PHYSICAL REVIEW B 66, 134404 (2002

Magnetic and magnetoelectric susceptibilities of a ferroelectriéerromagnetic composite
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A phenomenological theory of magnetic and magnetoeledfk&) 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 cortgositestry
point group 3n and 4nm) to ME coupling constants. The theory predicts a unique resonance &letieic-
field dependencef 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 titanatd®ZT), nickel ferrite (NFO)-PZT, and yttrium iron garnetY|G)-

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 resonan®MVR) 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.
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[. INTRODUCTION bulk and layered samples consisting of a ferrite that is ferri-
magnetic and magnetostrictive and barium titanate or lead
There has been considerable interest in the physics of hetirconate titanat¢PZT) that is ferroelectric with strong pi-
erostructures in recent years for possible applications in deezoelectric coupling.
vices. Most studies were devoted to superlattices or bilayers Investigations of magnetoelectiiIE) effects in compos-
involving the combination of ferromagnetic/nonmagnetic/ites have mainly focused on low-frequen¢0—1000 Hz
antiferromagnetic layers? Dipole and exchange interactions effects. Harsheet al. proposed a model for low-frequency
in magnetic superlattices are predicted to show collectivVE effects in ferrite—lead zirconate titanafZT) bilayer©
spin wave and magnetostatic bulk and surface modes wit®ther works of significance related to ME composites were
unique characteristics* Some recent theoretical studies reported in the MEIPIC-2 conferené&Getman considered
also dealt with ferroelectrit@ntiferroelectric bilayers® It  the composites as a homogeneous medium and obtained the-
was shown that the hysteresis loops in such structures wergetical concentration dependence of ME coefficients for
dependent sensitively on the layer thickness and interfackulk and layered samples using the effective parameters
coupling. These studies suggested the possibility ofpproacht’Lopatinet al.carried out experimental studies on
multilayer ferroelectric elements for use in memory multilayers of ferrite-PZT composites and observed strong
devices>® ME effects!® Our very recent works on bilayers and multi-
The present work is concerned with a composite consistlayers of nickel ferritg{NFO), lithium ferrite (LFO), or lan-
ing of both ferromagnetic and ferroelectric phases. The focuthanum strontium manganite with PZT indicated a giant low-
is on magnetoelectric interactions at microwave frequenciedrequency ME effect with a coupling coefficient ranging
The magnetoelectric effe¢ME) is defined as the dielectric from 60-1500 mV/cm O&-1?
polarization of a material in an applied magnetic field or an The primary focus of this work is on the high frequency
induced magnetization in an external electric field. The effeceffects in artificial heterostructures of ferrite-PZT. Most iron
facilitates the conversion between energies stored in magdsased ferrimagnetic oxides show two high-frequency reso-
netic and electric fields and requires the coexistence of longiances in the magnetic susceptibility: one in the microwave
range magnetic order and ferroelectric ortiéf Several region associated with the net ferromagnetic moment and a
single-phase materials show rather weak ME eff€tButin ~ second resonance at a higher frequency corresponding to the
a composite consisting of both magnetostrictive and piezoantiferromagnetic alignment of sublattice moments. It is
electric phases, the ME effect is the result of product-therefore important to study the effects of ME coupling at
property, i.e., the mechanical deformation due to magnetofrequencies close to both resonance regimes. Tilley and Scott
striction results in a dielectric polarization due to provided a theory of such high-frequency ME effects for a
piezoelectric effect§-*? Studies show strong ME effects in single phase ME material, antiferromagnetic BaMrf
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They incorporated ME interactions in the free-energy expresfiles in a bilayer of LFO-PZT, NFO-PZT, and YIG-PZT. For
sions, and with the aid of the Landau-Lifshitz equations ofthe calculations, we use theoretical values of ME coupling
motions showed that with increasing strength of ME interacconstants obtained from elastic constants and piezoelectric
tions (i) the magnon frequency decreased éinidthe optical- and magnetostriction parameters, as discussed in Ref. 17.
phonon frequency increased. It was also shown that mad?ur calculations reveal the largest electric-field effects on
netic, dielectric, and magnetoelectric susceptibilities havénagnetic susceptibility for NFO-PZT composites. In Sec. III
poles at magnon and optical-phonon frequencies. we consider a composite subjected to time-dependent electric
Since ferrites are materials of choice for microwave signaP"d magnetic fieldgtype (i) interactior}, and analyze mi-

processing devices due to low losses, ferrite-PZT compositeédoWave ME susceptibility>** It is shown that the ME sus-
are promising candidates for a class of high-frequency de_c_:eptlblllty is the product of magnetic susceptibility, compos-

vices based on ME interactions. This work therefore focusel{e Magnetization and ME_coupling constants. We again
on the properties of the composite in the microwave regiorfnsider LFO-PZT, NFO-PZT, and YIG-PZT bilayers and

of the electromagnetic spectrum. In our recent work, we con€Stimate ME susceptibilities vd profiles as a function of

sidered a ferrite-PZT bilayer subjected to a microwave m(,;lg@\pplied electric fields, ca!led the magnetoelectr_ic spectrum.
netic field and constarE and H fieldsl’ We developed a We observe a resonance in the ME spectrum, with NFO-PZT

phenomenological theory for the shift of magnetic resonanc&YStem showing the largest resonance amplitude. The ME

field induced by external electric field and obtained an exSuSceptibility is a key parameter for the design of devices

pression for the shift in terms of ME coupling constants. The?@sed on microwave magnetoelectric coupling. In Sec. IV we
shift occurs due to electric-field induced strain in PZT andP"oPOSe two direct and an indirect measurement methods for

