PHYSICAL REVIEW B 68, 054402 (2003
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A theoretical model is presented for low-frequency magnetoele@#e) effects in bilayers of magneto-
strictive and piezoelectric phases. A novel approach, the introduction of an interface coupling pakaimseter
proposed for the consideration of actual boundary conditions at the interface. An averaging method is used to
estimate effective material parameters. Expressions for ME voltage coeffiaieatSE/ SH, whereSE is the
induced electric field for an applied ac magnetic fiéldl, are obtained by solving elastostatic and electrostatic
equations. We consider botmclampedandrigidly clampedbilayers and three different field orientations of
importance: (i) longitudinal fields ¢¢ ) in which the poling fieldg, bias fieldH, and ac fieldsSE and 6H
are all parallel to each other and perpendicular to the sample glangansverse fieldsdg 1) for in-planeH
and SH parallel to each other and perpendicular to out-of-pBm@@d SE, and(iii) in-plane longitudinal fields
(ag,,) for all the fields parallel to each other and to the sample plane. The theory predicts a giant ME coupling
for bilayers with cobalt ferritd CFO), nickel ferrite(NFO), or lanthanum strontium manganiteSMO) for the
magnetostrictive phase and barium titan@&O) or lead zirconate titanatdZT) for the piezoelectric phase.
Estimates ofag are carried out as a function of the interface couplingnd volume fractionv for the
piezoelectric phase. In unclamped samptgs,jncreases with increasing The strongest coupling occurs for
equal volume of the two phases for transverse and longitudinal cases, but a maximum oeeu@slator the
in-plane longitudinal case. Upon clamping the bilayer, the ME effect is strengthened for the longitudinal case
and is weakened for the transverse case. Other important results of the theory are as fdlloVirse strongest
ME coupling is expected for the in-plane longitudinal fields and the weakest coupling fgouhef-plane
longitudinal caseii) In ferrite-based compositesg  andag . are a factor of 2—10 higher than | . (iii)

The highest ME voltage coefficients are expected for CFO-PZT and the lowest values are for LSMO-PZT.
Results of the present model are compared with available data on the volume and static magnetic field
dependence akg . We infer, from the comparison, ideal interface conditions in NFO-PZT and poor interface
coupling for CFO-PZT and LSMO-PZT.
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[. INTRODUCTION powders® Thin disks of the samples are polarized with an
electric fieldE perpendicularly to its plane. The ME coeffi-
The magnetoelectritME) effect is defined as the dielec- cient ag are measured for two conditions(i) transverse
tric polarization of a material in an applied magnetic field orfields (ag 3, or a¢ 1) for H and5H parallel to each other and
an induced magnetization in an external electric fiél@he  to the disk plané1,2) and perpendicular téE (direction 3
induced polarizatiorP is related to the magnetic field by  and (ii) longitudinal fields g 33 or ag ) for all the three
the expressiorP=aH, where « is the second-rank ME- fields parallel to each other and perpendicular to sample
susceptibility tensor. A composite of piezomagnetic and piplane. Sintered bulk composites, in general, show ME cou-
ezoelectric phases is expected to be magnetoelectric singding much smaller than predicted valu&sThe main reason
a= 5P/ 8H is the product of the piezomagnetic deformationis low resistivity for ferrites thati) limits the electric field
62/ $H and the piezoelectric charge generatifV 5z.>#We  for poling, leading to poor piezoelectric coupling, afi
are interested in the dynamic ME effect. For an ac magneti@enerates leakage current through the sample that results in
field 5H applied to a biased and poled sample, one measurd@SS of piezoelectrically generated charges. o ,
the induced voltagesV. The ME voltage coefficientz, Problems mhereg}lto bulk samples could be e_llml_nated in
— SE/SH = 8V/tsH and a=en &. al wheret is the com- a Iayergd structurg:!* The strongest ME coupling is ex-

. . ) 0= TE o pected in a layered structure due(itpthe absence of leakage
posite thickness ané, is the relative permittivity. current and(ii) ease of poling to align the electric dipoles
A similar ME coupling can be accomplished in compos- g strengthen the piezoelectric effect. Harshe proposed such
ites of magnetostrictive and piezoelectric phasesAl- structures, provided a theoretical model for a bilayer and
though ferrites are not piezomagnetic, the ac magnetostrigyrepared multilayers of CFO-lead zirconate titarn@&T) or
tion leads to pseudopiezomagnetic and ME couplingsBTO by sintering thick films? Their samples of CFO-PZT
Composites of interest in the past were bulk samples o§howed weak ME effects, and CFO-BTO did not show any
NiFe,O, (NFO) or CoFgO, (CFO) with BaTiO; (BTO) and  ME coupling. We synthesized similar bilayers and multilay-
are generally synthesized by sintering the ferrite and BaTiOers of CFO-PZT and NFO-PZT. The samples were prepared
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from 10—40um-thick films obtained by tape casting. Our 3

studies showed strong ME coupling in CFO-PZT and a giant ) )

