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A phenomenological theory is proposed to treat the magnetoeléMigd 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 simple two-layerbimorph structure andii) a
generalized approach in which the multilayer structure is considered to be a homogeneous medium. Expres-
sions for the stress induced shiftl in the ferromagnetic resonance field due to an applied electricEibkave
been obtained for both cases. For a bimor@, is directly proportional to the product of the applied electric
field and the ME coupling constant. For a nickel ferrite—lead zirconate titdRaf€) 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 8hifis given by 2M, (B33—B3;) E, whereMy is the
composite magnetization arBls are the ME coefficients. For this model, a method for the calculation of
magnetoelectric coefficients from experimental data is presented.
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[. INTRODUCTION layer can easily be poled electrically to further enhance the
piezoelectricity. The multilayer structures did show an im-
The magnetoelectri€cME) effect was first predicted by provement over bulk sintered composites, but the ME coef-
Landau and Lifshitz in 1957. The effect is defined as theficient was much smaller than theoretical values.
dielectric polarization of a material in an applied magnetic Most of the published works so far on ME composites
field or an induced magnetization in an external electrichave focused on the theoretical modeling and experimental
field.* The simultaneous presence of long-range ordering Ofnvestigation of the effect at low frequenci¢$0 Hz—10
both magnetic moments and electric dipoles is essential fogHz).”~13 We proposed, in our earlier wofk,that layered
the realization of ME effects. In a single-phase compoundferrite-ferroelectric structures are ideal for studies directed at
the magnetoelectric effect is rather weak even at lowundamental understanding of ME effects at microwave fre-
temperature$-® A similar ME effect could be accomplished quencies through the measurement of electric field assisted
in composites which are of interest for the engineering ofshift of ferromagnetic resonance linEs8The layered com-
materials either with desired properties or new characteristicgosites are also of interest for a variety of device applications
that are absent in single-phase materials. van Suchtelan prprcluding electrically controlled microwave phase shifters or
posed “product property” two-phadsulk composites for the  ferromagnetic resonance devices, magnetically controlled
synthesis of high performance materials. For example, a pielectro-optic or piezoelectric devices, broad band magnetic

ezomagnetic phase mechanically coupled to a piezoelectrigeld sensors, smart sensors, actuators, and magnetoelectric
phase will deform in an external magnetic field and will leadmemory devices.

to an induced electric fiellSuch ME composites could also | this paper, we develop theoretical models for

be made with magnetostrictive and piezoelectric phases. vaultilayer ME composites in the microwave range. The phe-

den Boomgaard synthesized composites of magnetostrictiiomenological theory to be presented here is based on the

CoFe0O, and piezoelectric BaTighy two methods: sintering  fact that magnetic resonance frequency is strain depelident

and unidirectional solidification of eutectic mefts° Both  and that the magnitude of this strain dependence is deter-

composites yielded ME coefficients that were a factor 40—6G@nined by the piezoelectric and magnetoelastic constants of

smaller than calculated values. the piezoelectric and magnetostrictive phases, respectively.
Harshe, Dougherty, and Newnham, in their pioneering

work on ME compositesi) proposed a theoretical model for

multilayer hetrostructures with alternating layers of magne- IIl. TWO-LAYER STRUCTURE (BIMORPH )

tostrictive and piezoelectric phases afiid fabricated such

structures! A multilayer structure is expected to be far su-  For the sake of clarity, we shall first consider a simple

perior to bulk composites for the following reasofig.An model, i.e., a two-layetbimorph structure consisting of a

essential condition for maximizing ME effects is a large di- spinel ferrite with cubic n3m) symmetry and a poled lead

electric constanfand piezoelectricity In bulk composites zirconate titanatéPZT) with a «om symmetry about the pol-

the leakage currents due to low-resistivity ferrite inclusionsing axis. The influence of the electric field upon the piezo-

reduce the overall dielectric constafit) The piezoelectric electric phase may be described as follows:
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PTi; = "PCijii PSai— €xij Ex. (1)  HereEy s the electrical-field intensity?T;; , PS,;, €, and
where ness tensors of the piezoelectric phase, respectively.

