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Magnetic and magnetoelectric susceptibilities of a ferroelectricÕferromagnetic composite
at microwave frequencies
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A phenomenological theory of magnetic and magnetoelectric~ME! susceptibilities of ferroelectric/
ferromagnetic composites is presented and applied to the special case of layered structures. Expressions have
been obtained relating the magnetic and ME susceptibility tensor components of the composite~symmetry
point group 3m and 4mm) to ME coupling constants. The theory predicts a unique resonance in theelectric-
field dependenceof the magnetic susceptibility. It is shown that the ME susceptibility is the product of
magnetic susceptibility, composite magnetization, and ME coupling constants. The model is used to obtain the
magnetic and ME susceptibilities versus electric-field profiles for three bilayer composites of importance:
lithium ferrite ~LFO!–lead zirconate titanate~PZT!, nickel ferrite~NFO!-PZT, and yttrium iron garnet~YIG!-
PZT. Our calculations reveal the largest electric-field effects for NFO-PZT and the weakest effect for YIG-PZT.
Three measurement methods for ME susceptibility, resonant ME coupling, electrical dipole transitions, and ME
effect at ferromagnetic resonance~FMR! are proposed. As an example, we consider multilayers of LFO-PZT
and determine the ME constants from data on electric-field influence on FMR. The ME parameters are then
used to calculate the susceptibilities. The results indicate strong high-frequency ME effects in the composite.
The theory is useful for measurements of ME susceptibility and for the design and analysis of electrically
controlled high-frequency magnetic devices.

DOI: 10.1103/PhysRevB.66.134404 PACS number~s!: 75.80.1q, 76.50.1g
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I. INTRODUCTION

There has been considerable interest in the physics of
erostructures in recent years for possible applications in
vices. Most studies were devoted to superlattices or bilay
involving the combination of ferromagnetic/nonmagnet
antiferromagnetic layers.1,2 Dipole and exchange interaction
in magnetic superlattices are predicted to show collec
spin wave and magnetostatic bulk and surface modes
unique characteristics.1–4 Some recent theoretical studie
also dealt with ferroelectric/~anti!ferroelectric bilayers.5,6 It
was shown that the hysteresis loops in such structures w
dependent sensitively on the layer thickness and inter
coupling. These studies suggested the possibility
multilayer ferroelectric elements for use in memo
devices.5,6

The present work is concerned with a composite cons
ing of both ferromagnetic and ferroelectric phases. The fo
is on magnetoelectric interactions at microwave frequenc
The magnetoelectric effect~ME! is defined as the dielectri
polarization of a material in an applied magnetic field or
induced magnetization in an external electric field. The eff
facilitates the conversion between energies stored in m
netic and electric fields and requires the coexistence of lo
range magnetic order and ferroelectric order.7–12 Several
single-phase materials show rather weak ME effects.10 But in
a composite consisting of both magnetostrictive and pie
electric phases, the ME effect is the result of produ
property, i.e., the mechanical deformation due to magn
striction results in a dielectric polarization due
piezoelectric effects.7–12 Studies show strong ME effects i
0163-1829/2002/66~13!/134404~10!/$20.00 66 1344
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bulk and layered samples consisting of a ferrite that is fe
magnetic and magnetostrictive and barium titanate or l
zirconate titanate~PZT! that is ferroelectric with strong pi-
ezoelectric coupling.

Investigations of magnetoelectric~ME! effects in compos-
ites have mainly focused on low-frequency~10–1000 Hz!
effects. Harsheet al. proposed a model for low-frequenc
ME effects in ferrite–lead zirconate titanate~PZT! bilayer.10

Other works of significance related to ME composites w
reported in the MEIPIC-2 conference.13 Getman considered
the composites as a homogeneous medium and obtained
oretical concentration dependence of ME coefficients
bulk and layered samples using the effective parame
approach.14 Lopatinet al.carried out experimental studies o
multilayers of ferrite-PZT composites and observed stro
ME effects.15 Our very recent works on bilayers and mult
layers of nickel ferrite~NFO!, lithium ferrite ~LFO!, or lan-
thanum strontium manganite with PZT indicated a giant lo
frequency ME effect with a coupling coefficient rangin
from 60–1500 mV/cm Oe.11,12

The primary focus of this work is on the high frequen
effects in artificial heterostructures of ferrite-PZT. Most iro
based ferrimagnetic oxides show two high-frequency re
nances in the magnetic susceptibility: one in the microwa
region associated with the net ferromagnetic moment an
second resonance at a higher frequency corresponding t
antiferromagnetic alignment of sublattice moments. It
therefore important to study the effects of ME coupling
frequencies close to both resonance regimes. Tilley and S
provided a theory of such high-frequency ME effects for
single phase ME material, antiferromagnetic BaMnF4.16
©2002 The American Physical Society04-1
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They incorporated ME interactions in the free-energy expr
sions, and with the aid of the Landau-Lifshitz equations
motions showed that with increasing strength of ME inter
tions~i! the magnon frequency decreased and~ii ! the optical-
phonon frequency increased. It was also shown that m
netic, dielectric, and magnetoelectric susceptibilities h
poles at magnon and optical-phonon frequencies.