ME effect in NFO-PZT for transverse fieldther signifi-  E E plezceleamiepinge
cant recent developments in this regard concern the observe o

tion of ME effects in bilayers and multilayers of lanthanum H, 6H magnelosietive phase
manganite-PZT and terfenol-PZT wida: ranging from 30 / > 2

to 4680 mV/cm 0&:101!
This work focuses on a theoretical understanding of the
recent observation of giant ME effects in several bilayers. FiG. 1. Schematic diagram showing a bilayer of piezoelectric
Previous attempts were concerned with longitudinal MEand magnetostrictive phases in {i€2) plane. Field orientations for
voltage coefficientag 53 for the ideal coupling at the longitudinal magnetoelectri®VE) effect are also shown.
interface'? The major deficiencies of the model are as fol-
lows: (i) For the longitudinal case, influence of the finite predicts weakening of the transverse and strengthening of the
magnetic permeability for the ferrite was ignored. A reduc-longitudinal coupling. The calculated ME susceptibilities are
tion in the internal magnetic field and weakening of ME compared with results of earlier models and experimental
interactions are expected due to demagnetizing figlids. data. We infer, from the comparison, poor interface coupling
The model did not consider ME coupling under transversén CFO-PZT and LSMO-PZT and excellent coupling in
field orientations for which studies on ferrite-PZT show aNFO-PZT samples. Detailed theory, application to compos-
giant ME effect.(iii) It is necessary to quantify less-than- ites, and comparison with experimental results are provided
ideal interface coupling. Here we present a comprehensivé the following sections.
theory in which the composite is considered as a homoge-
neous medium with piezoelectric and magnetostrictive Il. GENERAL APPROACH
subsystem&®~1° Important aspects of the model are as _ _ _ o _
follows:)” (i) We take into account less-than-ideal interface e consider a bilayer in thél,2) plane consisting of pi-
conditions by introducing an interface coupling paraméter €zoelectric and magnetostrictive phases as shown in Fig. 1.
(i) Expressions for longitudinal and transverse ME coeffi-Since most stud|e§ have dealt with polycrystalline th|ck'fllms
cients are obtained using the solution of elastostatic and eleéor the two constituents, we do not assume any epitaxial
trostatic equations(ii) We consider a third field orientation characteristics for the layers. Further, we consider ¢syyn-
of importance in whictg, §E, H, and6H are in the sample metric) exte_n3|onal deformatlo_n in this model and ignore any
plane and parallel to each other and is referred to as in-plarf@symmetrig flexural deformations of the layers that would
longitudinal ME coupling & 1, or af ). (iv) The theory is lead to a po;mon—dependent elastic constants ant_j the need
developed for two types of measurement condition-]to: %errﬁ\ljirr?at'of? ptri?/cedufgmi]t aver?gr:qng{ Teth:g iIS usfr? g
> unplamped and_ clamped bilayets) The ME voltage 0ut inetwogstg Z(éz?‘l% Icrzlothgc}isrs? 59[21 ;eh(ea 2a?n Iesiscgon?
coefficients are estimated from known material parameterS! g€ g€, the pie
(piezoelectric coupling, magnetostriction, elastic constantsSidered as a bilayer. For the polarized piezoelectric phase
etc) and are compared with data. with the symme;trysom, the fqllovymg equations can be writ-
Expressions for. have been obtained for unclamped and!€" for the strain and electric displacement:
clamped bilayers and as a function of interface coupkng
and the volume fraction for the piezoelectric phase. Esti-
mates are for composites consisting of one of the following
magnetic oxide: cobalt ferrite due to high magnetostriction,
nickel ferrite that shows strong magnetomechanical cou-
pling, or ferromagnetic lanthanum strontium manganite PDy="Pdy; PTi+Pey, PE, (1)
(LSMO) due to structural homogeneity with PZT. Barium
titanate or PZT is considered for the ferroelectric phase. Ke

i i p -
findings of the theoretical estimates for unclamped biIayer%heenfs'eozfc;eléiﬁ.”ccfg] dazﬁg‘;%rl?r.CDJ.:rgéZ?nveC_tc;nzoprgp_o
are as follows: (i) The model predicts a stronger ME cou- ich IC dISp etsly ki

pling in CFO-PZT than in CFO-BTO(ii) The transverse 2r¢ compliance and piezoelectric coefficients, 8agh is the
effect is much stronger than the longitudinal effdiit) o, is permittivity matrix. The magnetostrictive phase is assumed

. . o . . 7 E to have a cubic symmetry and is described by the equations
the highest for in-plane longitudinal field orientationg(; )

and is an order of magnitude larger thap, . (iv) Estimates

of ag vsk md_lcate a decrease in t,he strength of ME coupling MS="s;; T+ Mgy "Hy,

with decreasing. (iv) Fork=1, ¢ vs v for transverse and

longitudinal cases shows a maximum for equal volume of

ferrite (or mangapﬂ}a_and PZT. But the maximum e | VS MB,="qp T+ "y, ™H,, 2

v occurs for ferrite-rich compositiongv) Whenk weakens,

the maximum in the ME coupling strength shifts to PZT-richwhere ™S; and ™T; are strain and stress tensor components
compositions.(vi) For rigidly clamped samples, the theory of the magnetostrictive phas€H, and ™B, are the vector

1

PS=PS; PT;+Pdy; PEy,

wherePS; and PT; are strain and stress tensor components of
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components of magnetic field and magnetic inductids; TABLE I. Nonzero coefficients of piezoelectric and magneto-
and Mq,; are compliance and piezomagnetic coefficients, andgtrictive phases and homogeneous material for longitudinal field
Mun is the permeability matrix. Equatiof2) may be con-  orientation.

sidered in particular as a linearized equation describing the

effect of magnetostriction. Assuming in-plane mechanical . Piezoelectric phase
connectivity between the two phases with appropriate bound-Piezoelectric _ o
ary conditions, ME voltage coefficients can be obtained by coefficients Compliance coefficients
sqlving Eqs.(_l) and(2). Previou; models assu_med ideal cou- Pdys="Pd,y PS,1= "S5y,
pling at the interfac8.Here we introduce an interface cou- p, _p Pe _p

. . d31="d3; S12="S21
pling parametek=(PS; —PS;y)/(MS,—PSo) (i=1,2) where Pl Ps, 5= PSys= Py = PSay
PS,, is strain tensor components with no friction between Ps
layers. It depends on interface quality and is a measure of ps33_ s

