induce an electric field is induced in 193 

the PE layer. Using equations (9) and (10), as well as the open circuit condition, for the 194 

electric field inducing by bending deformations, we obtain the following expression: 195 

𝐸3 ,𝑏𝑒𝑛𝑑
𝑝

= 𝑌𝑝
𝑑31 

𝑝
(𝑚𝑥 + 𝑚𝑦)

𝜀33
𝑝

𝐷(1)(1 − 𝑘𝑝
2)

(𝑧 − 𝑧0). (19) 

In contrast to the case of longitudinal deformations in which the induced electric field 196 

is uniform over the thickness of the sample, bending deformation induced electric field is 197 

nonuniform over the thickness of the piezoelectric. The value of MEVC 𝛼𝐸,𝑏𝑒𝑛𝑑, associated 198 

with the bending is determined as follows: 199 

𝛼𝐸,𝑏𝑒𝑛𝑑 =< 𝐸3,𝑏𝑒𝑛𝑑 >/𝐻1, (20) 

where < 𝐸3,𝑏𝑒𝑛𝑑 > is the average value of the induced electric field strength, which for 200 

the given structure is given by: 201 

< 𝐸3,𝑏𝑒𝑛𝑑 >=
1

𝑡𝑝
∫ 𝐸3,𝑏𝑒𝑛𝑑

𝑡𝑚1+𝑡𝑝

𝑡𝑚1
𝑑𝑧 (21) 

Substituting Eq. (16) into Eq. (18) and integrating, we obtain the expression for the average 202 

value of the induced electric field strength. Then, using Eq. (17) for the contributions to 203 

MEVC and MESC by bending deformations for the first type structure we get the follow- 204 

ing expressions: 205 

𝐸,𝑏𝑒𝑛𝑑
(1)

=

= 𝑌𝑝
𝑑31

𝑝
[(𝑞11

𝑚1 + 𝑞12
𝑚1)𝑌𝑚1𝑡𝑚1 (

𝑡𝑚1

2
− 𝑧0) + (𝑞11

𝑚2 + 𝑞12
𝑚2)𝑌𝑚2𝑡𝑚2 (𝑡𝑚1 + 𝑡𝑝 +

𝑡𝑚2

2
− 𝑧0)]

𝜀33
𝑝

𝐷(1)(1 − 𝑘𝑝
2)

 

((𝑡𝑚1 +
𝑡𝑝

2
) − 𝑧0),  

(22) 

𝛽𝐸,𝑏𝑒𝑛𝑑
(1)

=

= 𝑌𝑝
𝑑31

𝑝
𝑡𝑝 [(𝑞11

𝑚1 + 𝑞12
𝑚1)𝑌𝑚1𝑡𝑚1 (

𝑡𝑚1

2
− 𝑧0) + (𝑞11

𝑚2 + 𝑞12
𝑚2)𝑌𝑚2𝑡𝑚2 (𝑡𝑚1 + 𝑡𝑝 +

𝑡𝑚2

2
− 𝑧0)]

𝜀33
𝑝

𝐷(1)(1 − 𝑘𝑝
2)

 

((𝑡𝑚1 +
𝑡𝑝

2
) − 𝑧0). 

  (23) 
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The values of the moments of inertia 𝐽𝑧0
𝑚1, 𝐽𝑧0

𝑝  and 𝐽𝑧0
𝑚2 are proportional to the width 206 

of the sample 𝑊, so the denominators in expressions (22) and (23) do not depend on the 207 

width of the sample and the ME conversion efficiency is determined only by the physical 208 

parameters of the three layers and their thicknesses. Equations (22), (23) can be used to 209 

estimate the dependence of the MEVC and the MESC on the physical and geometrical 210 

parameters of the Type-1 three-layer structure.  211 

3.2 Type-2 Structure 212 

For the second type of structure, the position of the neutral line, the bending moment are 213 

given by the following expressions: 214 

𝑧0 = 0.5 [
𝑌𝑚1(𝑡𝑚1)2+𝑌𝑝(𝑡𝑝)2 + 𝑌𝑚2(𝑡𝑚1)2 + 2𝑌𝑚2𝑡𝑚1𝑡𝑚2 +

+2𝑌𝑝(𝑡𝑚1 + 𝑡𝑚2)𝑡𝑝 ]/𝑌̄𝑡, (24) 