Since ferrites are materials of choice for microwave sig
processing devices due to low losses, ferrite-PZT compos
are promising candidates for a class of high-frequency
vices based on ME interactions. This work therefore focu
on the properties of the composite in the microwave reg
of the electromagnetic spectrum. In our recent work, we c
sidered a ferrite-PZT bilayer subjected to a microwave m
netic field and constantE and H fields.17 We developed a
phenomenological theory for the shift of magnetic resona
field induced by external electric field and obtained an
pression for the shift in terms of ME coupling constants. T
shift occurs due to electric-field induced strain in PZT a
ME coupling. Assuming nominal values for ME couplin
constants, we estimated the field shift for NFO-PZT and
trium iron garnet~YIG!-PZT layered composites as a fun
tion of the volume ratio for the two phases. Alternately, t
theory enables the determination of ME constants from d
on E induced field shift in the magnetic resonance region

In this study, we address the following questions of i
portance on the high-frequency response of the ferrite ba
composites.

~1! We provide a general theory applicable to both bu
and layered samples that are subjected to dc and ac mag
and electric fields. Here we consider two types of inter
tions: ~i! coupling between microwave magnetic field and
electric field, and~ii ! coupling between microwave magnet
and electric fields.

~2! The former coupling is expressed in terms of electr
field effects on magnetic susceptibility. The theory predict
resonance in theE dependence of the susceptibility.

~3! The interaction between ac electric and magne
fields is described in terms of a ME susceptibility tensor a
explicit expressions are derived for the tensor compone
The theory when applied to bilayers of ferrite-PZT predict
strong microwave ME effect in nickel ferrite-PZT.

~4! We propose three measurement techniques for
susceptibility in the microwave region.

~5! Finally, data on ME coupling constants obtained fo
multilayer ferrite-PZT samples are used to estimate the m
netic and ME susceptibilities for comparison with theory.

The study is also essential for potential use of the co
posites in devices. With the composite, traditional magn
devices such as a microwave switch or a phase shifter c
be controlled with an external electric field@interaction of
type ~i!#.18,19 There are also possibilities for devices, inclu
ing magnetoelectric spin-wave amplifiers in which rf elect
fields facilitate the amplification and coupled-wave devic
in which hybrid spin-electromagnetic or spin-acoustic wav
are produced through ME coupling@interaction of type~ii !#.

In Sec. II we consider the type~i! interaction for a sample
subjected to dc and ac magnetic fields. The model is use
obtain the magnetic susceptibility versus electric-field p
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files in a bilayer of LFO-PZT, NFO-PZT, and YIG-PZT. Fo
the calculations, we use theoretical values of ME coupl
constants obtained from elastic constants and piezoele
and magnetostriction parameters, as discussed in Ref.
Our calculations reveal the largest electric-field effects
magnetic susceptibility for NFO-PZT composites. In Sec.
we consider a composite subjected to time-dependent ele
and magnetic fields@type ~ii ! interaction#, and analyze mi-
crowave ME susceptibility.20,21 It is shown that the ME sus
ceptibility is the product of magnetic susceptibility, compo
ite magnetization and ME coupling constants. We ag
consider LFO-PZT, NFO-PZT, and YIG-PZT bilayers an
estimate ME susceptibilities vsH profiles as a function of
applied electric fields, called the magnetoelectric spectr
We observe a resonance in the ME spectrum, with NFO-P
system showing the largest resonance amplitude. The
susceptibility is a key parameter for the design of devic
based on microwave magnetoelectric coupling. In Sec. IV
propose two direct and an indirect measurement methods
magnetoelectric susceptibility. The direct procedures invo
~i! resonant coupling of microwave fields in the compos
placed in a resonator or transmission line and~ii ! power ab-
sorption due to electric dipole transitions. We demonstr
the usefulness of this procedure with specific reference
LFO-PZT composites.

II. INFLUENCE OF A CONSTANT ELECTRIC FIELD ON
MAGNETIC SUSCEPTIBILITY

In a composite, the interaction between electric and m
netic subsystems can be expressed in terms of a ME sus
tibility. In general, the susceptibility is defined by the follow
ing equations:13,22,23

P5xEE1xEMH,

M5xMEE1xMH. ~1!

HereP is the electrical polarization,M is the magnetization,
E and H are the external electrical and magnetic fields,xE

and xM are the electrical and magnetic susceptibilities, a

xEM andxME are the ME susceptibilities, withx ik
ÌE5xki

EÌ . In
Eq. ~1! P, M , E, and H generally contain both dc and a
components, for example, forP

P5P01p exp~ ivt !.