ME coupling. Assuming nominal values for ME coupling magnetoelectric susceptibility. The direct procedures involve

constants, we estimated the field shift for NFO-PZT and yt/) resonant coupling of microwave fields in the composite
trium iron garnet(YIG)-PZT layered composites as a func- Placed in a resonator or transmission line @indpower ab-
tion of the volume ratio for the two phases. Alternately, theSCrPtion due to electric dipole transitions. We demonstrate
theory enables the determination of ME constants from dati'e_usefulness of this procedure with specific reference to
on E induced field shift in the magnetic resonance region. -FO-PZT composites.

In this study, we address the following questions of im-
portance on the high-frequency response of the ferrite based. INFLUENCE OF A CONSTANT ELECTRIC FIELD ON
composites. MAGNETIC SUSCEPTIBILITY

(1) We provide a general theory applicable to both bulk . . . .
and layered samples that are subjected to dc and ac magneticln a composite, the interaction between electric and mag-

and electric fields. Here we consider two types of interac/1€liC subsystems can be expressed in terms of a ME suscep-

tions: (i) coupling between microwave magnetic field and dclibility. In genesr%'zghe susceptibility is defined by the follow-
electric field, andii) coupling between microwave magnetic ™9 equations:**
and electric fields.

(2) The former coupling is expressed in terms of electric-
field effects on magnetic susceptibility. The theory predicts a
resonance in th& dependence of the susceptibility. M= xMEE+ xMH. (1)

(3) The interaction between ac electric and magnetic
fields is described in terms of a ME susceptibility tensor and’
explicit expressions are derived for the tensor components:
The theory when applied to bilayers of ferrite-PZT predicts a®

P=x"E+x"MH,

ereP is the electrical polarizatiorM is the magnetization,
andH are the external electrical and magnetic fielgs,
nd yM are the electrical and magnetic susceptibilities, and

strong microwave ME effect in nickel ferrite-PZT. x=M andxME are the ME susceptibilities, withlF=xE'. In
(4) We propose three measurement techniques for MEQ. (1) P, M, E, andH generally contain both dc and ac
susceptibility in the microwave region. components, for example, fét
(5) Finally, data on ME coupling constants obtained for a
multilayer ferrite-PZT samples are used to estimate the mag- P=Py+pexpint).

netic and ME susceptibilities for comparison with theory.

The study is also essential for potential use of the comfor the microwave regime, the ME susceptibility is defined
posites in devices. With the composite, traditional magneti®y the expressions
devices such as a microwave switch or a phase shifter could

be controlled with an external electric fie[thteraction of p=xFe+ xEVh,
type (i)].131° There are also possibilities for devices, includ-
ing magnetoelectric spin-wave amplifiers in which rf electric m= x"Ee+ yMh. 2)

fields facilitate the amplification and coupled-wave devices
in which hybrid spin-electromagnetic or spin-acoustic wavedn Eg. (2), the ac amplitudes are shown explicitly, but the
are produced through ME couplinmteraction of type(ii)].  susceptibilities also depend on constant fields.

In Sec. Il we consider the typ#) interaction for a sample We consider a sample subjected to constant electric and
subjected to dc and ac magnetic fields. The model is used tmagnetic fields and a variable magnetic field. The thermody-
obtain the magnetic susceptibility versus electric-field pro-namic potential density can be written as
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W W0+WME! - - - (3) XS:_D_:L’}/ZM%Z N|1,2,;
whereW, is the thermodynamic potential density&t 0, i
and .
Xa=D “yMoow;
Wpe=BiknEiMM + b EiEE;M(M . (4)
D= w%— w?;

Here By, and bjj,, are linear and bilinear ME constants,
respectively. The number of independent components is de-
termined by the structure of a material. The main contribu- (2 2=y [H03,+2 (Nl’l’ i3,3,)|\/|o}
tion to Wye in polarized composites arises from the linear

ME constantsB;, . If the composite is unpolarized, the bi-
linear ME constants are dominant. Both the linear and bilin-
ear ME terms are important if the composite is partially
polarized®® We used the effective demagnetization factor
method to solve the linearized equation of motion of the
magnetization and obtained the following expression for thequency,