𝑚𝑗 = [𝑞1i
𝑚1𝑌𝑚1𝑡𝑚1 (

𝑡𝑚1

2
− 𝑧0) + 𝑞1i

𝑚2𝑌𝑚2𝑡𝑚2 (𝑡𝑚1 +
𝑡𝑚2

2
− 𝑧0)] 𝐻1 (25) 

𝐽𝑖,𝑧0

𝑚1 =
1

12
𝑊𝑖(𝑡𝑚1)3 + 𝑊𝑖𝑡

𝑚1(0.5𝑡𝑚1 − 𝑧0)2, (26) 

𝐽𝑖,𝑧0

𝑚2 =
1

12
𝑊𝑖(𝑡𝑚2)3 + 𝑊𝑖𝑡

𝑚2(𝑡𝑚1 + 0.5𝑡𝑚2 − 𝑧0)2, (27) 

𝐽𝑖,𝑧0

𝑝
=

1

12
𝑊𝑖(𝑡𝑝)3 + 𝑊𝑖𝑡

𝑝(𝑡𝑚1 + 𝑡𝑚2 + 0.5𝑡𝑝 − 𝑧0)2, (28) 

Using these equations and following the same procedure as for Type-1 composite, we ob- 215 

tain the following expressions for the coefficients characterizing the ME interaction: 216 

𝐸,𝑏𝑒𝑛𝑑
(2)

=

= 𝑌𝑝
𝑑31

𝑝
[(𝑞11

𝑚1 + 𝑞12
𝑚1)𝑌𝑚1𝑡𝑚1 (

𝑡𝑚1

2
− 𝑧0) + (𝑞11

𝑚2 + 𝑞12
𝑚2)𝑌𝑚2𝑡𝑚2 (𝑡𝑚1 +

𝑡𝑚2

2
− 𝑧0)]

𝜀33
𝑝

𝐷(2)(1 − 𝑘𝑝
2)

 

((𝑡𝑚1 + 𝑡𝑚2 +
𝑡𝑝

2
) − 𝑧0), 

   

(29) 

𝛽𝐸,𝑏𝑒𝑛𝑑
(2)

=

= 𝑌𝑝
𝑑31

𝑝
𝑡𝑝 [(𝑞11

𝑚1 + 𝑞12
𝑚1)𝑌𝑚1𝑡𝑚1 (

𝑡𝑚1

2
− 𝑧0) + (𝑞11

𝑚2 + 𝑞12
𝑚2)𝑌𝑚2𝑡𝑚2 (𝑡𝑚1 +

𝑡𝑚2

2
− 𝑧0)]

𝜀33
𝑝

𝐷(2)(1 − 𝑘𝑝
2)

 

((𝑡𝑚1 + 𝑡𝑚2 +
𝑡𝑝

2
) − 𝑧0). 

   

(30) 

 217 

4. Results and Discussions 218 

    The net MEVC 𝛼𝐸,𝑛𝑒𝑡  and the MESC 𝛽𝑈,𝑛𝑒𝑡 t are the sums of the contributions from 219 

longitudinal and bending deformations and are given by: 220 

𝛼𝐸,𝑛𝑒𝑡 = 𝛼𝐸,𝑙𝑜𝑛𝑔 + 𝛼𝐸,𝑏𝑒𝑛𝑑, (31) 

𝛽𝑈,𝑛𝑒𝑡 = 𝛽𝑈,𝑙𝑜𝑛𝑔 + 𝛽𝑈,𝑏𝑒𝑛𝑑, (32) 

Both longitudinal and bending contributions are proportional to the product of the piezo- 221 

electric coefficient 𝑑31
𝑝 ,the piezomagnetic coefficient 𝑞11

𝑚  and the Young's modulus of the 222 
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piezoelectric 𝑌𝑝 and are inversely proportional to the permittivity𝜀33
𝑝 . For the quasi-static 223 

case the contributions do not depend on the width and length of the sample, but will de- 224 

pend on the thickness of the piezoelectric and both magnetic layers.  225 

   For longitudinal deformations in a magnetic field, MS(-) layer experiences compres- 226 

sion, and a layer with MS(+) experiences tension. As a result, depending on the thickness 227 

ratio of the MS layers, the PE layer can experience either compression or tension, depend- 228 

ing on the position of the neutral layer, one part can experience tension and the other 229 

compression. For small thicknesses of the layer with positive magnetostriction, the com- 230 

pression force is greater than the tension force, as a result of which the contribution from 231 

longitudinal deformations to the magnitude of the ME effect is positive and decreases 232 

with increasing thickness of the second layer until the following equality occurs 233 

