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Abstract

Multilayer composites of piezoelectric and magnetostrictive materials can be designed
to exhibit the magnetoelectric (ME) effect. This ME effect can be realised as an
electric polarisation induced by a magnetic field (called MEy effect) or a
magnetization by an electric field (called MEg effect). Theoretical modelling of the
MEg effect for 2-2 connectivity composites has been developed for three different
boundary conditions for perfect coupling at the interface. The calculated MEg
coefficients using material properties of piezoelectric lead zirconate titanate (PZT)
and magnetostrictive Terfenol-D are a few orders of magnitude larger than those of
single phase ME materials and the calculated values are compared with experimental

results in the literature.
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I.  INTRODUCTION

The magnetoelectric effect (ME) is characterized by the appearance of an electric
polarization on applying a magnetic filed ( 0=0P/3H, called the MEy effect) or by the
appearance of a magnetization on applying an electric field (0=6M/SE, called MEg
effect). It was originally predicted by Landau and Lifshitz from thermodynamics and
symmetry considerations'. This effect was first measured in a Cr,Oj; crystal by a
dynamic MEg method” and then confirmed with a MEy; method™*. The ME effect in
single phase materials is usually very small and often can only be detected at very low
temperatures, e.g., the ME coefficient o for Cr,O3 is no more than 4.13x10™% (s/m) at
room temperature and the largest observed ME coefficient in single phase materials

was seen in TbPO, (36.7 x10™ (s/m) ) below 2.2K>°.

The ME effect can also be achieved through product property’™, where the magnetic-
electric coupling in some magnetostrictive-piezoelectric composites could be a few

7-17
orders larger

than that in the single phase materials. Van Suchtelen proposed the
product property concept, whereby entirely new properties could be achieved by
coupling a pair of tensor properties in two materials that were intimately mixed’.
Since then two main materials processing routes have been investigated to achieve
ME effect this way, namely, (a) particulate magnetostrictive (MS) and piezoelectric
(PE) composites and (b) laminated MS/PE composites. Investigations on eutectic co-
existing phases of spinel cobalt ferrite-cobalt titanate and perovskite barium titanate

achieved a magnetoelectric voltage coefficient og (= a/gog;) of ~ 50 mV/em Oe,

despite the theoretical estimation being 40-60 times larger®, here &, is the relative



permittivity and g the permittivity in vacuum. Similar ME coefficients were
obtained with particulate composites of the giant MS rare-earth-iron alloy Tb;.
Dy,Fe, (TFD) and lead zirconate titanate (PZT) and PVDF polymer’. A recent
investigation of CoFe,04-BiFeO; nanocomposites obtained values for oy as high as
280 mV/cm Oe'’. On the other hand, laminated MS/PE structures have been found to
show much higher MEy coefficients. Values for o of 1500 mV/cm Oe for ferrite-
PZT" and 4680 mV/cm Oe for TED/PZT laminar structures'? have been reported.
Significant enhancement of the MEy response can be obtained when the modulation
frequency of the applied fields coincides with magnetic, electrical or mechanical

eigenmodes of the system under study">"”

. Partly because it is easier to realise, the
published works on the ME effect as a product property in composite materials has so

far concentrated entirely on the MEy effect, namely, a magnetic field H as the input

and an electric voltage as the output.

Nowadays, electronic data is typically stored as regions of magnetic polarisation
within ferromagnets and the magnetic polarisation can be reversed by magnetic fields.
The manipulation of magnetisation by means other than magnetic fields for example
electric fields could find applications in magnetic storage, spintronics'®, and other
magnetic sensing and actuating micro-electric-mechanical systems (MEMS)
devices'. Recently electrically controlled magnetic switches in the hole-induced
ferromagnetic semiconductor (In,Mn)As'’ and in the magnetic ferroelectric compound
HoMnO;*  via magnetoelectric interaction, and the efficient coupling between
ferroelectric and magnetic order parameters in the self-organised nanocomposite

BaTiO3—CoFezO421 have been investigated.