2

_<E Nil'z’MO

X|Hog+ 2 (N}, —Nyi5)Mg

Here yis the magnetomechanical rati®,is the angular fre-
w v are demagnetization factors describing the ef-

magnetic susceptibility: fective magnetic anisotropy fields, and,2’',3' is a coordi-
nate system in which the axis’ 3is directed along the
X1 Xstixa O equilibrium magnetization. In Eq5) the summation is car-
M i 0 5 ried out over all types of magnetic anisotropy. The ME in-
XTT | XsTXa X2 : ) teraction results in an additional term=A),
0 0 0
where klnr 2(Blkn+bljkn OJ)Eoan’k,Bn ns (6)

. where is matrix of direction cosines of axes' (2 ,3') rela-
x1=D ¥°M [HosﬂLMoE (NZ,Z,_N3 3,)] tive to the crystallographic coordinate systéin 2, 3.
We shall now derive a general expression for the magnetic
susceptibility tensor of ferrite-ferroelectric composite assum-
=D 1Ml How + M N NG | ing a structure \_Nith B or 4mm symmetry point group.
X2 Y 0[ 03 OZ N1y =Ngig) Equation(4) in this case becomes

Wie=E1[ —2Bp,M M+ 2B1gM M3l +E [ By M5 —M3) +2B1sM,M 3]+ E5(Bgg— By M5+ ES[ (b1~ b1 M7
+(b13=b1)M3+2b1MoM3]+ES[ (by3—b1o) M3+ (big—b1p) M3 —2byMpMg] + E5(bgg— b3 M3
+2E,E3(b4M 5 —bygM5+20,4M ;M 3) + 4E; E5(DggM 1M g+ ByiM M) + 4E 1 Eo(01,M ;M 3+ bggM 1M ). (7)

beg=(b11—Db17)2 for 3m symmetry point group ané,, i 2K,
=b,4=b,;=0 for 4mm symmetry point group. We shall as- 2 (N5~ Ny5)= M, N 4m+20 |cos 2 +4r sin 20,
sume the matrix of the form 9
1 0 0
p=| 0 cos® —sin® |, (8) > Nl,z, 4(beeEo1E02+ b11E01E03)COSO
0 sin® cosO !

where® is the angle between the equilibrium magnetization —4(b14E01Er 1 basEoiE3)SING,
and the symmetry axis of the crystal. Considering a disk

sample in the basal plane and with a uniaxial magnetic anwhere

isotropy, we get from Eqg6), (7), and(8)

K NE, —NE ., = —4B,Eq,+ 2(by—byo) (E2,— E2)
E (Ny, =Ny o) = M21—47-r+2q coZ O +2r sin 20 v e 2202 1oz ol 02.
0 +8b4;E0,E 03+ 29, O O + 2g3sin 20,
+2(b13—b1)( Egl_ Ecz)z)
+8b4;EqoE3, NE,Z, 3/3, =20g,c0s 20 +4g;sin 20, (10
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NE,Z/ =[2ByE g1t 4(b41EEozt besEoiEo2) |COSO 2Hye=2M (B3~ B3g) Eg+2Mg(b3y— bsg) EG.
—(2B1sEo1+4baE0Ep3)SiNG, The change originates from the piezoelectric phase mechani-
) cally coupled to the magnetostrictive phase, and is phenom-
02=B2sEoat (B3y—Bsg) Egat (b1~ big) Egy+ (byg enological described by ME constalg, andb;j, in Egs.

(3) and(4). Thus the variation of the dc electric field has the
same effect as magnetic-field variations and reveals a reso-
5 2 nant behavior. Expressions for the susceptibility components
03=b14(E,— Egy) + 2b44E g E 3. could be obtained with the help of demagnetization factors

Substituting Eq(9) in Eq. (6) it is possible to get an expres- Stipulated by ME interactions according to Ef).
sion for components of the magnetic susceptibility tensor. Next we consider specific composites and estimate the

We consider the special case of the electric field directedn@gnetic susceptibility and its electric-field variation. Three
along a symmetry axis of the structure, i.eq&Ay,=0, COMposites of importance for the estimation are LFO-PZT,

— by Eg,+ (031~ b3g) Ef3— 2b41E0oE g3,

A 0= E, and obtain NFO-PZT, and YIG-PZT because of desirable high-
frequency properties of LFO, NFO, and YIG. We consider a
Nilr—Ng/ngZ[(Bal— B33)Eo+ (bay— bgg)Eé]co§®, simple structure, a bilayer consisting of single ferrite and
PZT layers. In order to obtain the susceptibilities, one re-

N5/ —Nj.5=2[ (B31— B3y Eo+ (b1~ bag) E3]cos 20, quires the knowledge of ME constants and the loss parameter

(11) a. The ME constants could be estimated from the elastic
constants, piezoelectric coupling constant, magnetostriction,