44— 955

differential deformation between piezoelectric and magneto-

.. . . . p =2(P +P
strictive layers. The coupling factd=1 for an ideal inter- Se6=2("S11tPs10)

face and zero for the case with no friction. The significance Magnetostrictive phase

of k and its relationship to structural, magnetic, and electricalPiezomagnetic

parameters of the composite are discussed later in Sec. VI. coefficients Compliance coefficients

In the second stage, the bilayer is considered as
-19 A : "gi5="q ms,,="s,,=Ms

homogeneod$d~t°and the behavior is described by 15— H24 117 S22 =33

m —m m, —m —m —m —m —m
031~ Q32 S12= S217 S13T S23T S31T S32

M033 "S44="S55= ""Sg6

Si=s;Tj+diiEx+akiH, Homogeneous material

Piezoelectric  Piezomagnetic

D=0y Ti+ €xnEn+ axnHn, coefficients coefficients Compliance coefficients
di5=dy 015~ 024 Ps11="Psy,
Az =dsp 031~ 032 Psio="Psy
By=0kiTi+ @xnEn+ tinHn 3
k= kil knEn™ MknMn 3 das O3 PS13="PS3="Pss;="Ps3,
whereS; andT; are strain and stress tensor componéas, Ps33
Dy, Hy, andBy are the vector components of electric field, PS44="Se6
electric displacement, magnetic field, and magnetic induc- Psge=2("s11+Ps12)

tion, s;j, di;, andqy; are effective compliance, piezoelectric,
and piezomagnetic coefficients, ang,, ux,, and ay, are
effective permittivity, permeability, and ME coefficient. Ef- PTi=—"Ti(1-wlv (i=12),
fective parameters of the composite are obtained by solving

Eq. (3), taking into account solutions of Eq4) and(2). The

mechanical strain and stress for the bilayer and homoge- PT,="T,;=Ts,,

neous material are assumed to be the same, and electric and

magnetic vectors are determined using open- and closed-

circuit conditions. ms=S (i=1,2),

Ill. MAGNETOELECTRIC COUPLING IN UNCLAMPED
BILAYERS S;=[PS;+MSy(1— )]/ v, (4)

A. Longitudinal ME effect
g wherev=Py/(Pv+ ™). HerePv and v denote the volume

As shown in Fig. 1, we assuni&,2) as the film plane and  of piezoelectric and magnetostrictive phase, respectively, and

the direction 3 perpendicular to the sample plane. The bilayePs, j and PS,, are the strain tensor componentskatO.

is poled with an electric fieldE along direction 3. The bias For finding effective piezoelectric and piezomagnetic co-

field H and ac fieldSH are along the same direction B efficients, it is necessary to consider the composite in an

and the resulting induced electric fieRt is estimated across electric fieldE;=V/t (V is the applied voltage andis the

the sample thickness. Then we find an expressionafor thickness of the compositeand a magnetic field;. The

= ag 33= 6E3/6H3. Nonzero components ofs;, Pdy;, effectiveE in the piezoelectric an#il in the magnetostrictive

™sij, Mki, Sij» dii» Oki» andayq, for this configuration are  phases are  given by PEz=Ez/v, MHz=(Hj

given in Table I. Equation$l)—(3) are then solved for the —v ™B3/u)/(1—v). Using continuity conditions for mag-

following boundary conditions: netic and electric fields and open- and closed-circuit condi-
tions, one obtains the following expressions for effective per-
mittivity, permeability, ME coefficient, and longitudinal ME

PS=k "S+(1-k)’S, (i=1,2, voltage coefficient.
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£35={2(Pda) 2(v—1) +Pesd (Ps11+Ps12) (1= v) + kv (Ms11+ Ms10) MV (PS11+PS1) (1= v) +kv(Ms1+Ms19) 1}, (5)

paz= ol "wad Kv(Msqy+ MS10) + (1= ) (Psyy+ PS10) ] — 2kw(Mqs0) 2H{ ol ¥A(PS11+PS10) + (1= 2) (Psy+ Psp0)

+kv(1=2)(Msy1+"S19) ]+ "uag v(1— 1) (Psyy+Psyp) + kvA(Msy+Msg5) — 2k (Mgzy) 2}, (6)

—2uokv(1—v)Pd3; Mqy5

*33~ [o(v—1)—"uaar[kp(MS11+"S10) = (PS11+Ps10) (v— 1)1+ 2(Mdl3y) *kv?”’ @
al =E=2 mokv(1—v)Pd3; Mgsy
B33 Hy  “{2Pd5y(1—v)+Pesd (Ps1y+Ps10) (v—1) — v(Msy1+ Ms10) 1}
o [(Ps111Ps10) (v—1) —kv(Msy1+Ms15) ] ®
{{po(v—1) = "uaavl[Kp(MS1o+ s17) — (PS11+Psi0) (v—1) ]+ 2 M5 kp?}
Harsheet al>1? obtained an expression for longitudinal ME voltage coefficient of the form
. —2v(v—1)Pd13 g3 9
*E33” (MSq4+™S19)Pedar+ (PS11+PS1o)Pe g 1— v) = 2(Pdi9) (1 - v) | ®

The above equation corresponds to a special case of our theory in which one a8swles,= 1 andk= 1. Thus the model
considered here leads to an expression for the longitudinal ME coupling and allows its estimation as a function of volume of
the two phases, composite permeability, and interface coupling. A detailed discussion of the theory and application to specific
systems are provided in Sec. V.

B. Transverse ME effect

This case corresponds B and SE along direction- 3 andd and §H along direction 1(in the sample plane Here we
estimate the ME coefficient

For this case, nonzero componentssf , Pdy;, ™sjj, ™dyi, Sjj, dki, ki, anday, are provided in Table Il. Once again, Egs.

