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Theory of magnetoelectric effects at microwave frequencies in a piezoelectricÕmagnetostrictive
multilayer composite

M. I. Bichurin, I. A. Kornev, V. M. Petrov, A. S. Tatarenko, and Yu. V. Kiliba
Department of Physics Engineering, Novgorod State University, 173003 Novgorod, ul. Bolshaya Sankt-Peterburgskaya 41, R

G. Srinivasan
Physics Department, Oakland University, Rochester, Michigan 48309

~Received 22 March 2001; revised manuscript received 14 May 2001; published 6 August 2001!

A phenomenological theory is proposed to treat the magnetoelectric~ME! coupling at frequencies corre-
sponding to ferromagnetic resonance in a multilayer composite consisting of alternate layers of piezoelectric
and magnetostrictive phases. We discuss two models:~i! a simple two-layer~bimorph! structure and~ii ! a
generalized approach in which the multilayer structure is considered to be a homogeneous medium. Expres-
sions for the stress induced shiftdH in the ferromagnetic resonance field due to an applied electric fieldE have
been obtained for both cases. For a bimorph,dH is directly proportional to the product of the applied electric
field and the ME coupling constant. For a nickel ferrite–lead zirconate titanate~PZT! two layer structure, the
theory predicts a factor of 5 stronger effect than in yttrium iron garnet-PZT. When the composite is considered
to be a homogeneous medium, the corresponding shiftdH is given by 2M0 (B332B31) E, whereM0 is the
composite magnetization andB’s are the ME coefficients. For this model, a method for the calculation of
magnetoelectric coefficients from experimental data is presented.

DOI: 10.1103/PhysRevB.64.094409 PACS number~s!: 75.80.1q, 76.50.1g
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I. INTRODUCTION

The magnetoelectric~ME! effect was first predicted by
Landau and Lifshitz in 1957. The effect is defined as
dielectric polarization of a material in an applied magne
field or an induced magnetization in an external elec
field.1 The simultaneous presence of long-range ordering
both magnetic moments and electric dipoles is essentia
the realization of ME effects. In a single-phase compou
the magnetoelectric effect is rather weak even at l
temperatures.2–5 A similar ME effect could be accomplishe
in composites which are of interest for the engineering
materials either with desired properties or new characteris
that are absent in single-phase materials. van Suchtelan
posed ‘‘product property’’ two-phasebulk composites for the
synthesis of high performance materials. For example, a
ezomagnetic phase mechanically coupled to a piezoele
phase will deform in an external magnetic field and will le
to an induced electric field.6 Such ME composites could als
be made with magnetostrictive and piezoelectric phases.
den Boomgaard synthesized composites of magnetostric
CoFe2O4 and piezoelectric BaTiO3 by two methods: sintering
and unidirectional solidification of eutectic melts.7–10 Both
composites yielded ME coefficients that were a factor 40–
smaller than calculated values.

Harshe, Dougherty, and Newnham, in their pioneer
work on ME composites~i! proposed a theoretical model fo
multilayer hetrostructures with alternating layers of magn
tostrictive and piezoelectric phases and~ii ! fabricated such
structures.11 A multilayer structure is expected to be far s
perior to bulk composites for the following reasons.~i! An
essential condition for maximizing ME effects is a large
electric constant~and piezoelectricity!. In bulk composites
the leakage currents due to low-resistivity ferrite inclusio
reduce the overall dielectric constant.~ii ! The piezoelectric
0163-1829/2001/64~9!/094409~6!/$20.00 64 0944
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layer can easily be poled electrically to further enhance
piezoelectricity. The multilayer structures did show an im
provement over bulk sintered composites, but the ME co
ficient was much smaller than theoretical values.

Most of the published works so far on ME composit
have focused on the theoretical modeling and experime
investigation of the effect at low frequencies~10 Hz–10
kHz!.7–13 We proposed, in our earlier work,14 that layered
ferrite-ferroelectric structures are ideal for studies directed
fundamental understanding of ME effects at microwave f
quencies through the measurement of electric field assi
shift of ferromagnetic resonance lines.15–18The layered com-
posites are also of interest for a variety of device applicati
including electrically controlled microwave phase shifters
ferromagnetic resonance devices, magnetically contro
electro-optic or piezoelectric devices, broad band magn
field sensors, smart sensors, actuators, and magnetoele
memory devices.