For the microwave regime, the ME susceptibility is defin
by the expressions

p5xEe1xEMh,

m5xMEe1xMh. ~2!

In Eq. ~2!, the ac amplitudes are shown explicitly, but th
susceptibilities also depend on constant fields.

We consider a sample subjected to constant electric
magnetic fields and a variable magnetic field. The thermo
namic potential density can be written as
4-2
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MAGNETIC AND MAGNETOELECTRIC . . . PHYSICAL REVIEW B 66, 134404 ~2002!
W5W01WME , ~3!

whereW0 is the thermodynamic potential density atE50,
and

WME5BiknEiMkMn1bi jknEiEjMkMn . ~4!

Here Bikn and bi jkn are linear and bilinear ME constant
respectively. The number of independent components is
termined by the structure of a material. The main contrib
tion to WME in polarized composites arises from the line
ME constantsBikn . If the composite is unpolarized, the b
linear ME constants are dominant. Both the linear and bi
ear ME terms are important if the composite is partia
polarized.24 We used the effective demagnetization fac
method to solve the linearized equation of motion of t
magnetization and obtained the following expression for
magnetic susceptibility:

xM5F x1 xs1 ixa 0

xs2 ixa x2 0

0 0 0
G , ~5!

where

x15D21g2M0FH0381M0(
i

~N2828
i

2N3838
i

!G ;
x25D21g2M0FH0381M0(

i
~N1818

i
2N3838

i
!G ;
-

ion
is
a
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xs52D21g2M0
2(

i
N1828

i ;

xa5D21gM0v;

D5v0
22v2;

v0
25g2FH0381(

i
~N1818

i
2N3838

i
!M0G

3FH0381( ~N2828
i

2N3838
i

!M0G2S (
i

N1828
i M0D 2

.

Hereg is the magnetomechanical ratio,v is the angular fre-
quency,Nk8n8

i are demagnetization factors describing the
fective magnetic anisotropy fields, and 18,28,38 is a coordi-
nate system in which the axis 38 is directed along the
equilibrium magnetization. In Eq.~5! the summation is car-
ried out over all types of magnetic anisotropy. The ME i
teraction results in an additional term (i 5Å),

Nk8n8
E

52~Bikn1bi jknEo j!Eoibk8kbn8n , ~6!

where is matrix of direction cosines of axes (18,28,38) rela-
tive to the crystallographic coordinate system~1, 2, 3!.

We shall now derive a general expression for the magn
susceptibility tensor of ferrite-ferroelectric composite assu
ing a structure with 3m or 4mm symmetry point group.
Equation~4! in this case becomes
WME5E1@22B22M1M212B15M1M3#1E1@B22~M2
22M1

2!12B15M2M3#1E3~B332B31!M3
21E1

2@~b112b12!M1
2

1~b132b12!M3
212b14M2M3#1E2

2@~b112b12!M2
21~b132b12!M3

222b14M2M3#1E3
2~b332b31!M3

2

12E2E3~b41M1
22b41M2

212b44M2M3!14E1E3~b44M1M31B41M1M2!14E1E2~b14M1M31b66M1M2!. ~7!
b665(b112b12)2 for 3m symmetry point group andB22
5b145b4150 for 4mm symmetry point group. We shall as
sume the matrix of the form

b̂5S 1 0 0

0 cosQ 2sinQ

0 sinQ cosQ
D , ~8!

whereQ is the angle between the equilibrium magnetizat
and the symmetry axis of the crystal. Considering a d
sample in the basal plane and with a uniaxial magnetic
isotropy, we get from Eqs.~6!, ~7!, and~8!

(
i

~N1818
i

2N3838
i

!5S 2K1

M0
2 24p12qD cos2 Q12r sin 2Q

12~b112b12!~E01
2 2E02

2 !

18b41E02E3 ,
k
n-

(
i

~N2828
i

2N3838
i

!5S 2K1

M0
24p12qD cos 2Q14r sin 2Q,

~9!

(
i

N1828
i

54~b66E01E021b11E01E03!cosQ

24~b14E01E021b44E01E3!sinQ,

where

N1818
E

2N3838
E

524B22E0212~b112b12!~E01
2 2E02

2 !

18b41E02E0312g2 cos2 Q12g3 sin 2Q,

N2828
E

2N3838
E

52g2 cos 2Q14g3 sin 2Q, ~10!
4-3
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M. I. BICHURIN et al. PHYSICAL REVIEW B 66, 134404 ~2002!
N1828
E

5@2B22E0114~b41E01E031b66E01E02!#cosQ

2~2B15E0114b44E01E03!sinQ,

g25B22E021~B312B33!E031~b122b13!E01
2 1~b11

2b13!E02
2 1~b312b33!E03

2 22b41E02E03,

g35b14~E02
2 2E01

2 !12b44E02E03.