(1)—(3) are solved for the boundary conditions in E4).. Expressions for effective permittivity, ME coefficient and transverse
ME voltage coefficient are given as

Pd3,(v—1)+Pegd (PS11+Ps10)(1— v) +ku(Msyy+Ms1))]

337 V[ (Ps11+Ps10) (1= )+ kv(Msy1+Ms15) ] ’ (v
_ (v—1)("qq1+Mdp1)Pd3k (12)
a1 (v—1)(Ps11+Ps1) —kv(Msy3+Ms1))
, E —kv(1—7)(Mgy;+"Mgy)Pd
aE’312_3 _ 11 21)" 031 13

Hi  Pegy(Msipt s kv +Pegy(Psy+Psp) (1) — 2k Pd5y(1-»)
Equation(13) describes the dependence of ME parameters on volume fraction and is used in Sec. V to estimate the ME

coupling for some representative systems.

C. In-plane longitudinal ME effect

Finally, we consider a bilayer poled with an electric fi@dn the planeof the sample. The in-plane field$ and 6H are
parallel and the induced electric fiellE is measured in the same directitaxis 1. The ME coefficient is defined as
=ag ;= 6E;/6H,. Expressions fok, u, , andag obtained from Eqs(1)—(4) and parameters in Table Ill are given as
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£11="e15(1= 1) +Pe v+ {k2v (1 »)[Pd3, Ms11+ 2 Pdf; ™Sy ™Sy, Py, Pdyg— k(1 1)X(2 Psy, Py, Py~ P, Psa
—Pd, Ps) TH(Psas Ps1—PsTy) (1= 1) 2+ K2w2("Ms3 = MsT)) + (Psag Mspyt sy PS11—2 Mspp P kw(1-v)],
(14
1= "a1(1=v) + vt vk(1=1)[(— a3, "s11— "0, MS11+2 Mq1s "1z MS10) vK— (1= 1) ("3, Psaat "ad, Psyy
—2 ™G22 ™11 PS12) 1/ (PS11 PSga—PS3e) (1— 1) 2+ k212(Ms?,—Ms2,) + (PSsg Ms11+ MS11 PS11— 2 ™15 Psikv(1—v)],
(15)
a11={[M012(PS33 Pd11— P15 Pd1p) + M1 PS1y Pd1o— P15 Pd1y) (1= w) +[Md1a(Ms11 Py — "1, Pd1)
+ M1 "S 14 Pd1p— "1, Pdyg) ]k} K(1— 0)/[ (PSgs Ps1y—PsT) (1 v) 2+ K2 v?(MsT;—MsT)
+(Ps33 Ms11+ Ms11 Ps11—2 Msp, P kv(1-v)], (16)
ag 17={[Mq11(PSs3 Pd11—PS15 Pd1p) + Mq1PS1y Pd1o—PS15 Pd1) J(1— ) +[Md1( ™11 Pd1s— S35 Pd10) + 012
X (Msqq Pd1p— "5, Pd1g) ok} k(1= v) {[ (1= ¥) e 14+ v Peqq][ (1 1) *(PS14 PS33—Ps5)
+ (1= ) vK(Ms13 PSy1+ PSgs sy~ 2 Psyp Ms1p) ]+ k2pA(MsE— MsT,)} - vk(1- v)?
X[2 Ps1, Pdyy Pdio—Psgs PdT;— Psyy PdT,] + k2w (1= w)(Msyy PdT,+ Msyy Pd3—2 Msy, Pdy, Pdyy)) (17)

The in-plane ME coefficient is expected to be the strongest among the cases discussed so far dug dadiglalues and
the absence of demagnetizing fields. The theory is applied to a series of ferrite-PZT and manganite-PZT in Sec. V.

IV. CLAMPED BILAYERS and in Sec. V, clamping leads to significant changes in the

The theory in Sec. Il is for samples that are free of anystrength of ME coupling.

external mechanical force. Now we consider bilayers that are
subjected to an external force, corresponding to clamped
conditions. The force is applied perpendicular to the plane of The boundary conditions for the unclamped case in Sec.
the bilayer, along direction 3. The compliance of clamp sysdll are T,=T,=T3;=0. Under clamping, the same conditions
tem is represented bsg;3, with zero compliance for rigidly becomeT;=T,=0 andS;=-S:33T3, Wheres ;;=S;/T5 and
clamped samples and infinite compliance for unclampedlescribes the compliance of clamp system. For unclamped
samples. Theory for such conditions would facilitate infor-sampless.33>s33, and for rigidly clamped samples,s;
mation about the quality of interface coupling between mag=0. The longitudinal ME voltage coefficient is determined
netostrictive and piezoelectric layers. As discussed in herby the expression

A. Longitudinal ME effect

@33(S33+ Scaz) — U33ss
7
£33(S33t Scaz) — d33

(18)

! e
QE 33~

Various terms in Eq(18) are given as

S33=[(V(1—v))[2K(MS15— PS13) 2 = PSaa(PS11+ PS10) — K MS13(MS11+ MS19) 1+ MS19(PSy1+ PS10) (20— 1) — 2K Psza(Msyy+Ms,,)

— 12 Ms15(Ps114PS19) I[(PS1ot Psp) (v—1) —kw(Msyy+Msp5) ], (19

2 Pdgk(v—1)("s15— Ps13) + Pdad (Ps11+Ps10) (v—1) —Kw("sp3+ "s19) ]
s [(Ps12+Ps10)(v—1) —kp(Ms11+MS15)%] '

(20

_ mo(1—v){2kv Ma31(Ps15— "510) + Masd (1= v) (PS11+PS10) + kv(Msy1+ Ms15) I} (21)
a3 [(1—=v)po+ "uaar][kv(Msy1+ MS10) + (1— ) (Psyy+Ps ) ] — 2k mqglVZ .
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B. Transverse ME effect