In this paper, we develop theoretical models f
multilayer ME composites in the microwave range. The ph
nomenological theory to be presented here is based on
fact that magnetic resonance frequency is strain depende19

and that the magnitude of this strain dependence is de
mined by the piezoelectric and magnetoelastic constant
the piezoelectric and magnetostrictive phases, respective

II. TWO-LAYER STRUCTURE „BIMORPH …

For the sake of clarity, we shall first consider a simp
model, i.e., a two-layer~bimorph! structure consisting of a
spinel ferrite with cubic (m3m) symmetry and a poled lea
zirconate titanate~PZT! with a `m symmetry about the pol-
ing axis. The influence of the electric field upon the piez
electric phase may be described as follows:
©2001 The American Physical Society09-1
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pTi j 5
pci jkl

pSkl2eki jEk , ~1!

where

pc5S pc11
pc12

pc13 0 0 0
pc12

pc11
pc13 0 0 0

pc13
pc13

pc11 0 0 0

0 0 0 pc44 0 0

0 0 0 0 pc44 0

0 0 0 0 0 1
2 ~pc112

pc12!

D ,

~2!

e5S 0 0 0 0 e15 0

0 0 0 e15 0 0

e31 e31 e33 0 0 0
D . ~3!
th

h

s
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HereEk is the electrical-field intensity;pTi j , pSkl , eki j , and
pci jkl are the stress, strain, piezoelectric coefficient, and s
ness tensors of the piezoelectric phase, respectively.

Substitution of Eqs.~2! and~3! into Eq.~1! and assuming
that the electric field is directed along the poling axis, i.
E35E, E15E250, we get

pT3352e33E1pc13~
pS111

pS22!1pc33
pS33,

pT1152e31E1pc11
pS111

pc12
pS221

pc13
pS3350, ~4!

pT2252e31E1pc12
pS111

pc11
pS221

pc13
pS3350.

We now assume that the poling axis of the piezoelec
phase coincides with the@111# axis of the magnetostrictive
phase. In that case, the elastic constant tensor for the m
netostrictive phase has the form
mc5

¨

mc111
mc12

2
1 mc44

mc1115mc1222mc44

6

mc1112mc1222mc44

3

mc112
mc1222mc44

3&
0 0

mc1115mc1222mc44

6

mc111
mc12

2
1mc44

mc1112mc1222mc44

3
2

mc112
mc1222mc44

3A2
0 0

mc1112mc1222mc44

3

mc1112mc1222mc44

3

mc1112mc1214mc44

3
0 0 0

mc1112mc1222mc44

3
2

mc112
mc1222mc44

3&
0

mc112
mc121

mc44

3
0 0

0 0 0 0
mc112

mc121
mc44

3

mc112
mc1222mc44

3&

0 0 0 0
mc112

mc1222mc44

3&

mc112
mc1214mc44

6

©
.

~5!

For the magnetostrictive phase, taking into account Eq.~5!, we get

mT115S mc111
mc12

2
1mc44D m

S111
mc1115mc1222mc44

6
mS221

mc1112mc1222mc44

3
mS331

mc112
mc1222mc44

3&
mS23,

mT225
mc1115mc1222mc44

6
mS111S mc111

mc12

2
1mc44D m

S221
mc1112mc1214mc44

3
mS33,

mT335
mc1112mc1222mc44

3
mS111

mc1112mc1222mc44

3
mS221

mc1112mc1222mc44

3
mS332

mc112
mc1222mc44

3&
mS23,

mT235
mc1112mc1222mc44

3
mS112

mc112
mc1222mc44

3&
mS221

mc112
mc121

mc44

3
mS23.

~6!
la-
netic
the
Here mTi j and mSkl , are the stress and strain tensors of
magnetostrictive phase, respectively.