Substituting Eq.~9! in Eq. ~6! it is possible to get an expres
sion for components of the magnetic susceptibility tens
We consider the special case of the electric field direc
along a symmetry axis of the structure, i.e., Å015Å 0250,
Å 035E0 and obtain

N1818
E

2N3838
E

52@~B312B33!E01~b312b33!E0
2#cos2 Q,

N2828
E

2N3838
E

52@~B312B33!E01~b312b33!E0
2#cos 2Q,

~11!

N1828
E

50.

For a disk-shaped sample magnetized along the symm
axis, Eqs.~5! and ~11! yield

x15x25D21g2M0Heff ,

xs50, ~12!

xa5D21gM0v,

where

D5v0
22v2,

v05gHeff ,

Heff5H012Ha24pM012M0~B312B33!E0

12M0~b312b33!E0
2,

Ha5K1 /M0 .

Assuming the dissipative term in the equation of motion
magnetization asiva(M03m)/M0 , wherea is the dissipa-
tion parameter, the magnetic susceptibility tensor com
nents are complex and take the formx15x81 ix9, where

x85x0

v0
2~v0

22v212a2v2!

~v0
22v2!214a2v0

2v2 ,

~12a!

x95x0

avv0~v0
21v2!

~v0
22v2!214a2v0

2v2 , x05g
M0

v0
.

It follows from Eqs.~5! and~12! that the dependence of th
magnetic susceptibility on the dc electric field has a reson
character. The nature of that dependence can be explain
follows. By means of ME interactions, the external elect
field results in a change in the effective magnetic fieldHeff in
Eq. ~12! with
13440
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The change originates from the piezoelectric phase mech
cally coupled to the magnetostrictive phase, and is phen
enological described by ME constantsBikn andbi jkn in Eqs.
~3! and~4!. Thus the variation of the dc electric field has th
same effect as magnetic-field variations and reveals a r
nant behavior. Expressions for the susceptibility compone
could be obtained with the help of demagnetization fact
stipulated by ME interactions according to Eq.~5!.

Next we consider specific composites and estimate
magnetic susceptibility and its electric-field variation. Thr
composites of importance for the estimation are LFO-P
NFO-PZT, and YIG-PZT because of desirable hig
frequency properties of LFO, NFO, and YIG. We conside
simple structure, a bilayer consisting of single ferrite a
PZT layers. In order to obtain the susceptibilities, one
quires the knowledge of ME constants and the loss param
a. The ME constants could be estimated from the ela
constants, piezoelectric coupling constant, magnetostrict
and magnetization for the two phases as discussed in
earlier work @Eq. ~9! in Ref. 17#. The elastic constants, pi
ezoelectric coupling, and the magnetization for YIG-PZ
and NFO-PZT used in the calculation are the same as in
17. For LFO the following elastic and magnetic paramet
are used: mc11524.4731010 N/m2; mc12513.71
31010 N/m2; mc4459.3631010 N/m2; 4pMs53600 G. As-
suming that the poling axis of the piezoelectric phase co
cides with the@100# axis of the magnetostrictive phase and
magnetostriction ofl10051.431026, 2331026, and 46
31026 for YIG-PZT, LFO-PZT, and NFO-PZT,
respectively,25 we obtain 2M0(B312B33)50.1, 0.6 and 1.4
Oe cm/kV for the three bilayers. Finally, these ME para
eters and the loss parametera50.025, 0.05, and 0.075 fo
YIG-PZT, LFO-PZT, and NFO-PZT, respectively,25 were
used to estimate the magnetic susceptibility.

Figure 1 shows static magnetic-field dependence of
and imaginary parts of magnetic susceptibility with a
without an external electric field for layered LFO-PZT, NFO
PZT, and YIG-PZT. Both real and imaginary parts are sho
as a function ofH for E50 and 300 kV/cm. The results ar
for a bilayer disk sample with theH andE fields perpendicu-
lar to the sample plane and for a frequency of 9.3 GHz. T
static field range is chosen to include ferromagnetic re
nance in the ferrite. ForE50, one observes the expecte
resonance inx8 and x9 profiles. With the application ofE
5300 kV/cm, a downshift in the resonance fieldHr occurs
since the electric field essentially gives rise to an inter
magnetic field. The magnitude of the shiftdH varies from a
maximum of 330 Oe for NFO-PZT to a minimum of 22 O
for YIG-PZT. The parameterdH is determined by ME con-
stants which in turn is strongly influenced, among other f
tors, by the magnetostriction. The largel for NFO leads to a
relatively strongE-induced effect in NFO-PZT compared t
YIG-PZT.