𝑌𝑚1𝑡𝑚1(𝑞11
𝑚1 + 𝑞12

𝑚1) + 𝑌𝑚2𝑡𝑚2(𝑞11
𝑚2 + 𝑞12

𝑚2) = 0 . (33) 

For these thicknesses of MS layers, the contribution to MEVC from longitudinal defor- 234 

mations is zero. With a further increase in the thickness of the second MS layer, the value 235 

of MEVClong changes sign and begins to increase, and at thicknesses 𝑡𝑚2 ≫ 𝑡𝑚1, 𝑡𝑝 tends 236 

to the limit value equal to 237 

 238 

lim
𝑡𝑚2→∞

(𝛼𝐸,𝑙𝑜𝑛𝑔) = 𝑌𝑝𝑑31
𝑝 (𝑞11

𝑚2 + 𝑞12
𝑚2)/𝜀33 . (34) 

For the Type-1 structure, the contribution to the magnitude of the ME interaction from 239 

bending deformations for small thicknesses of the second MS layer has the opposite sign 240 

to longitudinal deformation. As the thickness of the second layer increases, its contribu- 241 

tion begins to grow and reaches a maximum when the neutral layer lies at the interface 242 

between the layers with negative and positive magnetostriction, i.e., when  243 

𝑡𝑚1 = 0.5[𝑌𝑚1(𝑡𝑚1)2+𝑌𝑝(𝑡𝑝)2 + 𝑌𝑚2(𝑡𝑚1)2 + 2𝑌𝑝𝑡𝑚1𝑡𝑝 + 2𝑌𝑚2(𝑡𝑚1 +

+𝑡𝑝)𝑡𝑚2]/𝑌̄𝑡 . 
(35) 

With a further increase, the value of the ME coefficient begins to decrease since the neutral 244 

layer moves into the piezoelectric, and as a result a part of the PE experiences tension, and 245 

another part compression, which leads to a decrease in the magnitude of the ME interac- 246 

tion. In the case when the neutral layer lies in the middle of the piezoelectric layer, i.e., for 247 

a given structure, when the relation 𝑧0 = 𝑡𝑚1 + 0.5𝑡𝑝 is satisfied, then in this case, accord- 248 

ing to equation (19), the contribution from bending vibrations to the magnitude of the ME 249 

interaction will be equal to zero. With a further increase, the value of MEVC due to bend- 250 

ing begins to increase. But the analysis of the contribution with a further increase in the 251 

thickness of the second magnetostrictive layer is of no interest since such structures are 252 

not realized in practice. 253 

Next, we apply the theory to representative three-layer composites with Ni, , 254 

Permendur (an alloy of Fe, Co, and V), or Metglas for the ferromagnetic layer and PZT for 255 

the piezoelectric layer.  Nickel  has a negative longitudinal magnetostriction whereas it 256 

is positive for Permendur and Metglas. The piezomagnetic coefficients for the ferromag- 257 

nets and the piezoelectric coefficient for PZT are listed in Table 1.    258 

Table 1. Parameters of materials of composite structures 259 

Material 

Young's  

modulus Y,  

GPa 

Piezomodules 

d31, pC/N; and  

q11, q12 ppm/Oe 

Permittivity  

PZT 66.7 d31 =-175 1750 

Ni 215 q11 =- 0.07, q12=+0.02 - 

Pe 207 q11 =+0.02, q12=-0.003 - 

Metglas 110 q11 =+0.3, q12=-0.03  
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The value of the piezoelectric module d31 was used from [22] and the values of the 260 

piezomagnetic modules q=dλ/dH were get using the data for magnetostriction curves [23- 261 

25] at the bias magnetic field near 50 Oe.     262 

Figures 2 and 3 show the MEVC and MESC dependences, respectively, for Type-1 263 

composite for nickel with negative magnetostriction, PZT, and Metglas with positive mag- 264 

netostriction. In Figure 2 MEVS is shown as a function of Metglas thickness for a fixed 265 

PZT and Ni thicknesses of 𝑡𝑝 =0.2 mm and 𝑡𝑚1=0.2 mm respectively. As can be seen from 266 