Pcy, Pep, Pops O Substitution of Eqs(2) and(3) into Eq.(1) and assuming

Pci Peyy Peyz O E;=E, E;=E,=0, we get

o O O

] Pciz Peiz Pepn O

“l o 0o 0 Py O
0 0 0 0 Pcy
0 0 0 0 0 3(Pcy—Perp)

, PT33= — €33E +PC13(PS11+PS;p) + PC3dSss,

O O o o o

PT11=—e31E+PC11PS11+PC15PS5+PC15PS55=0, (4)

2) PToo= —€31E+PC15PS;1+PC11 PSyp+ PCy3PS3=0.
0 0 O 0 €5 O We now assume that the poling axis of the piezoelectric
0o o o 0 0 phase coincides with thgl1l] axis of the magnetostrictive
e= €15 : ) phase. In that case, the elastic constant tensor for the mag-
€33 €3 €3 0 0 O netostrictive phase has the form
|
eyt "Crp e MC1y+ 5", 2", Mt 2Mep 2", ey —"C1— 27y, 0 0
2 44 6 3 3v2
ey +5MC1,—2MCyy eyt Ten Mc13+2MC1,—2MCyy Mcy3—"C1,—2MCyy 0 0
6 2 Caa 3 N
3\2
MC11+2MC15—2MCqs MC11+2MC1o—2MCas MC1p+2MC1p+4MChs 0 0 0
3 3 3
m
C_
"C1+2MC1,—2MCay MC1y— 01— 2"Cyy 0 "C1y— 1o+ "Cay 0 0
3 3v2 3
0 0 0 0 M= "Cipt MCas M1y~ "C1o—2MCuy
3 3v2
0 0 0 0 MC11—"C1=2MCy,  MCyu—"C1pt 4MCyy
3v2 6
5
For the magnetostrictive phase, taking into account(bgy.we get
. Mey+Mero e mS N Mc13+5™MC1,—2MCyy mS,+ Me1+2™Me1,—2MCy, St Meyy— "1~ 2Meyy ms,
11 2 44 11 6 2 3 3 3v2 3
m m m m m m m m m
C11+5"C12—=2"Cyq Cut Cpo C11F+ 2"+ 47Cyy
T o= 6 MS1it 2 +MC4s| Spot 3 "Ss3,
(6)
. MC13+2MC1,—2"Cyy N MC1+2MC1—2Mey, mS,+ MC1+2MC1,—2MCyy S MC13—"C10—2MCyy ms,
33 3 11 3 2 3 3 3v2 3
. MCy1+2MC1,—2MCyy mg, M= "C1o—2™MCyy mS,+ Mcy3— "C1ot MCus ms,
23 3 11 3 2 3 3

Here "T;; and ™Sy, are the stress and strain tensors of thePT;3 as a function of the straiffS;; (iii) Determine the
magnetostrictive phase, respectively. stress™T33, using boundary conditions for the interfaci,)

Pciji are the stress, strain, piezoelectric coefficient, and stiff-

that the electric field is directed along the poling axis, i.e.,

To calculate the resonant ME effect for the bimorph, theDetermine the resonance line shift, using well-known rela-
approach taken is as follow§) Determine the straif"S;;  tions for the stress dependence of the resonance magnetic
as a function of the stres8T,5; (ii) Determine the stress field. Therefore the problem reduces to the solution of the
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elastostatic equations under specified boundary conditions. PT3e="Ta3, PSz=—"w/Pv-MS;,, (7)
Next, following Harsheet al,** we consider the structure

consisting of mechanically clamped magnetostrictive-where™v andPv are the volume fraction of magnetostrictive

piezoelectric discs without interface frictidpase Il in Ref.  phase and piezoelectric phase, respectively. From &gs.

11): (6), and(7), we obtain

( 2Pc18q1 )
3 — €33

—_— Pcyg+Peyy
Tas= m m P2 . 8
14 1 Cag Cl3
I+t 5ol amt 3 m PCas—2 5——p
Pr13Mcy,  3(Mcy+2Mey) (PeatPern)

It is well known that the applied stress causes the shift of thenicrowave ME effect than YIG because of a relatively high
resonance magnetic field We will confine ourselves to the magnetostriction for the ferrite. Another remarkable feature
case where both magnetic and electric fields are along thia Fig. 1 is the fact that the numerical value of the field shift
poling axis of the piezoelectric layer in[da11] direction of increases from zero with increasing volume fraction of the
the magnetostrictive layer; then the result becomes simply piezoelectric phase. But we need to realize that the magnetic

resonance line becomes weak if the concentration of the
) magnetostrictive phase is too low.

At low frequencies, however, the largest ME effect is ob-
served at approximately 50:50 volume percent
compositiont*3 For ™»/Py=1, the resonance line shift re-
sulting from the applied electric field is given by

3N111"MT a3
E M. AEg,
whereA is a magnetoelectric constant alild, is a saturation
magnetization of the magnetostrictive layer.