NE. =0 and magnetization for the two phases as discussed in our
ver = earlier work[Eq. (9) in Ref. 17. The elastic constants, pi-
For a disk-shaped sample magnetized along the symmetg§zoelectric coupling, and the magnetization for YIG-PZT
axis, Eqgs.(5) and(11) yield and NFO-PZT used in the calculation are the same as in Ref.
17. For LFO the following elastic and magnetic parameters
X1=Xx2=D"1%’MoHf, are  used: ™Mc;;=24.47x 10 N/m?; Mc,,=13.71
X 10% N/m?; Mc,,=9.36x 10'° N/m?; 47M¢=3600 G. As-
Xs=0, (120 suming that the poling axis of the piezoelectric phase coin-
cides with thg 100] axis of the magnetostrictive phase and a
Xa=D tyMqow, magnetostriction of\ ;9o=1.4x1078, 23x10° 6 and 46

x10% for YIG-PZT, LFO-PZT, and NFO-PZT,

where respectively’®> we obtain M(Bs;—Bsg)=0.1, 0.6 and 1.4

D= w22 Oecm/kV for the three bilayers. Finally, these ME param-
0 ' eters and the loss parameter=0.025, 0.05, and 0.075 for
wo=yH 1 YIG-PZT, LFO-PZT, and NFO-PZT, respectivefy,were
e

used to estimate the magnetic susceptibility.
Figure 1 shows static magnetic-field dependence of real

Heg=Hy+2H_,—47My+2My(B3;—B3a) E ? : . )
eff = To™ £Ha™ M0 o(Ba1~Bag)Bo and imaginary parts of magnetic susceptibility with and

+2My(bg— bgs)ES, without an external electric field for layered LFO-PZT, NFO-
PZT, and YIG-PZT. Both real and imaginary parts are shown
H,=K;/Mg. as a function oH for E=0 and 300 kV/cm. The results are

_ o _ ) _ for a bilayer disk sample with thid andE fields perpendicu-
Assuming the dissipative term in the equation of motion ofar to the sample plane and for a frequency of 9.3 GHz. The
magnetization aswa(MoXm)/Mg, wherea is the dissipa-  static field range is chosen to include ferromagnetic reso-
tion parameter, the magnetic susceptibility tensor compopance in the ferrite. FOE=0, one observes the expected
nents are complex and take the fogm=x'+ix", where resonance iy’ and y” profiles. With the application oE
2 2 =300 kV/cm, a downshift in the resonance figfd occurs

wi(wi— 0+ 2a%w?) ; g ; ; ; ;

r_ 0t™o since the electric field essentially gives rise to an internal
X =Xo~ 2__ 22 2 2 21
(wg— %) +4a

wyw magnetic field. The magnitude of the shifitl varies from a
(123 maximum of 330 Oe for NFO-PZT to a minimum of 22 Oe
, awwo(w§+ w?) Mo for YIG-PZT. The paramete$H is determined by ME con-
X =Xo(wg_wz)z+4a2wng, Xo= Yw—o- stants which in turn is strongly influenced, among other fac-

tors, by the magnetostriction. The largéor NFO leads to a
It follows from Eqgs.(5) and(12) that the dependence of the relatively strongE-induced effect in NFO-PZT compared to
magnetic susceptibility on the dc electric field has a resonanY1G-PZT.
character. The nature of that dependence can be explained asFigure 2 shows the estimated variation of the real and
follows. By means of ME interactions, the external electricimaginary parts of the magnetic susceptibility as a function
field results in a change in the effective magnetic fidlgtin ~ of E for a frequency of 9.3 GHz. The constant magnetic field
Eqg. (12) with is set equal toH,. Figure 2 then essentially shows the
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FIG. 1. Theoretical static magnetic-field dependence of the magsusceptibility at 9.3 GHz for bilayers of LFO-PZT, NFO-PZT, and
netic susceptibility for layered composites consisting of a singleY!G-PZT. The static magnetic field corresponds to the resonance
ferrite layer and a layer of lead titanate zirconé®&T). The results ~ field for E=0.
are for lithium ferrite (LFO)-PZT, nickel ferrite(NFO)-PZT, and
yttrium iron garnet(Y1G)-PZT bilayers. The real and imaginary essary to consider the relationship between the variable mag-
parts of the susceptibility at 9.3 GHz are for an applied electric fieldnetization and the time-dependent electric field for finding
of (1) E=0 and(2) E=300 kV/cm. Notice the downshift in the the ME susceptibility tensor. Linearized equation of motion
resonance field wheg is increased from 0 to 300 kV/cm. for the magnetization for this case can be written as

electric-field dependence of the susceptibility components  ; [ i

and the resulting resonance. One noticeg a Iin)éar degendence fom-+ ymx (Ho=2N'Mo) = yMox (Ho= 2 N'm)

of x' onE for YIG-PZT and the variation is nonlinear for the =—yMgXhe, (13
other two samples. The imaginary component generally de-

creases with increasing magnitudeEfwith the largest in- Wherehﬁ,=2(Bikn+ 2bjjnEoj) Bii BmB3kM o€ -

fluence for NFO-PZT. The width of the resonance in Fig. 2 The magnetic susceptibility in relation to the effective
measured in terms of electric field is inversely proportionalmagnetic fieldh® is defined by Eq(5), i.e.,

to the parameter i ,(B3;— B33). It follows from Eg. (12)

that a narrow resonance is indicative of strong ME coupling m= x™h® (14)

in the composites. Thus NFO-PZT bilayer shows a sharp o o
resonance in comparison to YIG-PZT. Figures 1 and 2 repFrom Eq.(5), taking into account Eqg13) and (14), it is
resent the magnetic spectra of the composites obtained H3pssible to write the expression for components of ME sus-
magnetic and electric sweep, respectively, and are of intere§eptibility:

for potential use of the composites in devices. Most ferrite me m
based devices use a permanent magnet for the bias field and Xii =~ 2Moxp 7ni,
it is rather difficult to tune them even over a narrow fre where 7= (Bixn+ 2ijnEo;) Bit BmBak.