Figure 2 shows the estimated variation of the real a
imaginary parts of the magnetic susceptibility as a funct
of E for a frequency of 9.3 GHz. The constant magnetic fie
is set equal toHr . Figure 2 then essentially shows th
4-4
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electric-field dependence of the susceptibility compone
and the resulting resonance. One notices a linear depend
of x8 on E for YIG-PZT and the variation is nonlinear for th
other two samples. The imaginary component generally
creases with increasing magnitude ofE, with the largest in-
fluence for NFO-PZT. The width of the resonance in Fig
measured in terms of electric field is inversely proportio
to the parameter 2M0(B312B33). It follows from Eq. ~12!
that a narrow resonance is indicative of strong ME coupl
in the composites. Thus NFO-PZT bilayer shows a sh
resonance in comparison to YIG-PZT. Figures 1 and 2 r
resent the magnetic spectra of the composites obtaine
magnetic and electric sweep, respectively, and are of inte
for potential use of the composites in devices. Most fer
based devices use a permanent magnet for the bias field
it is rather difficult to tune them even over a narrow fr
quency range. It is clear from Fig. 1 that with a ME compo
ite, however, tuning could be accomplished with an easy
generate electric field. For a maximumE value of 300 kV/
cm, devices could be tuned over a frequency width vary
from a maximum 925 MHz~or dH5330 Oe) for NFO-PZT
to a minimum of 60 MHz (dH522 Oe) for YIG-PZT.

III. MAGNETOELECTRIC SUSCEPTIBILITY OF
FERRITE-FERROELECTRIC COMPOSITES

Consider now a composite subjected to both dc and
magnetic and electric fields. According to Eq.~2!, it is nec-

FIG. 1. Theoretical static magnetic-field dependence of the m
netic susceptibility for layered composites consisting of a sin
ferrite layer and a layer of lead titanate zirconate~PZT!. The results
are for lithium ferrite~LFO!-PZT, nickel ferrite~NFO!-PZT, and
yttrium iron garnet~YIG!-PZT bilayers. The real and imaginar
parts of the susceptibility at 9.3 GHz are for an applied electric fi
of ~1! E50 and ~2! E5300 kV/cm. Notice the downshift in the
resonance field whenE is increased from 0 to 300 kV/cm.
13440
ts
nce

e-

l

g
p
-

by
st

e
nd

-
o

g

c

essary to consider the relationship between the variable m
netization and the time-dependent electric field for findi
the ME susceptibility tensor. Linearized equation of moti
for the magnetization for this case can be written as

ivm1gm3~H02SNiM0!2gM03~H02SNim!

52gM03he, ~13!

wherehn8
e

52(Bikn12bi jknEo j)b i i bmb3kM0ei .
The magnetic susceptibility in relation to the effectiv

magnetic fieldhe is defined by Eq.~5!, i.e.,

m5xmhe ~14!

From Eq. ~5!, taking into account Eqs.~13! and ~14!, it is
possible to write the expression for components of ME s
ceptibility:

x l i
me522M0xh

mhni , ~15!

wherehni5(Bikn12bi jknEo j)b i i bmb3k .
It is evident from the Eq.~15! that the frequency depen

dence of magnetic and ME susceptibility are identical, a
the value of ME susceptibility is determined mainly by M
constants and the dc electric field. Taking into account
internal structure of the magnetic susceptibility tensor,
general expression for ME susceptibility is as follows:

xme5I x11
me x12

me x13
me

x21
me x22

me x23
me

0 0 0
I . ~16!

g-
e

d

FIG. 2. Calculated electric-field dependence of the magn
susceptibility at 9.3 GHz for bilayers of LFO-PZT, NFO-PZT, an
YIG-PZT. The static magnetic fieldH corresponds to the resonanc
field for E50.
4-5
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It follows from Eq. ~16! that, unlike the magnetic susceptibility tensor,xme is generally asymmetric and the third line of th
tensor remains zero when magnetic losses are ignored. For practical use of the above expressions we shall consid
of ME susceptibility tensor for point groups 3m and 4mm. All other point groups with uniaxial structures can be obtained
a similar way. It follows from Eq.~15! that the ME susceptibility tensor can be obtained by multiplication of the magn
susceptibility tensor in Eq.~5! and tensorç, defined by Eq.~15!. Thus for the ME susceptibility tensor components, we g

x1818
ME

52D21g2M0
2~ Í 0312Ha cos 2Q!4@~2B221b66E021b41E01!sinQ1~B151b14E021b44E03!cosQ#

2 i2D21gM0
2v@~b122b13!E01sin 2Q12b14E01cos 2Q#;

x1828
ME

52D21g2M0
22~H0312Ha cos 2Q!@~b662b44!3E01sin 2Q12~b141b41!E01cos2 Q22b41E01#

2 iD 21gM0
2v2$@B221~b112b13!E022b41E03#cosQ3sin 2Q1@B332B311b41E021~b332b31!E03#sinQ sin 2Q

12~B151b44E032b14E02!cosQ cos 2Q12b44E02sinQ cos 2Q%;

x1838
ME

52D21g2M0
22@H0381~2Ha24pM0!cos 2Q#@~b411b14!E013sin 2Q12~b442b66!E01cos2 Q12b66E01#