To calculate the resonant ME effect for the bimorph, t
approach taken is as follows:~i! Determine the strainmS33

as a function of the stressmT33 ; ~ii ! Determine the stres
e

e

pT33 as a function of the strainpS33 ; ~iii ! Determine the
stressmT33 , using boundary conditions for the interface;~iv!
Determine the resonance line shift, using well-known re
tions for the stress dependence of the resonance mag
field. Therefore the problem reduces to the solution of
9-2
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elastostatic equations under specified boundary conditio
Next, following Harsheet al.,11 we consider the structur

consisting of mechanically clamped magnetostrictiv
piezoelectric discs without interface friction~case II in Ref.
11!:
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pT335
mT33, pS3352mn/pn•mS33, ~7!

wheremn and pn are the volume fraction of magnetostrictiv
phase and piezoelectric phase, respectively. From Eqs.~4!,
~6!, and~7!, we obtain
mT335

E3S 2pc13e31
pc111

pc12
2e33D

11
mn
pn S 1

3mc44
1

mc44

3~mc1112mc12!
D S pc3322

pc13
2

~pc111
pc12!

D . ~8!
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It is well known that the applied stress causes the shift of
resonance magnetic field.19 We will confine ourselves to the
case where both magnetic and electric fields are along
poling axis of the piezoelectric layer in a@111# direction of
the magnetostrictive layer; then the result becomes simp

dHE5
3l111

mT33

Ms
5AE3 , ~9!

whereA is a magnetoelectric constant andMs is a saturation
magnetization of the magnetostrictive layer.

From Eqs.~8! and~9! it is possible to estimate the shift i
the resonance field for a bilayer of a magnetostricti
piezoelectric composite. Theoretical values of the magn
electric constantA5dHE/E3 were determined for two com
posites of importance, nickel ferrite-PZT and yttrium iro
garnet~YIG!-PZT. For the computations, the material para
eters assumed for the two phases are as follows:

PZT:

pc11512.631010 N/m2; pc1257.9531010 N/m2;

pc1358.431010 N/m2; pc33511.731010 N/m2;

e31526.5 C/m2; e33523.3 C/m2.

NiFe2O4 :

mc11521.9931010 N/m2; mc12510.9431010 N/m2;

mc4458.1231010 N/m2; l1115221.631026;

4pMs53200 G.

YIG

mc11526.931010 N/m2; mc12510.7731010 N/m2;

mc4457.6431010 N/m2;

l111522.831026; 4pMs51750 G.

Figure 1 shows the estimated ME constantA as a function of
the ratio of the volume of the two phases in the bilayer. T
composite with nickel ferrite is predicted to show a strong
e

he

-
o-

-

e
r

microwave ME effect than YIG because of a relatively hi
magnetostriction for the ferrite. Another remarkable featu
in Fig. 1 is the fact that the numerical value of the field sh
increases from zero with increasing volume fraction of t
piezoelectric phase. But we need to realize that the magn
resonance line becomes weak if the concentration of
magnetostrictive phase is too low.

At low frequencies, however, the largest ME effect is o
served at approximately 50:50 volume perce
composition.11,13 For mn/pn51, the resonance line shift re
sulting from the applied electric field is given by

dH5A•E, with A'2 Oe cm/kV for NiFe2O4 PZT,
~9a!

dH5A•E, with A'0.45 Oecm/kV for YIG PZT,
~9b!

wheredH is in Oe andE in kV/cm. The estimated resonanc
line shift for YIG PZT is in good agreement with our prev
ous experimental results.14 The line shift 0.45 Oe cm/kV is to
be compared with the measured value of 0.2–0.56 Oe cm
depending on the properties of the piezoelectric phase. T

FIG. 1. The dependence of the magnetoelectric constantA as a
function of the ratio of the volumes of magnetostrictive and pie
electric phasesmn/pn. The estimates are for bilayers of nicke
ferrite-PZT and yttrium iron garnet~YIG!-PZT.
9-3



he
t i

p
it

n.