Recently, we have investigated the MEg effect in laminated MS/PE composites and
observed a large induced magnetization by applying an electric field to the
composites”. This communication presents a theoretical calculation of the induced
magnetisation by the electric field for the laminated MS/PE composites. For the low
frequency response of the MEy effect, Harshe™ et. al developed theoretical models
for MS/PE composites with 2-2 connectivity and obtained expressions for the
longitudinal MEy coefficients by assuming an ideal coupling at the MS and PE
interfaces. This model was improved to account for the non-perfect coupling at the

242 There is no published work on the

interfaces by Bichurin, Petrov and Srinivasan
modelling of the MEg, effect as a product property. In this paper, we will use the basic
constituent equations for the PE and MS materials to obtain modelling results for the

MEE coefficients for laminated MS/PE composites and compare these figures with

experimental results in the literature.

II. GENERAL THEORY

We consider a bilayer consisting of magnetostrictive (MS) and piezoelectric (PE)
materials. For many cases, both the MS and PE materials are polycrystalline, and
therefore have the symmetry com. Usually, the electric polarisation or the easy
magnetization direction (which is often the bias DC magnetic field direction as well)
is assigned direction 3 in the Cartesian coordinate system so that the material property
matrix can be defined. This will make it much easier for material scientists to assign
values from the general property matrix to their material property parameters. For this
purpose a Cartesian coordinate system is applied to the MS or PE phase and 3 is

always the polarization or the easy magnetization direction. Table I summaries some



symmetry relations for non-zero coefficients of piezoelectric and piezomagnetic
phases. Only the linear ME effect is considered, any bilinear or higher order effects
are ignored. We also ignore the hysteresis effect of magnetization®’. Perfect coupling

between the MS and PE layers is assumed.

We assume that there is no bending of the structure. In practice, this can be achieved
by configuring a symmetric sandwich structure such as MS/PE/MS or PE/MS/PE,
where the total cross sectional area of the MS (PE) layer accounts for the area of the

MS (PE) phase.

For piezoelectric materials,

°S,="SE PT, +d,E, "
D, =d; T, +&,E,

Where PS; and ij are the strain and stress tensor components of the PE phase, Ex and

D;j are the vector components of electric field and electric displacement, psijE are

components of compliance at constant electric field of the PE phase, and d;j and g;; are
components of piezoelectric coefficient and permittivity matrix respectively. Notice

that the Einstein summation convention has been applied.

. . .. . 2
For piezomagnetive magnetostrictive materials, we have®

H
mSi:m ! m

Tj +0Hy

g )
B =q; T, +H;

Where ™S; and ™T; are the strain and stress tensor components of the MS phase, Hy
j p p

and B; are the vector components of magnetic field and magnetic induction, " Si,H are



components of compliance at constant magnetic field of the MS phase, and q;; and L;

are components of piezomagnetic coefficient and permeability matrix respectively.

If a DC bias field of Hy, and a small AC field of 0E # 0 and dH=0 are applied, then

the above equations for AC response become

o's, :pSijEé"’Fj +d,,0E,
maH
oS, = Sii 5"'Tj 3)
d-D’i = qUamTj
These are the basic equations of this work. For simplicity, the terms 6S;;, 0T;;, OE;,

and 0B; will be written as S;;, Tj;, E; and B; in the following sections. From (3) the

detailed equations are:

pSlzplel pTl*'plez pT2+p51E3 T, +dy, E;

pszzps; pT1+p52Ez pT2+p32E3 pTz +d;,E,

mSl:m 1F1| m-l—l"'msli-z| m-|—2+m81+3| st

"S,=" ; mTl—i-msg mT2+ms;3 mT3 4)
B, =aq, mTl +4, mTz +03 mT3

B, =0, mTl +05 mTz + 0y mT3

B, =0, mTl +0s, mTz +05; mT3

Three cases will now be discussed, which represent (i) the longitudinal, (ii) the

transverse and (iii) the in-plane orientations, as shown schematically in Fig. 1.