guency range. It is clear from Fig. 1 that with a ME compos- . . i
ite, however, tuning could be accomplished with an easy to It is evident fro_m the Eq(19) that 'gh_e_ freque_ncy c_lepen
dence of magnetic and ME susceptibility are identical, and

generate electric field. For a maximuvalue of 300 kv/ the value of ME susceptibility is determined mainly by ME

cm, devices could be tuned over a frequency width varyingc R o
i B onstants and the dc electric field. Taking into account the
from a maximum 925 MHzor 5H =330 Oe) for NFO-PZT internal structure of the magnetic susceptibility tensor, the

to a minimum of 60 MHz ¢H =22 Oe) for YIG-PZT. general expression for ME susceptibility is as follows:

(15

. MAGNETOELECTRIC SUSCEPTIBILITY OF e me  me
FERRITE-FERROELECTRIC COMPOSITES X11 X12  X13

me__ me me me
Consider now a composite subjected to both dc and ac XTI Xar X2z Xas - (16)
magnetic and electric fields. According to E@), it is nec- 0 0 0
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It follows from Eq. (16) that, unlike the magnetic susceptibility tensgf,® is generally asymmetric and the third line of the

tensor remains zero when magnetic losses are ignored. For practical use of the above expressions we shall consider the cas
of ME susceptibility tensor for point groupsr8and 4mm. All other point groups with uniaxial structures can be obtained in

a similar way. It follows from Eq(15) that the ME susceptibility tensor can be obtained by multiplication of the magnetic
susceptibility tensor in E5) and tensor, defined by Eq(15). Thus for the ME susceptibility tensor components, we get

Xiﬂrlir =—D " y2M{(i 031 2H, COS 20)4[ (— Byt b opt baiEor)SING + (Bist b1 opt basEoa) cOSO
- | 2D71’)/M Sw[(blz_ b13) E01Sin 2 + 2b14E01COS B],
Xyr5=—D"1y?MZ2(Hog+ 2H, cos 20)[ (bgs— bs) X Eg1 Sin 20 +2(by4+ byy) Egy cOF © — 2b41E 1]
- |D 71’)/M ga)Z{[Bzz+ (bll_ b13) E02_ b4lE03]COS® X Sin 2@ + [833_ BBl+ b41E02+ (b33_ bSl) Eog]sin® Sin 2@
+2(By5+ bgsEqg3— b14Egp) cOSO cos 20 + 2byE,SiN® cos 01;
Xy =—D"1y?M22[Hog + (2H;— 477M)cos 20 ][ (bgy+ b14) EqyX Sin 20 + 2(bs— bgs) Eg1 OS © + 2beeE oy ]
—iD _1’)/M gw2{[b4lE02_ (b33_ b31) Eog]COSG) X sin 20 + [(bll_ bl3) EOZ_ b41E03]Sin® sin 20
+2b44E 0,080 cos 20 +q(b44E g3~ b14Eg2) + 2(bgsEg3— b14Eq2) SINO cos 20} ;
Xorz =iD ~tyM3w4[ (by,E s+ BegEor)SINO + (b1 4E0p+ BagEol)c0s®]—D ~1y?M3[Hog + (2H,— 47Mg)cog O ]
X 2[(b1,—bq3)Ep;SiN 20 +2bEp1cOS 0 1;
Xors =D " TyM3wr[ (bgg—bas) Eor SiN 20 + 2(by4+ byr) Egy €O O —4byiEgy]— D~ 1y?M2[Hog +(2H,— 47Mg)cos 0 ]
X{[2(b11— b13) Egy— 2041E03]cOSO X Sin 20 + 2[ by Egot (33— ba1) EgalSin®
X sin 20 +4( —bq4Eg+b4sEq3) c0SO cos 20 —4b,,E,Sin® cos 201; a7
Xo5 = =D~ TyM2w[2(byy+ ) Egy Sin 20 +4(b 44— beg) Egy €OS O +4bggE]— D~ 192M 3 Hog + (2H,— 47Mg)cos 0]
X{[ = ba1Ego— (b3z—b31)Eg3]cos® sin 20 +2[ (by,—bq3) Egy— baiEgs]SIN® sin 20 + 4b,4E(,X cos® cos 20
+4(bgsEqz—b14E()SINO cos 201,

where that case in the Eq17) we assumé =0 andi,=i03. For
the ME susceptibility tensor components, we obtain