From Eqs.(8) and(9) it is possible to estimate the shift in
the resonance field for a bilayer of a magnetostrictive- sq—a.E with A~2 Oecm/kV for NiFgO, PZT,
piezoelectric composite. Theoretical values of the magneto- (93
electric constanA= 6Hg/E5; were determined for two com-
posites of importance, nickel ferrite-PZT and yttrium iron SH=A-E, with A=0.45 Oecm/kV for YIG PZT,
garnet(Y1G)-PZT. For the computations, the material param- (9b)

eters assumed for the wo phases are as follows: wheredH is in Oe anck in kV/cm. The estimated resonance

PZT: line shift for YIG PZT is in good agreement with our previ-
ous experimental result The line shift 0.45 Oe cm/kV is to
Pm 10 2. P~ _ 10 2. ¢
€11=12.6X107" N/m% Pe1,=7.95x10°" N/m™ be compared with the measured value of 0.2—-0.56 Oe cm/kV

Per=8. 4% 1080 N/MZ Peas=11 7X 100 N/m2: depending on the properties of the piezoelectric phase. Thus
137 ©- ’ 337 . ’

e3;=—6.5 C/nf; e33=23.3 C/nf. 25 . ' . I
NiFe,0,: S 0] .
ot
MC11=21.99x10' N/m? ™Mc;,=10.94x10" N/m?; £E 15
g s 159 . -
Mc4a=8.12x10% N/m?; \jy;=—21.6x1076; 3C —NiFe,0O, - PZT
8 < 10+ ----YIG-PZT i
47M¢=3200 G. o E
YIG = §
Mc,,=26.9x10'° N/m?; Mc,,=10.77x10'" N/m?;

MC,=7.64x10%° N/m?;

Volume Ratio ™v/Pv

N111=—2.8X107% 47M,=1750 G. _
. . ) FIG. 1. The dependence of the magnetoelectric congta a
Figure 1 shows the estimated ME constArgs a function of  function of the ratio of the volumes of magnetostrictive and piezo-

the ratio of the volume of the two phases in the bilayer. Theelectric phases"»/Pv. The estimates are for bilayers of nickel
composite with nickel ferrite is predicted to show a strongefferrite-PZT and yttrium iron garndty1G)-PZT.
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we infer from the treatment that the volume fraction of thethe angled with the [001] cubic axis. Considerable simplifi-
piezoelectric phase must be sufficiently high and that it iscation of the theory results further if the direction of magne-
necessary to use a piezoelectric component with a large ptization coincides with a uniaxial stres8T;; (see above
ezoelectric coefficient, a magnetostrictive component withiThen the additional energy term can be represented by
small saturation magnetization, and high magnetostriction. 3
_ 2m

Ill. GENERAL THEORY: MACROSCOPIC AWwe=gppz [ aa Moot (Moo~ A112)008 BIMi T3

HOMOGENEOUS MODEL

2
Let us assume that the composite as a whole can, from a + gomz[ M1~ Moot (Moo~ A 110)COS 40IM3 T
point of view of the ME properties, be considered macro-
scopically as a homogeneous material, i.e., the magnetoelec- .
tric composites can be considered as a real “material” with * 8M?2 (M0~ Ma17)Sin 26+ 5(7\100
the ME effect which is not present in the constituent phases.

In this case the influence of an external constant electric field A y10)SiN 40| MM ™T
E upon the magnetic resonance spectrum can be generally 1 R
described by m(()aans of an additional term in the thermody- 3 ox .
namic potentiaf s ML 790) 1 (N 114~ N100)COS 29
8M 4
W= J’ (Wo+ AWME)dSX, (10) 3 5

v + Z()\lll—)\loo)cosw M3EMT 3. (12
whereW, is the thermodynamic potential densityEt 0, . )
and For the special case considered above whki[111], we

get

AWpe=BxEiM;M\, (11
lOO) M3™T 33

. - [ M1 No0) o Ny~ A
whereB is ME coefficientsA Wy, can be found by means of AWye= (T) M1MTast+ (T
a similar approach as in Refs. 11 and 20, taking into account

elastic, magnetoelastic, magnetostrictive, piezoelectric, and — X111~ Moo
electrostrictive contributions under certain specified bound- (T
ary conditions. As a practical example, we consider specifi-

cally the case described above, that is a cubic magnetostridhe magnetic resonance condition has the well-known
tive phase with magnetization in ti&10) plane and making form?!

M32™T33. (13

2) 172
o= [Het S N1+ S |3 ] 1

where w is the resonance frequency,is the gyromagnetic
ratio, Hs is the projection of an external magnetic field to- Q1=2H3+Mg >, [(N5,—NE)+(N5—N5)1;
wards the equilibrium orientation of the magnetizatidr; 7E
N,; ™ are the geometrical demagnetization factdis; ® are

the effective demagnetization factors due to the magnetic Q,=
crystalline anisotropyN,; = are the effective demagnetiza-
tion factors due to the ME interaction. Using HG44) it is
easily shown that the resonance line shift under the influence
of the electric field to the first order iNE, has the form

H3+MoiZE (N5~ NEQ}:

Q3=

H3+Mo_2 (Nllzl—NEg)}; Q4:2Mo_2 NY,.
7t 7t

Equation(15) enables us to determine the ME constants of
Mo . . . . . the composite and consequently to interpret the data on the
SHeg=— Q—[Qz(Nu— N33) +Q3(N3z;— N33) —Q4N1,], resonant ME effect.
! (15) Uniaxial structure(com+m3m— 3m)
Attention will now be restricted to the uniaxial structure
with 3m symmetry point group. In this case EdJ1) for the
where thermodynamic potential density can be written as follows:
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FIG. 2. Coordinate system for a uniaxial multilayer structure.