2 iD 21gM0
2v2$@b41E022~b332b31!E03#cosQ3sin 2Q1@~b112b13!E022b41E03#sinQ sin 2Q

12b44E02cosQ cos 2Q1q~b44E032b14E02!12~b44E032b14E02!sinQ cos 2Q%;

x2818
ME

5 iD 21gM0
2v4@~b14E031B66E02!sinQ1~b14E021B44E03!cosQ#2D21g2M0

2@H0381~2Ha24pM0!cos2 Q#

32@~b122b13!E01sin 2Q12b14E01cos 2Q#;

x2828
ME

5 iD 21gM0
2vr @~b662b44!E01sin 2Q12~b141b41!E01cos2 Q24b41E01#2D21g2M0

2@H0381~2Ha24pM0!cos2 Q#

3$@2~b112b13!E0222b41E03#cosQ3sin 2Q12@b41E021~b332b31!E03#sinQ

3sin 2Q14~2b14E021b44E03!cosQ cos 2Q24b44E02sinQ cos 2Q%; ~17!

x2838
ME

52D21gM0
2v@2~b141b41!E01sin 2Q14~b442b66!E01cos2 Q14b66E01#2D21g2M0

2@H0381~2Ha24pM0!cos2 Q#

3$@2b41E022~b332b31!E03#cosQ sin 2Q12@~b112b13!E022b41E03#sinQ sin 2Q14b44E023cosQ cos 2Q

14~b44E032b14E02!sinQ cos 2Q%,
im
e
ag
I

where

D5v0
22v2;

v0
25g2@H03812~Ha22pM01q1M0!cos2 Q12M0 sin 2Q

1M0q2#3@H03812~Ha22pM01q1M0!cos 2Q

14rM 0 sin 2Q#;

q15~b122b13!E01
2 1~b112b13!E02

2 1~b312b33!E03
2

22b41E02E03;

r 5b14~E02
2 2E01

2 !22b44E02E03;

q25r ~b112b12!~E02
2 2E01

2 !18b41E02E03.

Now we consider some special cases having practical
portance and simplify these expressions. Without loss of g
erality, we shall consider a case when the equilibrium m
netization coincides with a symmetry axis of a structure.
13440
-
n-
-

n

that case in the Eq.~17! we assumeQ50 and Í 05 Í 03. For
the ME susceptibility tensor components, we obtain

x1818
ME

522D21g2M0
2~H012Ha!@B1512~b25E011lb14E02

1b44E03!#22iD 21gM0
2v@B1412~b14E011b25E02

2b45E03!#;

x1828
ME

522D21g2M0
2~H012Ha!@2B1412~b142b41!E01

12~b252b53!E0212b45E03#22iD 21gM0
2v@B15

12~b25E012b14E021b44E03!#;

x1838
ME

52D21g2M0
2~H012Ha!@2~b44E011b45E02!#

24iD 21gM0
2v~B44E022b45E01!;
4-6
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x2818
ME

512iD 21g2M0
2v@B1512~b25E011b14E021b44E03!#

22D21g2M0
2~H012Ha!@B14

12~b14E011b25E022b45E03!#;

x2828
ME

522iD 21gM0
2v@2B1412~b142b41!E0122~b25

2b52!E0212b45E03#22D21g2M0
2@B1512~b25E01

2b14E021b44E03!#~H012Ha!; ~18!

x2838
ME

514iD 21gM0
2v@b44E011b45E02#24D21g2M0

2

3~H012Ha!~b44E022b45E01!,

where

D5g2@H012Ha12q1M01M0q2#@H012Ha12q1M0#

2v2;

q1 and q2 are determined by Eq.~17!. We shall consider a
disk sample cut in a base plane with electrical and magne
field directions perpendicularly to the disk plane (M0iE0i3).
Then from Eq.~18!, we get

x1818
ME

5x2828
ME

522D21g2M0
2~H012Ha24pM0!

3~B1512b44E0!,

x1828
ME

52x2818
ME

522iD 21gM0
2v~B1512b44E0!, ~19!

x1838
ME

5x3818
ME

50,

where

D5g2@H012~Ha1M0q22pM0!#22v2;

q5~B312B33!E01~b312b33!E0
2.

From Eq.~19! it is evident that in this case the ME susce
tibility tensor is antisymmetric and can be diagonalized. F
this purpose we use cyclic variablese65e186 ie28 , m6

5m186 im28 . So, we obtain

x6
ME522x6

MM0~B1512b44E0!, ~20!

wherex6
M5x16xa .

Equation~20! facilitates direct estimation of the ratio o
magnetoelectric and magnetic susceptibilities. We cons
here a specific example: bulk composites of YIG and P
Using the experimental data on linear and bilinear ME eff
and taking into account thatB15'B332B13, we get
2B15M050.3 Oe cm/kV5931022 in Gaussian units.24 As-
suming negligible bilinear terms and substituting the value
B15 in Eq. ~20!, we get

Ux6
ME

x6
M U50.3

Oe cm

kV
.