Figure 2, the net MEVC has a broad maximum in the region located beyond the region 267 

where (MEVC)long changes sign, and beyond the region where (MEVC)bend has a maxi- 268 

mum.  For the trilayer composite the MEVC is a factor of five higher than for Ni/PZT 269 

bilayer. With a further increase in the thickness of the second MS layer, MEVC decreases 270 

due to the decrease in the contribution from bending caused by the increase in the stiffness 271 

of the structure. 272 
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Figure 2. Estimated dependence of MEVC in a Ni - PZT 

– Metglas first type three-layered structures on the 

Metglas layer thickness. The PZT layer thickness 𝑡𝑝 =

0.2 𝑚𝑚, the Ni thickness 𝑡𝑚1 = 0.2 𝑚𝑚. 

Figure 3. Estimated dependence of MESC in a Ni - PZT – 

Metglas first type three-layered structures on the PZT 

layer thickness. The Ni layer thickness 𝑡𝑚1 = 0.2 𝑚𝑚, the 

Metglas thickness 𝑡𝑚2 = 0.2 𝑚𝑚. 

 273 

   Figure 3 shows the estimated variation in MESC with the thickness of PZT layer. The 274 

Ni thickness and Metglas are assumed to be 0.2 mm. These thicknesses were chosen be- 275 

cause they correspond to the region where the MEVC has a maximum. The MESC is zero 276 

at 𝑡𝑝 = 0. The MESC caused by longitudinal deformations increases with the increase of 277 

PZT layer thickness and predicted to attain saturation at 𝑡𝑝 ≫ 𝑡𝑚1, 𝑡𝑚1. This saturation 278 

value of MESC equals: 279 

(𝛽𝑈,𝑙𝑜𝑛𝑔)𝑡𝑝→∞ = 𝑑31
𝑝 [𝑌𝑚1𝑡𝑚1(𝑞11

𝑚1 + 𝑞12
𝑚1) + 𝑌𝑚2𝑡𝑚2(𝑞11

𝑚2 + 𝑞12
𝑚2)]/𝜀33 (33) 

The MESC due to bending deformations increases with the increase in  𝑡𝑝, then it reaches 280 

a maximum value and then slowly decreases with a further increase in the thickness of 281 

the piezoelectric layer. The net MESC first increases with increase in 𝑡𝑝, then there is a 282 

small plateau in its value but this plateau is observed at large thickness of PZT which 283 

seldom is used in practice. 284 

 285 

 286 
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Figure 4. Estimated dependence of MEVC in a Ni - 

Metglas  - PZT second type three-layered structures on 

the Metglas layer thickness. The PZT layer thickness 𝑡𝑝 =

0.2 𝑚𝑚, the Ni thickness 𝑡𝑚1 = 0.2 𝑚𝑚. 

Figure 5. Estimated dependence of MESC in a Ni - 

Metglas - PZT second type three-layered structures on 

the PZT layer thickness. The Ni layer thickness 𝑡𝑚1 =

0.2 𝑚𝑚, the Metglas thickness 𝑡𝑚2 = 0.2 𝑚𝑚. 

Theoretical estimates of MEVC and MESC for the Type-2 three-layered structures of 287 

Ni-Metglas- PZT are shown in Figures 4 and 5, respectively. As can see from Fig. 4 MEVC 288 

due to longitudinal deformations is the same as for the Type-1. This fact is a consequence 289 

of the assumption that the longitudinal deformations of the piezoelectric and two magne- 290 

tostrictive layers are the same. The contribution to MEVC from bending for Type-2 struc- 291 

ture, however, is different from Type-1 structures. The (MEVC)bend value for Type-2 has 292 

high rate of increase with the thickness of the Metglas until the position of the neutral line 293 

lies into the Metglas layer. With further increase in Metglas thickness the rate of change 294 

in the (MEVC)bend begins to decrease and reaches a plateau. The (MESC)bend value for in 295 

Fig.5 at first increased with increase in PZT thickness, then it has plateau and then begins 296 

to decrease.   297 

Figure 6 shows estimates of MEVC as a function of Metglas thickness for both types 298 

of trilayers with Ni and PZT. Both structures are expected to have higher maximum 299 