D=w(2)—w2;
2_ .2 _ i
wo=7Y [H03r+2(Ha 27TM0+q1M0)CO§®+2Mos|n2® Xg\_/lir:_2D_172MS(HO—’_2Ha)[815+2(b25E01+)\b14E02

+M X[Hoz +2(Ha—27Mg+q;Mg)cos 20 N
0d2]1X[Hoz +2(H,4 0t d1Mo) +b44E09)]—2iD " yMJw[ B4t 2(D14E g1+ boeEoy

+4rMgsin207;

—bysEoa) I
01 = (b1y— D12 EZ+ (13— 012 ESp+ (D31 — bag) Eg,
- 2b4lE02E03; X,fl,l;, = — 2D 71’)/2M g( H0+ 2H a)[ - Bl4+ 2(bl4_ b41) EOl
r=b14(Ef;— E5) — 2044E oE o3; +2(bgs— bs3) Egyt 20045E 03] — 2iD “*yM§w[Bis

02 =1 (D11~ b12) (BG,~ Egy) +8basEorFos: + 2(badF 01~ bgFort basFod);

Now we consider some special cases having practical im- e
portance and simplify these expressions. Without loss of gen- x5, = — D~ 1¥?M§(Ho+ 2H)[ 2(b44E 01+ basEor) ]
erality, we shall consider a case when the equilibrium mag- P
netization coincides with a symmetry axis of a structure. In —4iD " yM{w(BasEr— basEoy);
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ME N — T T T T T T
X211:=+2iD " Y’MGw[Bist 2(basEor+ b14Eopt basEos)] ¢ NFOPZT ™ "~ /T~
41 ! AN -
—2D "1y M§(Ho+2H,)[B1y s, >
;{ - -
+2(b14Eq1+ b2sE g~ basEga) I 5, ol J
ME ‘e — 2 § 2
X31:=—2iD "t yMGw[ ~Bis+2(b1— by Egs—2(bs z 2
= 4 - .
_ [= 3
— b)) Eoot 2b4sE0a] —2D 1 ¥*M{[Bist 2(bosEor el
=
— b1+ 04sE03) J(Ho+2H,); (18 2 "
16 1 ] ] 1 . /| ]
. _ 2 pzr
Xg/l/g/: +4iD l’yM g(,!)[b44E01+ b45EOZ-|_4D 1’)/2Mg § ;f 8 | NFO PZ.I:I Y lyl v .
1] —~ ;2 v a1
c ! ! \
X (Ho+2H4) (044E 02— b4sEoy), é’ §5 6 N .
2 ! :
where g a} i
2 YIG-PZT )
£ B . \ ]
D=9[Ho+2H,+20q;M+Mqaz][Ho+ 2H,+ 20, Mg] = 2 2 74 ’ 1N
2 b ool LFO-PZT =
— 0 0
: 4500 5000 5500 6000 6500 7000 7500 8000

g, andq, are determined by Ed17). We shall consider a

disk sample cut in a base plane with electrical and magnetic- Static Magnetic Field (Oe)
field directions perpendicularly to the disk plarid {| Eql3). FIG. 3. Theoretical magnetic-field dependence of the magneto-
Then from Eq.(18), we get electric (ME) susceptibility for bilayer composites of LFO-PZT,
ME ME 1 22 NFO-PZT, and YIG-PZT at 9.3 GHz. Both real and imaginary com-
X111 =Xp12=—2D""y*Mg(Ho+2H,—47M,) ponents are shown fafl) E=0 and(2) E=300 kV/cm.

X (B1s+2bysEo), If the linear term is negligible, as is the case for unpolarized

ME VIE P YIG-PZT samples, and with the bilinear ME constant
X120 =~ Xpr10= — 2D yMgw(Byst2byEp), (190 4b,,My=0.7x10"2 Oe (cm/kVf=6.3x10 * esu* and

for Ay=1 kv/cm, we find
ME ME

X113 =Xz =0,
X'fE _,0ecm
where XM =0.7x10 W

— A2 _ 2_ 2.
D=y1Hot2(HatMoq—27Mo)]"~ o™ Magnetic- or electric-field profiles of ME susceptibility

2 could be obtained from Eq$12a and(15). As an example,
q=(Ba1~Bsg)Eo+ (P31~ b33) By we once again consider bilayers of LFO-PZT, NFO-PZT, and
YIG-PZT. Figure 3 shows the calculated dependence of real
rand imaginary parts of ME susceptibility on static magnetic
field. The results are for a frequency of 9.3 GHz, as for Fig.
1, andE=0 and 300 kV/cm. Important features in Fig. 3 are
essentially similar to the electric-field effect on magnetic sus-
ceptibilities discussed in Sec. Il. A resonance is seen in the
susceptibility variation wittH. A downshift inH, accompa-
wherex¥ = y1% xa. nies the application oE. Since the amplitude for ME sus-