I1I. MAGNETOELECTRIC EFFECTS IN THE LAMINATED

MAGNETOSTRICTIVE-PIEZOELECTRIC LAYERS

Case (1): Longitudinal orientation

The boundary condition for this case is "Ts="T3=0. For balanced force conditions we

have "A "T,+PA °T, =0 and "A,"T,+"A, "T, = O0where "A ("A,) and "A ("A,)



are the section areas across the direction 1 (2) for the MS and PE layers respectively.

Assuming perfect coupling at the interface, "S;="S; and "S,="S,.

Solving equation (4) with the above boundary conditions leads to:

mA2 maH

maH
B1 d,, [(" S12"' 12 PA, S~ 11 PA, )Q11+( 312+ S12 pAI S 11 A )Q12]
Qi3 =—
A
E3 [( 312+ SIZ PA 1)( SIZ+ 12 PA) ( Sll+ Sll PA 11 ll PA )]
dy [("sH+PsE S mgH _PSE TAyg oy (MsH 4 PgE TA_mgH ]
B, 31 12 12 pp 1 11 PA, Qi 12 12 % 11 pA
a = =
“ E sH4PsE » sH4PsE A2(s+s A‘)(s+s Ry
3 [( 12 12 pp )( 12 12 p ) 11 11 »p 11 11 PA ]
H mA
B, d3,05,[("sp + s pAZ_mSn_ 2)+( Sh+"Sp TAI_ Sh—"sy, pA
a = — =
Y E sH 4 PgE Ay(MgH PgE A sH4PsE A')(s+s
3 [( 12+ 12 pp )( 12 12 PA ) ( 11 11 »p 11 11 PA

)

Case (i1): Transverse orientation
For this case, the boundary conditions are: PT;="T,=0, "S;="S,, "S;="S, and the
force balance conditions are " A, "T,+°A PT, =0 and "A "T,+"A, "T, = 0. Similar to

the case (1), the results are:

" A E"A H "A
B1 d31[( 533+ 11ﬁ_ S pslz T)qn +(m511+ SIIW_ S 12 pAz)qw]
Oy =—
E3 ( 311+ s11 PA, )( 533+ 11 pA 31 12 pA 31 12 PA )]
mA H H
82 d31[( 533+ S11 pA{3 ms pslz PA )q12 +( 511+ 11 pA; ms31 12 pAz)qn
RS TE meH SE
3 [( 511+ 11 PAQ)( 333"' 11 pA) ( 531+ 12 pA2 31 12 "Al
A H A E
B3 31[( 533+ 11 ij mssl_ 12 A )q31 +( 511+ 11@_ Si2 PAz)q33]
O3 = A
™A
E3 [( 511+ S11 b l)( 533+ S11 PA ) ( 531+ 512 PA, )( 531+ 512 "Pq)]
(6)



Case (iii): In-plane orientation
For this case, the boundary conditions are: PT,="T,=0, "S;="S;, "S;="S,; and the
force balance conditions are " A, "T,+°A, "T, =0 and "A "T,+"A, °T, =0. Similar to

the case (1), the results are:

B1 _[( 513+ S13 PAS)d33 _( 533+ 333 pAS)d31]q11 +[( 531+ s31 A )d31 _( 511+ S11 PA )d33]Q13

a.. = —L
’ E3 [( 531+ s31 A )( S13"' S13 PA) ( 311+ 11 A )( 333"' 333 pA
o = B, _[( 513+ 313 PA, )d33 —(" 533+ 533 PA, )d31]q21 +[(" 331+ 531 "Al) 31 —(" S11+ 511 PA )d33]Q13
: E, [(" 531+ 531 A )( S13"' S13 pA?) —(" 511+ 11 PA )( 333+ 533 PA, )]
o - B, _[(msg"’ 13 pp, )d33 —(" 533+ 3E3 pAq)df&l]qSl +[(" 531"‘ 3El PA )d31 —(" S11+ S11 PA )d33]Q33
? E, [(" 531"‘ 531 ”Al)( 513+ 513 "A;) —(" SH+ 511 "Al)( 533+ 533 "A;)]
(7)