13440
c-

r

er
.
t

f

If the linear term is negligible, as is the case for unpolariz
YIG-PZT samples, and with the bilinear ME consta
4b44M050.731022 Oe (cm/kV)256.331024 esu21 and
for Å 051 kV/cm, we find

Ux6
ME

x6
M U50.731022

Oe cm

kV
.

Magnetic- or electric-field profiles of ME susceptibilit
could be obtained from Eqs.~12a! and~15!. As an example,
we once again consider bilayers of LFO-PZT, NFO-PZT, a
YIG-PZT. Figure 3 shows the calculated dependence of
and imaginary parts of ME susceptibility on static magne
field. The results are for a frequency of 9.3 GHz, as for F
1, andE50 and 300 kV/cm. Important features in Fig. 3 a
essentially similar to the electric-field effect on magnetic s
ceptibilities discussed in Sec. II. A resonance is seen in
susceptibility variation withH. A downshift inHr accompa-
nies the application ofE. Since the amplitude for ME sus
ceptibility is determined by the ME constants, we observe
Fig. 3 a larger amplitude for NFO-PZT than for YIG-PZT.
is worth noting that Fig. 3 represents a unique property
ME composite and can be defined as ME spectrum of co
posite.

IV. DISCUSSION

Here we describe briefly experimental techniques for
determination of magnetic and ME susceptibilities. We th
employ an indirect procedure, measurements of electric-fi
induced ferromagnetic resonance~FMR! line shift for the

FIG. 3. Theoretical magnetic-field dependence of the magn
electric ~ME! susceptibility for bilayer composites of LFO-PZT
NFO-PZT, and YIG-PZT at 9.3 GHz. Both real and imaginary co
ponents are shown for~1! E50 and~2! E5300 kV/cm.
4-7
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estimation of ME constants for multilayers of LFO-PZT. Th
parameters thus obtained are then used to calculate the
ceptibilities. The microwave cavity resonance technique
ideal for the determination magnetic susceptibility. In th
procedure, the sample is mounted at the maximum of rf m
netic field. One needs to measure the shift in the resona
frequency and the cavityQ, quantities that are proportiona
to the real and imaginary parts of the magnetic susceptibi
Measurements as a function ofH and E are necessary fo
field profiles for the susceptibility as in Figs. 1 and 2.

There are three methods for measurements of microw
ME susceptibilities in ferrite-PZT composites:21 ~i! resonant
coupling of microwave magnetic and electrical fields due
ME interaction in the material;~ii ! electric dipole transitions
in the composite;~iii ! ferromagnetic resonance line shift du
to a dc electric field and estimation of ME constants a
susceptibilities. The first two are direct procedures and
third is an indirect but effective method. In the first metho
input and output antenna made of transmission lines or r
nators are coupled through a sample of the composite
interest. The sample is required for the transformation
microwave magnetic field into electric field or vice vers
For the determination of ME susceptibility by power abso
tion at electric dipole transitions, the sample is located at
maximum of microwave electric field in a microwave res
nator. The absorbed power is proportional to an effect
microwave magnetic field resulting from ME interactio
and the sample geometry. The determination of ME susc
tibilities requires the amplitude of rf electric field and th
power absorbed.21

The third measurement technique is an indirect proced
The value of ME susceptibility is determined by ME co
stants. For theoretical susceptibilities in Figs. 1–3, we ca
lated ME constants from material parameters for the ferr
and PZT. But one could also determine the coupling c
stants experimentally from data on magnetic resonance
shift dH due to constant electric fields. We employ this pr
cedure here for a specific case, multilayer composites
LFO-PZT. Multilayer composites of LFO-PZT were pre
pared from 15-mm-thick films of the ferrite and PZT mad
by tape casting techniques.26 Samples containing 16 layers o
LFO and 15 layers of PZT were prepared by lamination a
sintering at 1450 K. Further details on sample preparati
and low-frequency characterization will be discuss
elsewhere.27 The composites were polished and electri
contacts were made with silver paint. Ferromagnetic re
nance studies using a microstripline structure operating a
GHz were carried out at room temperature on discs of dia
eter 4 mm and thickness 0.5 mm. The static magnetic fi
was applied perpendicular to the sample plane and po
absorption by the sample was measured as a function oH.
Resonance was observed with a linewidth was on the o
of 300 Oe. The samples were subjected to a constant ele
field perpendicular to its plane and the resonance absorp
versus static magnetic-field profile was obtained for a se
of electric fields. Figure 4 shows the variation of the shiftdH
in the resonance field as a function ofE. A linear dependence
of the field shift on the electric field is evident from the da
and is indicative of the absence of measurable bilinear
13440
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effects. One obtains, from data in Fig. 4, a linear ME co
ficient such that 2Mo(B312B33)50.4 Oe cm/kV. From Eq.
~20! we get the ratio of magnetoelectric and magnetic s
ceptibilities for LFO-PZT multilayer composite,

Ux6
ME

x6
M U50.4

Oe cm

kV
.