m
ro
ele
ith
e
e
ra
dy

f
u
an
nd
cifi
tr

-
e-

wn

M. I. BICHURIN et al. PHYSICAL REVIEW B 64 094409
we infer from the treatment that the volume fraction of t
piezoelectric phase must be sufficiently high and that i
necessary to use a piezoelectric component with a large
ezoelectric coefficient, a magnetostrictive component w
small saturation magnetization, and high magnetostrictio

III. GENERAL THEORY: MACROSCOPIC
HOMOGENEOUS MODEL

Let us assume that the composite as a whole can, fro
point of view of the ME properties, be considered mac
scopically as a homogeneous material, i.e., the magneto
tric composites can be considered as a real ‘‘material’’ w
the ME effect which is not present in the constituent phas
In this case the influence of an external constant electric fi
E upon the magnetic resonance spectrum can be gene
described by means of an additional term in the thermo
namic potential:20

W5E
V
~W01DWME!d3x, ~10!

whereW0 is the thermodynamic potential density atE50,
and

DWME5Bi jkEiM jMk , ~11!

whereB is ME coefficients.DWME can be found by means o
a similar approach as in Refs. 11 and 20, taking into acco
elastic, magnetoelastic, magnetostrictive, piezoelectric,
electrostrictive contributions under certain specified bou
ary conditions. As a practical example, we consider spe
cally the case described above, that is a cubic magnetos
tive phase with magnetization in the~110! plane and making
o-

et
-

n

09440
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the angleu with the @001# cubic axis. Considerable simplifi
cation of the theory results further if the direction of magn
tization coincides with a uniaxial stressmT33 ~see above!.
Then the additional energy term can be represented by

DWME5
3

8M2 @l1112l1001~l1002l111!cos 2u#M1
2 mT33

1
9

32M2 @l1112l1001~l1002l111!cos 4u#M2
2 mT33

1
3

8M2 S ~l1002l111!sin 2u1
3

2
~l100

2l111!sin 4u D M2M3
mT33

1
3

8M2 F S 29l11127l100

4 D1~l1112l100!cos 2u

1
3

4
~l1112l100!cos 4uGM3

2 mT33. ~12!

For the special case considered above whenM0i@111#, we
get

DWME5S l1112l100

2 D M1
2 mT331S l1112l100

2 D M2
2 mT33

1S 2l1112l100

2 D M3
2 mT33. ~13!

The magnetic resonance condition has the well-kno
form21
v5gH FH31( ~N11
i 2N33

i !M0GFH31( ~N22
i 2N33

i !M0
i G2S (

i
N12

i M0D 2J 1/2

, ~14!
of
the

re

s:
wherev is the resonance frequency,g is the gyromagnetic
ratio, H3 is the projection of an external magnetic field t
wards the equilibrium orientation of the magnetizationM0 ;
Nkl

i 5m are the geometrical demagnetization factors;Nkl
i 5a are

the effective demagnetization factors due to the magn
crystalline anisotropy;Nkl

i 5E are the effective demagnetiza
tion factors due to the ME interaction. Using Eq.~14! it is
easily shown that the resonance line shift under the influe
of the electric field to the first order inNkl

E has the form

dHE52
M0

Q1
@Q2~N11

E 2N33
E !1Q3~N22

E 2N33
E !2Q4N12

E #,

~15!

where
ic

ce

Q152H31M0(
iÞE

@~N11
E 2N33

E !1~N22
E 2N33

E !#;

Q25FH31M0(
iÞE

~N22
E 2N33

E !G ;
Q35FH31M0(

iÞE
~N11

E 2N33
E !G ; Q452M0(

iÞE
N12

i .

Equation~15! enables us to determine the ME constants
the composite and consequently to interpret the data on
resonant ME effect.

Uniaxial structure(`m1m3m→3m)
Attention will now be restricted to the uniaxial structu

with 3m symmetry point group. In this case Eq.~11! for the
thermodynamic potential density can be written as follow
9-4
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DWME5E1@B11~M1
22M2

2!22B22M1M212B14M2M3

12B15M1M3#1E1@B22~M2
22M1

2!22B11M1M2

12B15M2M322B14M1M3#1E3~B332B31!M3
2.

~16!