For clamped sample condition3 {=T,=0 andS;=s.33T3), the transverse ME voltage coefficient is determined by the
expressions

, @31(S33+ Scaz) —d33013
XE31™ 2
€33(S33t Sczz) —d33

: (22

wheres;; andds; are defined by Eqg€19) and (20), and

915= — {¥* M1 (Ps11+P15) — k(Ps1g+ MS19) 1+ M1 1 — 20) (Psy+ Ps1) + kv MGy PSyat M) + k(11— 1) Mq14(Psy3
=81 H (Ps12+Ps10) (v—1) —kv(Ms11+Ts10) . (23

C. In-plane longitudinal ME effect

For clamped samplesT{=T,=0 andS;=s.33T3), one finds the ME voltage coefficient of the form

a11(S3at Sczz) — 013013
2
£33(S33t Sczz) —d73

ag11= — ' (24)

wheress; andq,3 are defined by Eqg19) and (23) and

d13=[Pd1av(K sy Pspq(v—1)%+ vk Msq4(1— 1) ]+ My k{kp[ ™1~ (PS1a+ MS10) (1= 1) ]—Ps13(1— 1) 2+ Psy5(1— v?+ ko?)}
=P8y Psgg(v— 1)%- ps§3( v—1)3(k—1)+kv(v— 1)Ms14(Psy1+ Psgg) — k?v? m5§1)+ Pdy vk
X{Ms 1o (Ms15— Ps13— "S1)K(1—v) = Psga(v—2+K) ] = (— 1+ v)Psid kv Msy1+ (MS10+ PS33—Ps19) (1—v) ]}/

{(1—v)?(Psi5—Psy1 Psga) + K2w2(MsT,— "s2) — v(1— v)K[™s13(PS11+ PS33) — 2 Psy3 M1l } (25

It is intuitive to consider two limiting cases: unclamped field orientations of importance: longitudinal, transverse,
and rigidly clamped samples. For the first case, correspondand in-plane longitudinal fields. The most significant features
ing t0 S¢33>>S33, EQs.(18)—(24) reduce to Eqs8)—(17). For  of the current model are as follows{(i) The consideration
rigidly clamped samples—i.es.33=0—we obtain the ex- of three different field configurations for two different

pressions sample conditions—unclamped and clamped—so that data
on ME coupling could be used for the determination of a
) 35533~ 33033 unique, single-valued interface parameteihus the model
MR T e dD, (26)  facilitates quantitative characterization of the interfa@e.

Consideration of a new field configuration—i.e., in-plane
longitudinal fields that are show(in this sectionto give rise
, 31533~ d33013 to a very strong ME coupling(iii) The model takes into

GBS T T sa— 0, @7 account finite magnetic permeability for the magnetostrictive
phase which was ignored in previous studiés.
q Now we apply the theory for the calculation of ME cou-
ap=— 11533~ 13013 (28) pling in representative layered systems. First, we discuss a

€11S33~ dfs ' system of primary interest in the past: cobalt ferrite and
Equations(26)—(28) are applied to a series of ferrite-PZT barium titanate. Smce the strength@f depends ser?smvely
bilayers in Sec. V. on the concentration of the two phases, we estimated the
longitudinal and transverse voltage coefficients as a function
of the volume fractiorv for the piezoelectric phase in CFO-
BTO. The results in Fig. 2 were obtained assuming ideal
interface couplingk=1) and for material parameters given
The preceding comprehensive theoretical treatment ren Table [V>'22122Consider thev dependence Off 45 in

sulted in expressions for ME voltage coefficients for threeFig. 2. The ME coupling is absent in pure CFO or BTO. As

V. APPLICATION:
ME EFFECTS IN REPRESENTATIVE BILAYERS
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TABLE Il. Nonzero coefficients of piezoelectric and magneto-  TABLE lll. Nonzero coefficients of piezoelectric and magneto-
strictive phases and homogeneous material for transverse field orgtrictive phases and homogeneous material for in-plane longitudinal

entation. field orientation.
Piezoelectric phase Piezoelectric phase
Piezoelectric Piezoelectric
coefficients Compliance coefficients coefficients Compliance coefficients
Pd;5=Pdyy Ps11=PSp Pd3s="Pdg PS33=Ps,
Pd3,=Pds, Ps1,=Psy Pdy5="Pdy, PS3,=Psy3
Pd3; Ps13=PSp3="Ps51=Ps3, Pdyy Ps13=Psy3="Ps51=Ps3,
PS33 Psyy
PS4a="Se6 PSg6= "S55
Psge=2("s11+Ps12) PS44=2(Ps33+ Ps3))
Magnetostrictive phase Magnetostrictive phase
Piezomagnetic Piezomagnetic
coefficients Compliance coefficients coefficients Compliance coefficients
M035= "0z M511="82,="S33 M035="026 M511="82,=""S33
"01,="013 M810="821="S15="'Sp5= "S3:="S3, M015="012 M810="821=""S15= "'Sp3= "S5:= "S5,
M011 "S44="S55= "S5 M011 "S44="S55= ""Sg6
Homogeneous material Homogeneous material
Piezoelectric  Piezomagnetic Piezoelectric  Piezomagnetic
coefficients coefficients Compliance coefficients coefficients coefficients Compliance coefficients
dis=dz4 U35, Q26 PS11, PSpo, PS33 Pd3s, Pdys M35, Md26 Ps11, PSp2, PSas
d31=d3, Q12> Q13 Ps1,=Ps;y; Pd;3, Pdy, Md13, Md12 Ps1,=Psy
das Q11 PS13=Ps31, Psy3=Ps3, Pdyy M01; Ps13=Ps31, PSy3=Pss,
PS4, PSss, PSee PS44, PSss, PSee