IV.  DISCUSSION

For single phase ME materials such as Cr,O3; and BiFeOs, the Gibbs free energy of
the material contains a coupled electric magnetic term —ao;E;H;, so from
thermodynamics it can be obtained that the MEg coefficient equals the MEy
coefficients’. However, this is not the case for composite materials where ME effect is
a product property. For a MS/PE composite, the free energy of the system is the sum
of the free energy of the MS and PE materials, where there is no apparent coupling
between the electric and magnetic field. Their indirect coupling is through the
coupling of the stress and strain at the interface of the two materials. For a loss free

system with perfect strain coupling between the MS and PE materials, it is still



possible that the MEg coefficient equals the MEy coefficients under certain conditions

but this is not as straightforward as for the single phase ME materials.

Defining the magnetoelectric Oersted coefficient as oy ji=oi;/pop=Hi/E; where i is the
permeability in vacuum and |, is the relative permeability of air, then oy ; has the unit
Oe cm/V and H; is equal to the measured magnetic field immediately outside the MS
material along the i direction. However, if the cross sectional area ™Aj of the sample is
smaller than the area of the detector, or the induced magnetization is detected by a
pickup coil around the sample, the measured response is proportional to the total
induced flux, e.g., B3 ™Aj3. The dependence of oy j as a function of the ratio of the
cross sectional areas (or of the thickness ratio if the widths are the same for the PE
and MS layers) can be calculated using the above results.

Equations (5), (6) and (7) indicate that, generally speaking, the induced magnetization
is three dimensional. However, for MS materials with strong anisotropy, i.e., qs3>>

qi1, and q33>> Q2 , the main magnetization occurs along the direction 3.

At the conditions A = A for the case (i),
PA, PA

p
— 2d31q31 v
("si3+"si)+Psp Vs V)

E
a 33

this compares to Harshe’s expression for the MEy effect

— _2d31q31mv

(msl|'1| +m31'-2|)pV+(p31El+p51Ez)mV—2(d31)2 mv/ P833
— _2d31q31 "v

("s/ +"55) PV H("s 755 ) "V = 2(k, ) P Y

H
a 33




where k3, is the coupling coefficient for the piezoelectric phase. It can be seen that
both the MEg, coefficient and the MEy coefficients are proportional to d,,q;, , the

product of piezoelectric and piezomagnetic coefficients, but they are not equal to each

other at all conditions, as is the case for single phase ME materials.

mAZ mAl mA3 mAl

For numerical calculations, we assume = for the case (i) and A = A

PA2 p

for (iii), and p::s = p:; for case (ii). If the PE material is PZT and the MS material
1

is TFD, for the material parameters given in Table II, Fig. 2a shows the ME
coefficient o33 as a function of volume fraction "v="A/("A+PA) assuming the widths
are the same for the MS and PE layers. The total induced flux per unit electric field
a33 v = B3 "v3/E; as a function of ™v is shown in Fig. 2b. It can be seen that the in-
plane configuration has the highest magnetoelectric response, and the transverse

orientation has the lowest among the three cases discussed.

We reported® preliminary measurement results of the magnetoelectric Oersted
coefficient oy 33=15.4 Oe/(28KV/m)=55 Oe cm/KV and ME coefficient = M/E =5.7
x10™ (s/m) for the tri-layer laminated composites of TED/PZT/TFD and
PZT/TFD/PZT at the fundamental mechanical resonant frequency. The samples were
configured as in case (ii). Using the above formula, the calculated a3;= 8.3 x 10
(s/m), and oy 33=0133/os=6.6 X 107 (A/m/V/m) = 80 Oe cm/KV. Both the theoretical
and experimental values are more than 4 orders of magnitude greater than the value
for the single phase material Cr,Os. Although the experimental value agrees well with
the calculated one, strictly speaking this theory is not applicable at resonant frequency

and therefore they are not comparable. The ME response at resonant frequency could

10



be a few times larger than the non-resonant frequency response. However this
discrepancy between theory and experiment for ME response as a product property is

8,11, 23,30
13 s 49,

not unusua . The main reason is believed to be the assumption of perfect

coupling at the interface in the theory, which is probably not true in practice.