MEVC than bilayer of Ni-PZT. The maximum value for Type-1 structure is a factor of 300 

higher than the value for Ni-PZT bilayer whereas the maximum value for MEVC is an 301 

order of magnitude than for the Ni-PZT bilayer.  302 
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Figure 6. Estimated dependence of MEVC in a Ni - PZT - Metglas  - (type-1) and Ni - 304 

Metglas – PZT (type-2) three-layered structures on the Metglas layer thickness. The PZT 305 

layer thickness 𝑡𝑝 = 0.2 𝑚𝑚, the Ni thickness 𝑡𝑚1 = 0.2 𝑚𝑚. 306 

 307 

Similar theoretical values of ME response and sensitivity are shown in Figure 7 and 308 

8 for Type-1 trilayer with Ni-PZT-Permendur (for positive magnetostriction). The differ- 309 

ence between Permendur and Metglas layers is that Pe has a factor of two higher Young’s 310 

modulus value than Metglas, but Permendur has fifteen-time smaller piezomagnetic co- 311 

efficient value than Metglas. Thus, (MEVC)long ~ 0 for Permendur layer thickness which is  312 

eight time higher than Metglas thickness.  313 
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Figure 7. Estimated dependence of MEVC in a Ni - PZT – 

Permendur first type three-layered structures on the 

Permendur layer thickness. The PZT layer thickness 𝑡𝑝 =

0.2 𝑚𝑚, the Ni thickness 𝑡𝑚1 = 0.2 𝑚𝑚. 

Figure 8. Estimated dependence of MESC in a Ni - PZT – 

Permendur first type three-layered structures on the PZT 

layer thickness. The Ni layer thickness 𝑡𝑚1 = 0.2 𝑚𝑚, the 

Permendur thickness 𝑡𝑚2 = 0.15 𝑚𝑚. 

 314 
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Figures 9 and 10 show the theoretical estimates of the dependencies of the MEVC and 315 

MESC for Type-2, Ni – Permendur-PZT, trilayer. As can see from Fig. 7 and Fig.9 the 316 

MEVC for three-layered Ni – PZT – Pe structures has the same value as for bilayer Ni – 317 

PZT structures, thus using the three-layered Ni – PZT – Pe structures are impractical. 318 
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Figure 9. Estimated dependence of MEVC in a Ni - 

Permendur - PZT second type three-layered structures 

on the Permendur layer thickness. The PZT layer thick-

ness 𝑡𝑝 = 0.2 𝑚𝑚, the Ni thickness 𝑡𝑚1 = 0.2 𝑚𝑚. 

Figure 10. Estimated dependence of MESC in a Ni - 

Permendur - PZT second type three-layered structures on 

the PZT layer thickness. The Ni layer thickness 𝑡𝑚1 =

0.2 𝑚𝑚, the Permendur thickness 𝑡𝑚2 = 0.15 𝑚𝑚. 

 320 
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Figure 11. Estimated dependence of MEVC in a Ni - PZT - Pe  - first type and Ni - Pe  - 323 

PZT  second type three-layered structures on the Permendur layer thickness. The PZT 324 

layer thickness 𝑡𝑝 = 0.2 𝑚𝑚, the Ni thickness 𝑡𝑚1 = 0.2 𝑚𝑚. 325 

 326 

On the Fig. 11 shown the dependencies of the net MEVC as a function of Pe thickness 327 

for both the first and second types of structures. As can see from Fig.11 both Ni – PZT – 328 
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Pe structures have the same value as for bilayer Ni – PZT structures, thus using the three- 329 

layered Ni – PZT – Pe structures are impractical.  330 

 331 

4. Conclusions 332 

The best ME coupling have the asymmetric three-layered Ni – Metglas – PZT structures. 333 

The ME coupling in these structures is in several time more than bilayer Ni – PZT struc- 334 

tures. This fact connected with them, that both materials Ni and Metglas have been the 335 

maximum piezomagnetic coefficient in the region bias magnetic field near 50 Oe. The 336 

three-layered Ni – Pe – PZT structures demonstrated the same ME coupling as bilayer Ni 337 

– PZT structures at bias magnetic field near 50 Oe. This is explained by that Pe has maxi- 338 

mum piezomagnetic coefficient at bias magnetic field near 600 Oe, but at this magnetic 339 

field the Ni piezomagnetic coefficient become is very decreases, thus using three - layered 340 

Ni-PZT-Pe structures are impractical. 341 

The use of three-layer structures makes it possible to control the ME characteristics over 342 

a wide range. 343 
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