vis increased from Ogg 33 increases to a maximum for,

=0.4. The coupling weakens with a further increasevin 200 ' ,-1 """ \" un:,,amped
Values ofaf 53 based on the model by Harseeal>*are & k=t ,‘Transverse “: CFO-BTO
also shown for comparison and are 30%—-40% higher tharEE’ 400 |- ST TS o ‘\\ 1
present values due to implied assumption fagd= uq. It is g ,"’// Longitudinal - Ret5\
thus obvious from Fig. 2 that demagnetizing fields associatecg, 200 L ly \\ " i
with longitudinal orientation lead to a reduction dr ;5. 5 ST TS W\
For transverse fields, one observes similar features in Figg ,', Longitudinal ™ \\
2, but the maximum inxg 5, is almost a factor of 2 higher § 200 4/ S W T
than ag ;3. The transverse coefficient peaks at a slightly & o AN “\\‘
higher v compared to the longitudinal case. Thus the key§ 100 L ,’ NI
results are(i) the prediction of a giant ME effect in CFO- w P \ \“
BTO, (i) a transverse coupling much stronger than the lon-= ! \\\
gitudinal case, andiii) maximum coupling for approxi- o’ L L L L
mately equal volume for the two phases. Now we compare 0 0.2 04 06 0.8 1
these results with theoretical estimates for bulk composites Volume Fraction v for Piezoelectric Phase Fig. 2
Such estimates for bulk composites are based on the shape
and distribution(connectivity of the ferrite and barium ti- FIG. 2. Transverse magnetoelect(®IE) voltage coefficient

tanate particled? For v=0.5, a{. 5; ranges from 800 to 1200 @eza1= 9Es/6H, and longitudinal coefficientre 5= 65/ 5Hs for

mV/cm h higha® .. have never n mplished & pgrfectly bondedl(.=1).two-layer structure gongisting of cobalt
fem Oe (such highag 53 have never been accomplished ferrite (CFO) and barium titanatéBTO). The poling fieldE is along

n a_ln)_/ _buI#( s?mples _t|>_(ra]cause of IeaI:jagI]e CL(er_ren/t due lto IO\%e sample thicknedglirection 3. For the transverse case, the bias
resistivity for ferriteg. The current model pre ICi8E 33 val- field H and ac magnetic fieldH, are assumed to be parallel to each

ues comparable to bulk composites of CFO-BTO. The estigiher and to the sample plane and the induced electric #Eldis
matedag are orders of magnitude higher than reported val-measured perpendicular to the sample plane. For the longitudinal
ues in single-phase ME materiafs. case, all the fields are along the direction 3. Estimates are based on

The bilayer of importance, however, is CFO-PZT due tothe present work and earlier model in Ref. 5. Material parameters
the high piezoelectric coefficients for PZT. We calculated theused for the calculation are given in Table IV.
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TABLE IV. Material parametergcompliance coefficiens, piezomagnetic coupling, piezoelectric coefficiend, permeabilityx, and
petmittivity ) for lead zirconate titanatd®ZT), cobalt ferrite(CFO), barium titanat€BTO), nickel ferrite(NFO), and lanthanum strontium
manganite used for theoretical values in Figs. 1R&fs. 12 and 22

Material S11 S12 S13 S33 Q33 031 da das Hasl o e33leg
(10— 12 (10— 12 (10— 12 (10— 12 (10— 12 (10— 12 (10— 12 (10— 12
m?/N) m?/N) m?/N) m?/N) m/A) m/A) m/V) m/V)
PZT 15.3 -5 —-7.22 17.3 - - —-175 400 1 1750
BTO 7.3 -3.2 —-78 1 1345
CFO 6.5 —-2.4 —-1880 556 - - 2 10
NFO 6.5 —-2.4 —680 125 - - 3 10
LSMO 15 -5 250 —-120 - - 3 10

longitudinal ME coupling in the system and its dependencenear-linear increase occurs in the maximum valuedpr;

on the interface coupling parameterfor the parameters in and (ii) the ME coupling reaches a maximum at progres-
Table IV. The variation ofag 53 with v for a series ofk

values is shown in Fig.(8). The strength ofv¢ 55 decreases
as the couplink weakens and,,, shifts to PZT-rich com-
positions. Figure @) shows thek dependence of peak values
of ag 33and the corresponding,,,. With increasing, (i) a

350

300 |

250 -

200 |

150

100

50 |-

Longitudinal ME Coefficient (mV/em Oe)

0
0

350

@)

0.6

0.4

0.2

T
CFO-PZT

unclamped 7

0.2 04

0.6

Volume Fraction v

Maximum Longitudinal ME
Voltage Coefficient (mV/cm Oe)

300 |

250 |

200 |

150 |

100 |+

50 |

0.2 04

0.6

0.8

Interface Coupling k

0.4

FIG. 3. (a) Estimated dependence of longitudinal ME voltage
coefficient on interface coupling and volume fractionw for the
CFO-lead zirconate titana{®ZT) bilayer. (b) Variation with k of
maximumatg 53 and the correspondingy.

sively decreasin@may- As expectedag 53 is higher than in
CFO-BTO and is due to strong piezoelectric couplihg for
PZT.