The ME effect as a product property in multilayer PE/MS thin films is a promising
research subject'”. However the giant MS material TFD may not be the most suitable
material for this application for reasons such as the applicable production method,
material porosity and brittleness. Magnetostrictive oxides such as Ni and Co ferrite
are often the chosen MS materials in these situations. We have also estimated the
MEg coefficient for the PZT/CoFe,0;4 bilayer composite (material properties are
summarised in Table II). This composite can be prepared in the form of thin films by
the sol-gel method. Fig. 3a shows the MEg coefficient as3 as a function of volume
fraction "v=""A/("A+PA) if the widths are the same for the MS and PE layers. The
total induced flux per unit electric field as; v = B; "v3/E; as a function of ™v is
shown in Fig. 3b. It can be seen that there is little difference between the in-plane and
transverse configurations for the ME response, and the longitudinal orientation has the
lowest response among the three boundary conditions. Notice also, the magnitude of

the ME response is about 1/10th that of the TFD/PZT composite.

V. CONCLUSIONS

Theoretical modelling of the MEg magnetoelectric effect for 2-2 connectivity

composites has been developed for three different boundary conditions by assuming

11



perfect coupling at the interface. The calculated ME coefficients using the material
properties of PZT and Terfenol-D are a few orders larger than those of any single

phase ME materials.
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Table I: Some symmetry relations of non-zero coefficients

of piezoelectric and piezomagnetic phases.

Piezoelectric phase

piezoelectric coefficients Compliance coefficients
d31=d3z, d13=dn3 Ps11=Ps2,

dy1=dp2 Ps1,=sy;

di=dx Pg13=s31=853=Ps3;

Piezomagnetic phase

piezomagnetic coefficients | Compliance coefficients

i —_ m _m
q31=932, 13=]23 S11= S22

— m _m
q21=912 S12= $21

— m _m _m _m
q117922 S13= $31= S23= S32
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Table II: Material property parameters used for the numerical calculation for lead

zirconate titanate (PZT) and Terfenol-D (TED) and CoFe;O4. (1=1.257x10° Vs/Am,

w=1.)
PZT* TFD ICoFe,0,

s11(10 m*/N) 17 25" 6.5
s12(10 m*/N) -5.8 -1.8° 2.4
s13(107° m*/N) 8.8 -16.7° 2.4
53310 m*/N) 22.9 40° 6.5
ds1 (10 m/V) -243

ds3(10 m/V) 574

41(10° m/A) -53¢ 0.56
q33(107 m/A) 110° -1.9

 http://www.ferroperm-piezo.com/, data for Pz29.

Ref. 29.
‘Ref. 28.

dRef. 26.

Figure Captions
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1. Schematic diagrams of magnetoelectric bilayer composites of piezoelectric
(PE) and magnetostrictive (MS) materials with 2-2 connectivity for (I)
longtitudinal, (IT) transverse and (III) in-plane configurations. The electric
polarisation dE and magnetic DC bias Hy and easy magnetisation directions
are indicated in the diagrams. Cartesian coordinate systems for the PE and MS

layers respectively (or for both) are shown on the right-side for each case.

2. MEg coefficient (a) o33 and (b) o33 "'v as functions of volume fraction "v="A/(
"A+PA) for (i) longtitudinal, (ii) transverse and (iii) in-plane configurations
when the PE material is PZT and the MS material is Terfenol-D. It can be seen
that the in-plane configuration has the highest magnetoelectric response, and
the transverse orientation has the lowest among the three cases. Material

parameters used for the calculation are given in Table II.

3. MEg coefficients (a) 033 and (b) o33 ™v as functions of volume fraction
"v="A/("A+PA) for (i) longtitudinal, (ii) transverse and (iii) in-plane
configurations when the PE material is PZT and the MS material is CoFe,Os.
It can be seen that there is little difference between the in-plane and transverse
configurations for the ME response, and the longitudinal orientation has the
lowest response among the three cases. Material parameters used for the

calculation are given in Table II.
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