The usual two-index notation is introduced:

Bi jk5Bil

with l51,2,3,4,5,6 corresponds toj 51 andk51, j 52 and
k52, j 53 andk53, j 52 andk53, j 51 andk53, j 51
andk52, respectively, and

Bi jk5Blm

wherei j ⇔l51¯6, kl⇔m51¯6.
According to the demagnetization factors method, an

fective magnetic field is computed as follows:21

H̄E52]WME /]M̄52NEM̄ . ~17!

Equation~17! has to be written in the coordinate system~18,
28, 38! for which the axis 38 coincides with the equilibrium
magnetization directionM0 . The components ofHK8

E are
given by

HK8
E

5bK8KHK
E , ~18!

where the matrixb̂ can be taken as follows~see Fig. 2!:

b̂5S 1 0 0

0 cosQ 2sinQ

0 sinQ cosQ
D . ~19!

It is clear that

MK5bK8KMK8. ~20!

Substitution of Eq.~17! into Eq.~18! and taking into accoun
Eqs.~19! and ~20! yields

FIG. 2. Coordinate system for a uniaxial multilayer structur
09440
f-

N11
E 2N33

E 54~B11E12B22E2!12g2 cos2 Q12g3 sin 2Q;

N22
E 2N33

E 52g2 cos 2Q14g3 sin 2Q; ~21!

N12
E 5@22~B11E21B22E1!#cosQ

1@2~~B14E22B15E1!#sinQ;

where

g252B11E11B22E21~B312B33!E3 ;

g352B14E1 .

For the sake of clarity the primes in Eq.~21! are omitted. It
is necessary to note that the indices on the right-hand sid
Eq. ~21! correspond to the crystallographic coordinate s
tem. Without loss of generality, we shall consider a ca
when the electric field is directed along a symmetry axis o
structure, i.e.

E15E250, E35E.

So, we get

N11
E 2N33

E 52@~B312B33!E#cos2 Q;

N22
E 2N33

E 52@~B312B33!E#cos 2Q; ~22!

N12
E 50.

Taking into consideration a cubic and geometrical anisotro
of the magnetostrictive phase17 and assuming that the w
have~111!-magnetostrictive layers, forEiHi@111#, we get

v/g5H31M0@4/3•HA /M024p12~B312B33!E#.
~23!

The resonance field shift resulting from the applied elec
field is equal to

dHE522M0~B332B31!E. ~24!

Note that in Eq.~24! M0 is the magnetization of a multilaye
composite as a whole.

Using experimental data on the resonant ME effect a
the expression~24! it is possible to determine ME constan
describing the behavior of multilayers in an external elec
cal field that will allow us to get additional information abo
the nature of ME interaction in the structures. In Nick
ferrite-PZT composites, for example, one obtains from E
~24! and ~9a!

~B332B31!'7.731023 cm/kV. ~25!

Similar analysis could be carried out to obtain the expr
sions for all other ME constants by using appropriate ori
tations forE andH.

IV. CONCLUSIONS

We presented here~i! theoretical analysis of high
frequency ME effects for a simple two-layer structure a
~ii ! a detailed treatment for electric-field-induced shift f
9-5
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ferromagnetic resonance field in multilayers. Our calcu
tions predict a strong microwave ME effect in composi
consisting of a magnetic phase that has a large magneto
tion and a small magnetization. The results obtained in
study are of importance for quantitative information on m
crowave ME effects and for potential device applicatio
based on multilayer composites. Microwave devices ba
on ME effects have unique advantages over traditional fer
and semiconductor analogs.22

Based on these models, we conclude that nickel ferr
PZT composite is the system of choice for realizing stro
ME effects at microwave frequencies. Followup works no
underway include experimental investigation of magne
electric effects in multilayer of nickel ferrite-PZT and nick
zinc ferrite-PZT and fabrication of tunable microwave d
s

n,

te

er

le

p

09440
-
s
ic-
is

s
d

te

-
g

-

-

vices of magnetic type with electrical control, such as a m
crostrip phase shifter. In general, the control parameter
be variations associated with electric and magnetic fie
temperature, and their combined effects. The theory p
sented here is likely to lead to composites with strong M
effects at microwave frequencies for signal process
devices.
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