Now we consider the ME effect in CFO-PZT for the two
other field orientations: transverse and in-plane longitudi-
nal cases. The dependence af for both cases is shown in
Fig. 4 for ideal interface couplingk&1). The insets show
variations inag ., and vma, With k. For transverse fields,
peak ag is higher by 40% compared tag 33. One could
attribute this to a strong parallel piezomagnetic coupting
compared togz; (which determineswg 35). The transverse
ME coupling shows a highewr,,,, compared to the longitu-
dinal orientation. Other features, including thosex{n, ., vs
k and v, Vs k, are similar in nature to the longitudinal
fields. The most significant outcome of the current model is
the prediction of the strongest coupling for in-plane longitu-
dinal fields as shown in Fig. (d). When the fields are
switched from longitudinal to in-plane longitudinal orienta-
tion, there is a dramatic increasedst . The v dependence of
ag 1, shows a rapid increase in ME coupling strength to a
maximum forr=0.11 and is followed by a near-linear de-
crease for higher. The voltage coefficienig .., increases
from 325 mV/cm Oe for longitudinal orientation to a giant
value of 4500 mV/cm Oe. Such an enhancement is under-
standable due t@) the absence of demagnetizing fields and
(ii) increased piezoelectric and piezomagnetic coupling coef-
ficients compared to longitudinal fieldgEg. (17)]. The
downshift inv,,, from 0.5 to 0.6 for longitudinal and trans-
verse fields to a much smaller value of 0.1 is related to the
concentration dependence of the effective permittiVity.
(14)].

Consider now the effect of clamping a bilayer of CFO-
PZT. Very significant changes in the nature of the ME cou-
pling are expected when the bilayer is subjected to a uniform
stress perpendicular to the sample plane. Representative re-
sults for longitudinal fields are shown in Fig. 5. The varia-
tions in ag 53 with the compliance parametey; are de-
picted in Fig. %a) for a series ofv values. The results are for
interface couplingk=0. One expectsyg 33=0 for k=0 in
unclamped $.33=°) bilayers. As the uniaxial stress on the
sample is increaseds{s; is decreased ag 53 increases and
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600 r T T T 1000 T T T T
k=1 CFO-PZT @) CFO-PZT
° T 500 - unclamped (@ 1 23 800 clamped .
g0 S0
g§ 40 1 56§ 0
s 2 w> 600 |
E O 600 0.8 E E
=S 300 | § o - —
[ E I [ ]
0n < = c C
= O g 400 {07 '5 K 400 ]
23 900 g 59
o E i 30" i 7 £E
=O 00| £ oo | SO 200 |
E s os oz 1+ v=0.8
0 \ \ Interface COIupllng k \ 0
0 02 04 06 08 1 0 02 04 06 08 1
5000 Clamping Compliance (10"°m?N)
—_— L] 1 1 1
S ks CFO-PZT 1000 . : .
we (b) k=0 CFO-PZT
= S 4000 | unclamped (b)
S E e % 800} Rigldly Clamped |
=t S0 0.5
2 S 3000 { § SE
o2 > O
2%c 3 wsS 600} 1.0 i
3 T : 5000 03 S E
@ 3 £
o O 2000 [ % s o5 J ==
cO £ cc
S o g 0 5.2 400 | .
2D 3 2000 0z 8 328
£ % 1000 } gwoo . 015 T §)§
= g ° 0.2 04 06 08 o4 3 © 200 I 1
0 1 * 1 1 1
0 0.2 04 0.6 0.8 1 0 . . . .
Volume Fraction v 0 0.2 0.4 0.6 0.8 1
Volume Fraction v
FIG. 4. Results as in Fig. 3 for CFO-PZT bilayers, but far
transverse fieldsd ;7)) and(b) in-plane longitudinal fieldsdg ,,). FIG. 5. (a) Variation of the longitudinal ME voltage coefficient
For in-plane longitudinal fields, the poling field and other dc and acfor CFO-PZT with the compliance coefficiess for the clamping
fields are parallel to each other and in the sample plane. system. An infinite compliance of clamping corresponds to

unclamped samples, and zero compliance represents a rigidly

. clamped bilayer. Values are fde=0 and for a series of volume
reaches a peak value for rlgldly clampe_d samples. The €taction v for PZT. (b) ag 33 vs v as a function ok for a rigidly
hancement is rather large in samples with equal volume fogiamped cFo-PZT. ’
the two phasesy=0.5). Figure b) shows estimated 3,
vs v for rigidly clamped CFO-PZT for a series kivalues. It
is quite intriguing that clamping associated enhancement i
ME coupling is very high in samples with weaker interface

coupllng k Key inferences from.Flgs. 3 gnd o are that plane longitudinal fields show clamping-related changes in
clamping in general leads to an increasevifl; and(ii) the  \e coupling strength that are quite weak compared to the
largest increase occurs for rigidly clamped samples with th?ongitudinal or transverse cases.
weakest interface couplinig Another bilayer of importance is nickel ferrite-PZT. Al-
Similar results on clamping-related effects arf for  hough NFO is a soft ferrite with a much smaller anisotropy
transverse and in-plane longitudinal fields are shown in Figgq magnetostriction than for CFO, efficient magnetome-
6. Estimates Obé as a function ofv are for representatiVb chanical Coup"ng in NFO-PZT gives rise to ME Vo|tage co-
values and for rigidly clampeds{z3=0) bilayers. For trans-  efficients comparable CFO-PZT. Using the current model,
verse fields, one observes in Figajga substantial reduction e estimatedr for NFO-PZT for various field orientations
in ag 3 compared to unclamped samplésg. 4. The nega- and conditions as for CFO-PZT. Representative results for
tive value ofag 5 for k=1 is just an indicator of the phase unclamped and rigidly clamped samples with ideal interface
difference betwee®E; and 6H;. A phase reversal is also coupling k=1) are presented in Fig. 7. The most important
evident inag 5, vs v for k=0.5. One expects the highest  inferences from the results are as followis:For unclamped