Equation(20) facilitates direct estimation of the ratio of CePptibility is determined by the ME constants, we observe in
magnetoelectric and magnetic susceptibilities. We considefi9- 3 & larger amplitude for NFO-PZT than for YIG-PZT. It
here a specific example: bulk composites of YIG and PzTiS Worth noting that Fig. 3 represents a unique property for
Using the experimental data on linear and bilinear ME effectE composite and can be defined as ME spectrum of com-
and taking into account thaBjs~Bs;—B.3, we get POSite.
2B;:M,=0.3 Oe cm/k\=9x 102 in Gaussian unité} As-
suming negligible bilinear terms and substituting the value of IV. DISCUSSION
B4s in Eq. (20), we get

From Eq.(19) it is evident that in this case the ME suscep-
tibility tensor is antisymmetric and can be diagonalized. Fo
this purpose we use cyclic variables =e;,xie,r, m.
=my.£im,, . So, we obtain

XME=—=2x"Mq(Bis+2bsEo), (20)

Here we describe briefly experimental techniques for the
determination of magnetic and ME susceptibilities. We then
) employ an indirect procedure, measurements of electric-field
kv induced ferromagnetic resonan@eMR) line shift for the

xME Oecm
—| =

*
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estimation of ME constants for multilayers of LFO-PZT. The - T T T
parameters thus obtained are then used to calculate the su@ 29 | 4
ceptibilities. The microwave cavity resonance technique is%
ideal for the determination magnetic susceptibility. In this £
procedure, the sample is mounted at the maximum of rf mag-E 16 | 4
netic field. One needs to measure the shift in the resonancg
frequency and the cavit), quantities that are proportional §
to the real and imaginary parts of the magnetic susceptibility.
Measurements as a function bf and E are necessary for
field profiles for the susceptibility as in Figs. 1 and 2.

There are three methods for measurements of microwave
ME susceptibilities in ferrite-PZT composités(i) resonant Electric Field (kV/icm)
coupling of microwave magnetic and electrical fields due to ) )
ME interaction in the materialii) electric dipole transitions FIG. 4. Resonant magnetoelectric effect measured in a
in the compositetiii ) ferromagnetic resonance line shift due multilayer composite of LFO-PZT. The sample contained .16 layers
to a dc electric field and estimation of ME constants and?f LFO and 15 layers of PZT. The thickness of each layer ipf®
susceptibilities. The first two are direct procedures and th h.e static fields+ andE‘f’“e perpend'cu.lar to the sampl_e plane. The
third is an indirect but effective method. In the first method,Shlft n the ferromagnetic resonance .ﬂeld at9.3 GHz is shown as
input and output antenna made of transmission lines or reS(];l-JnCtlon OfE. The ME. constants obtameq fr.o.m the data are.used to
nators are coupled through a sample of the composite oc%alculate the magnetic and ME susceptibilities for the multilayer.
interest. The sample is required for the transformation of . - .
microwave magnetic field into electric field or vice versa. effects. One obtains, from data in Fig. 4, a linear ME coef-

For the determination of ME susceptibility by power absorp-flCIent such that MP(B31_ B3y =0.4 Oe cmvkV. From Eq.
tion at electric dipole transitions, the sample is located at thézo) we get the ratio of magnetoelectr|c an_d magnetic sus-
maximum of microwave electric field in a microwave reso- Ceptibilities for LFO-PZT multilayer composite,
nator. The absorbed power is proportional to an effective
microwave magnetic field resulting from ME interactions
and the sample geometry. The determination of ME suscep-
tibilities requires the amplitude of rf electric field and the
power absorbeé!: The ratio is in very good agreement with the theoretical es-
The third measurement technique is an indirect procedurdimate of 0.6 Oe cm/kV obtained in Sec. Il for a bilayer of
The value of ME susceptibility is determined by ME con- LFO-PZT. Similar data, but for other combinations®and
stants. For theoretical susceptibilities in Figs. 1-3, we calcuH field orientations, could be used for the determination of
lated ME constants from material parameters for the ferrite®ther ME constants of interest.
and PZT. But one could also determine the coupling con- The ME constants thus obtained is useful for the calcula-
stants experimentally from data on magnetic resonance fielton of susceptibilities for the multilayer composite. Figure 5
shift SH due to constant electric fields. We employ this pro-shows the variation of the real and imaginary parts of the
cedure here for a specific case, multilayer composites afnagnetic susceptibility for the LFO-PZT sample as a func-
LFO-PZT. Multilayer composites of LFO-PZT were pre- tion of H andE for a frequency of 9.3 GHz. Other param-
pared from 15am-thick films of the ferrite and PZT made eters used in the calculation ake= 0.03 obtained from FMR
by tape casting techniqué$Samples containing 16 layers of data andHy+2H,—47M,=3300 Oe. These estimations
LFO and 15 layers of PZT were prepared by lamination andare made for a disk sample magnetized along the symmetry
sintering at 1450 K. Further details on sample preparationsxis. Results ory vs H in Fig. 5 reveal arE-induced shift
and low-frequency characterization will be discusseddéH of 117 Oe, in agreement with 136 Oe for the bilayer of
elsewheré’ The composites were polished and electricalLFO-PZT. Similarly, the width ofy vs E profile in Fig. 5
contacts were made with silver paint. Ferromagnetic resoagrees well with the estimates for the bilayer in Fig. 2. The
nance studies using a microstripline structure operating at 9.8BIE susceptibility and its dependence éhand E for the
GHz were carried out at room temperature on discs of diammultilayer sample is shown in Fig. 6. Comparison with re-
eter 4 mm and thickness 0.5 mm. The static magnetic fieldults for the bilayer in Fig. 3 indicates small amplitude of
was applied perpendicular to the sample plane and poweaesonance for the multilayer and is due to weak magnetoelec-
absorption by the sample was measured as a functidi of tric interactions. Thus results in Figs. 5 and 6 provide the
Resonance was observed with a linewidth was on the orderssential information on high-frequency magnetic and ME
of 300 Oe. The samples were subjected to a constant electriusceptibilities for LFO-PZT multilayers. The electric-field
field perpendicular to its plane and the resonance absorptianfluence on the magnetic susceptibilities in LFO-PZT is
versus static magnetic-field profile was obtained for a seriestronger than in YIG-PZT, but weaker compared to NFO-
of electric fields. Figure 4 shows the variation of the shft ~ PZT.
in the resonance field as a functiontfA linear dependence As mentioned in the introduction, ME devices based on
of the field shift on the electric field is evident from the datathe interaction between rf magnetic field and consEafield
and is indicative of the absence of measurable bilinear MEtype (i)] are of interest in the microwave region of the elec-
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10 1 I I /\\/r—»\ I 1 4 T T /!/ ~ ,4‘\ T T
LFO-PZT 2 e RN E LFO-PZT N
E RN 3 3r 2/ A\ T
= S . ' B’ " MEyw, Y Y
% 5 Imaginary "y, S . - ] 2 [ \maginary ()", ! T
4 (7] v ‘.