AWpe=E4[ By Mi_ M %) —2By»pM 1M, +2B1 MM
+2B1sM ;1 M3]+ Eq[ By M3— M%) — 2B ;M M,
+2B1sM M3~ 2B1,M; Mg]+E5(Baz— B3 M3,

(16)

The usual two-index notation is introduced:
Bijk=Bix
with A =1,2,3,4,5,6 corresponds je=1 andk=1, j=2 and

k=2,j=3 andk=3, j=2 andk=3, j=1 andk=3, j=1
andk=2, respectively, and

Bijk=Bau

whereijeN=1---6,kleu=1---6.

According to the demagnetization factors method, an ef-

fective magnetic field is computed as follo#s:

He=— dWye/IM = —NEM. (17)
Equation(17) has to be written in the coordinate systé,
2', 3") for which the axis 3 coincides with the equilibrium
magnetization directiorMy. The components OHE, are
given by

HE = BwkHE, (19

where the matrix@ can be taken as followsee Fig. 2

1 0 0
p=| 0 cos® —sin® (19
0 sin® cos®
It is clear that
MK:BK’KMK" (20)

Substitution of Eq(17) into Eq.(18) and taking into account
Egs.(19) and(20) yields

PHYSICAL REVIEW B 64 094409
NE,— NE;=4(B1,E;— B,yE,) + 29, cog O + 2g; sin 20;

N5,— N5;=2g, cos 20 + 4g; sin 20; (21)

NI1£2: [—2(ByiEo+ByE;)]cos®
+[2((B14E,—B1sE1)]sin®;

where

g2=—B11E1+BoEs+ (B3~ Bag) Es;

03=—ByE;.

For the sake of clarity the primes in E®1) are omitted. It

is necessary to note that the indices on the right-hand side of
Eqg. (21) correspond to the crystallographic coordinate sys-

tem. Without loss of generality, we shall consider a case

when the electric field is directed along a symmetry axis of a

structure, i.e.

E1=E2=0, E3=E
So, we get

NE,—NE;=2[(B3;— B3z)E]cog @;

N5,— N5;=2[ (B3;— Bag) E]cos 20; (22)

NL,=0.

Taking into consideration a cubic and geometrical anisotropy
of the magnetostrictive phaSeand assuming that the we
have(111)-magnetostrictive layers, fdelHI[111], we get

w/'y=H3+ M0[4/3 HA/MO_4’7T+ 2(531_ 833)E]
(23)

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

(SHE: _2M0(833_ Bg]_)E (24)

Note that in Eq(24) M, is the magnetization of a multilayer
composite as a whole.

Using experimental data on the resonant ME effect and
the expressioli24) it is possible to determine ME constants
describing the behavior of multilayers in an external electri-
cal field that will allow us to get additional information about
the nature of ME interaction in the structures. In Nickel
ferrite-PZT composites, for example, one obtains from Eqs.
(24) and (93

(Baz— B3)=7.7x10 2 cm/kV. (25)

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

IV. CONCLUSIONS

We presented herdi) theoretical analysis of high-
frequency ME effects for a simple two-layer structure and
(i) a detailed treatment for electric-field-induced shift for
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ferromagnetic resonance field in multilayers. Our calculavices of magnetic type with electrical control, such as a mi-
tions predict a strong microwave ME effect in compositescrostrip phase shifter. In general, the control parameter can
consisting of a magnetic phase that has a large magnetostrie variations associated with electric and magnetic fields,
tion and a small magnetization. The results obtained in thisemperature, and their combined effects. The theory pre-
study are of importance for quantitative information on mi-sented here is likely to lead to composites with strong ME

crowave ME effects and for potential device applicationseffects at microwave frequencies for signal processing
based on multilayer composites. Microwave devices basefdeyices.

on ME effects have unique advantages over traditional ferrite
and semiconductor analog5.

Based on these models, we conclude that nickel ferrite-
PZT composite is the system of choice for realizing strong
ME effects at microwave frequencies. Followup works now Partial support from RFBR, Project No. 01-02-17579, for
underway include experimental investigation of magnetothe work at Novgorod State University is gratefully acknowl-
electric effects in multilayer of nickel ferrite-PZT and nickel edged. The work at Oakland University was supported by the
zinc ferrite-PZT and fabrication of tunable microwave de-National Science FoundatidipMR-0072144.
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