The ratio is in very good agreement with the theoretical
timate of 0.6 Oe cm/kV obtained in Sec. III for a bilayer
LFO-PZT. Similar data, but for other combinations ofE and
H field orientations, could be used for the determination
other ME constants of interest.

The ME constants thus obtained is useful for the calcu
tion of susceptibilities for the multilayer composite. Figure
shows the variation of the real and imaginary parts of
magnetic susceptibility for the LFO-PZT sample as a fun
tion of H and E for a frequency of 9.3 GHz. Other param
eters used in the calculation area50.03 obtained from FMR
data andH012Ha24pM053300 Oe. These estimation
are made for a disk sample magnetized along the symm
axis. Results onx vs H in Fig. 5 reveal anE-induced shift
dH of 117 Oe, in agreement with 136 Oe for the bilayer
LFO-PZT. Similarly, the width ofx vs E profile in Fig. 5
agrees well with the estimates for the bilayer in Fig. 2. T
ME susceptibility and its dependence onH and E for the
multilayer sample is shown in Fig. 6. Comparison with r
sults for the bilayer in Fig. 3 indicates small amplitude
resonance for the multilayer and is due to weak magnetoe
tric interactions. Thus results in Figs. 5 and 6 provide
essential information on high-frequency magnetic and M
susceptibilities for LFO-PZT multilayers. The electric-fie
influence on the magnetic susceptibilities in LFO-PZT
stronger than in YIG-PZT, but weaker compared to NF
PZT.

As mentioned in the introduction, ME devices based
the interaction between rf magnetic field and constantE field
@type ~i!# are of interest in the microwave region of the ele

FIG. 4. Resonant magnetoelectric effect measured in
multilayer composite of LFO-PZT. The sample contained 16 lay
of LFO and 15 layers of PZT. The thickness of each layer is 15mm.
The static fieldsH andE are perpendicular to the sample plane. T
shift in the ferromagnetic resonance field at 9.3 GHz is shown a
function ofE. The ME constants obtained from the data are used
calculate the magnetic and ME susceptibilities for the multilaye
4-8
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tromagnetic spectrum. TheE induced shift in the resonanc
field in such materials should at least equal the resona
linewidth. It is clear from Figs. 1, 2, and 5 that all the com
posites considered here satisfy the key requirement. Re
in Fig. 1 indicate the suitability of NFO-PZT composites f
type-I devices such as phase shifters, and attenuators, a
line shift is 330 Oe inE5300 kV/cm versus a resonanc
linewidth of 450 Oe. Results of ME susceptibilities in Figs
and 6 are indicative of potential use of the composites
type ~ii ! devices such as coupled wave devices, parame
oscillators, and transformers.

V. CONCLUSIONS

General expressions for the electric-field effects on m
netic and ME susceptibility tensors of ferroelectr
magnetostrictive composite~symmetry point group 3 m and

FIG. 5. Magnetic-field and electric-field dependence of the m
netic susceptibility for the multilayer of LFO-PZT. The susceptibi
ties at 9.3 GHz and~1! E50 and~2! E5300 kV/cm were estimated
using ME constants obtained from the resonance field shift dat
Fig. 4.
ev

. B

s.
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4 mm! at microwave frequencies have been obtained.
pressions for the magnetic susceptibility indicate that
static electric field does not alter the tensor structure and
expects a resonance in the electric-field dependence. S
larly, the ME susceptibility tensor has resonant depende
on external magnetic and electric fields. The value of M
susceptibility is determined by ME constants and the elec
field. The theory is then used to calculate the susceptibili
for bilayer composites of LFO-PZT, NFO-PZT and YIG
PZT. One observes important characteristics such as st
E-field influence and a sharp resonance in the susceptib
vs E profile for NFO-PZT. We proposed two direct measur
ment techniques for ME susceptibility, resonant ME co
pling, and electrical dipole transitions. An indirect procedu
based on ME effects at ferromagnetic was used to obtain
constants for subsequent calculation of the susceptibili
for multilayer samples of LFO-PZT.

The theory presented here is of fundamental and tech
logical importance. It enables the determination of t
strength of ME interactions from appropriate data and s
sequent prediction of susceptibilities for composites such
NFO-PZT, LFO-PZT, and YIG-PZT. The theory is also
importance for the design and the analysis of devices ba
on ME composites.
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FIG. 6. Magnetic-field dependence of the ME susceptibility
the multilayer composite of LFO-PZT. The estimated values at
GHz are for ME constants obtained from data in Fig. 4 and for~1!
E50 and~2! E5300 kV/cm.
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