§ ’ 3 1} . e .
=3 Q .- - - - .
7} £ sl
Q (i . © 0} —
g m ® Real (%)
3 Real (x")Ix, e 4l R i
= 2

.5 ] ! h ! | ] 4 2 1 1 I 1 1 1

6400 6600 6800 7000 7200 7400 7600 7800 = 6400 6600 6800 7000 7200 7400 7600 7800

Static Magnetic field (Oe) Static Magnetic Field (Oe)

12 T T T T T T T FIG. 6. Magnetic-field dependence of the ME susceptibility for
2 LFO-PZT the multilayer composite of LFO-PZT. The estimated values at 9.3
3 GHz are for ME constants obtained from data in Fig. 4 and for
‘g- 6 Imaginary (x"')--/xo ] E=0 and(2) E =300 kV/cm.
]
@ 4 mm) at microwave frequencies have been obtained. Ex-
£ O - pressions for the magnetic susceptibility indicate that the
é Real (¢")/x static electric field does not alter the tensor structure and one
b= expects a resonance in the electric-field dependence. Simi-

-6 ! L L ! L ! ! larly, the ME susceptibility tensor has resonant dependence

-400 -300 -200 -100 O 100 200 300 400 on external magnetic and electric fields. The value of ME

susceptibility is determined by ME constants and the electric
field. The theory is then used to calculate the susceptibilities
FIG. 5. Magnetic-field and electric-field dependence of the magfor bilayer composites of LFO-PZT, NFO-PZT and YIG-
netic susceptibility for the multilayer of LFO-PZT. The susceptibili- PZT. One observes important characteristics such as strong
ties at 9.3 GHz andl) E=0 and(2) E=300 kV/cm were estimated E-field influence and a sharp resonance in the susceptibility
using ME constants obtained from the resonance field shift data iS E profile for NFO-PZT. We proposed two direct measure-
Fig. 4. ment techniques for ME susceptibility, resonant ME cou-
pling, and electrical dipole transitions. An indirect procedure
tromagnetic spectrum. The induced shift in the resonance based on ME effects at ferromagnetic was used to obtain ME
field in such materials should at least equal the resonanasonstants for subsequent calculation of the susceptibilities
linewidth. It is clear from Figs. 1, 2, and 5 that all the com- for multilayer samples of LFO-PZT.
posites considered here satisfy the key requirement. Results The theory presented here is of fundamental and techno-
in Fig. 1 indicate the suitability of NFO-PZT composites for logical importance. It enables the determination of the
typed devices such as phase shifters, and attenuators, as thgength of ME interactions from appropriate data and sub-
line shift is 330 Oe iNE=300 kV/cm versus a resonance sequent prediction of susceptibilities for composites such as
linewidth of 450 Oe. Results of ME susceptibilities in Figs. 3 NFO-PZT, LFO-PZT, and YIG-PZT. The theory is also of
and 6 are indicative of potential use of the composites foimportance for the design and the analysis of devices based
type (ii) devices such as coupled wave devices, parametrion ME composites.
oscillators, and transformers.

Electric field (kV/icm)
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