for k=0, as for the longitudinal case. The overall effect of
Ialamping is a reduction in the strength of transverse ME
voltage coefficient. Finally, the results in Fig(b$ for in-
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500 T T T T 300 T T T T
Transverse CFO-PZT o o NFO-PZT
400 | Rigidly clamped | Rigidly Clamped
250 |- Longitudinal
(@ >
300 =1
200 - B
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150 | i
100
- 100 [ 4
8 0
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3] 50 | _
S -100
E
- 0 1 1 1 1
€ -200 : : : :
_g 0 0.2 0.4 0.6 0.8 p T 0 0.2 0.4 0.6 0.8 1
& O 20 . ; . ;
2 4000 . . . .
o T £ Transverse
o In-plane Longitudinal (3] k=1
o S 200 I unclamped - i
1]
% 3000 (b) E
> -
u c
150 -
= 2000 } 2
Q
=
o 100 |- Rigidly Clamped .
1000 O e P
o
()
m 50 |- -
0 o
=
g 0 1 1 1 1
_1000 1 1 1 1 m 0 0.2 0.4 0.6 0.8 1
o 0.2 0.4 0.6 0.8 1 = 200 . T . T
In-plane Longitudinal
Volume Fraction v unclamped
FIG. 6. Dependence of transverse and in-plane longitudinal ME 1500 (- &= .
voltage coefficients on volume fractianand interface couplind Rigidly
for rigidly clamped(compliances ;;=0) CFO-PZT bilayer. Nega- Clamped
tive values foraf represent a 180° phase difference betwé&n P
and sH. |
bilayers, a is the smallest for longitudinal fields and is the
highest for in-plane longitudinal fieldsii) ag 3 and ag 1, 500 |l |
are higher thanyg 45 by a factor of 5-30(iii) Upon rigidly
clamping the bilayer, there is a fivefold increasenifi;, a
50% reduction inxg 3;, and a very small decrease dt ; ;. " . . . .

Other features in Fig. 7 are qualitatively similar to results in 0 0.2 0.4 06 0.8 1
Figs. 2—6 for CFO-PZT.

Finally, we consider composites with lanthanum stron- ]
tium manganites for the ferromagnetic phase. Lanthanur. Volume Fraction v
manganites with divalent substitutions have attracted consid- FIG. 7. Concentrationr dependence of longitudinal, transverse,
erable interest in recent years due to double-exchangend in-plane longitudinal ME voltage coefficients for unclamped
mediated ferromagnetism, metallic conductivity, and giantand rigidly clamped nickel-ferritecNFO-) PZT bilayer for interface
magnetoresistancé. The manganites are potential candi- couplingk=1.
dates for ME composites because(Df high magnetostric-
tion and(ii) metallic conductivity that eliminates the need for Lay ,Ca ;MnO;- (LCMO-) PZT8 Figure 8 shows the longi-
a foreign electrode at the interface. We reported strong MEudinal and transverse ME voltage coefficients for
effects and their unique magnetic field dependence in comdnclamped LSMO-PZT bilayers for ideal coupling at the in-
posites  of  Lg;SrMnOs;- (LSMO-PZT  and terface. In this case ME coefficients are quite small com-
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40 I 1 I 1 40 1 1 1 1
A
45 | longitudinal LSMO-PZT i Longitudinal CFO-PZT
g Transverse unclamped
£ 30 - 30 a 4
§ unclamped
é 25 | k=1 i Theory
E k=0.1
S 20 - 20 r 1
g _
o 15 | T @ data
g’ o Bl
> > 'l' A \\
€ s {4 E Y ‘,,
'E n
o ! | ! | .9 o 1 1 1 1
0 0.2 0.4 0.6 0.8 18 0 0.2 0.4 06 08 1
Volume Fraction v § 120 Transverse ' ' '
FIG. 8. Longitudinal and transverse ME voltage coefficients as a g., 100 | A
function of volume fraction v for PZT in unclamped g Theory
Lag sSrh MnO3- (LSMO-) PZT bilayer for interface coupling >O . K= 04
k=1. W sor 7/ -
= 7\
pared to ferrite-PZT due to weak piezomagnetic coefficients 60 | / ‘\ i
and compliances parameters for LSMO. An observation of / X
significance is the equally strong longitudinal and transverse ' \ Dat
couplings. The magnetoelectric coupling for in-plane longi- 40 - / o
tudinal fields and effects of clamping are similar in nature to / \\
ferrite-PZT bilayers and are not discussed here. 20 | /' N\
i
VI. COMPARISON WITH DATA AND DISCUSSION 0 . * . . \f
It is important to compare the theoretical predictions in 0 02 0.4 0.6 0.8 1

Figs. 2—8 with data. There have been few studies on layere( .
composites, all of them dealing with longitudinal and trans- Volume Fraction v
verse effects on unclamped samples. To our knowledge, such g 9. comparison of theoreticébolid curves al vs v and
measurements have never been done for in-plane longitudjrata for unclamped bilayers and multilayers of CFO-PZT. Theoret-
nal fields. Studies relevant to systems considered here ifcal values fork=0.1 for longitudinal and transverse fields are
clude the work by Harsheetal. on CFO-BTO and pased on the present model. Data are from Ref(td2ngles and
CFO-PZT?'? efforts on NFO-PZT by our grodg and by  Refs. 9 and 17squares and circlgs
Lupeiko et al,'® and our recent work on LSMO-PZTWe
also provide here our most recent data for clampedransverse fields show the anticipated increasegdmwith v
NFO-PZT? The results cited here were obtained on bilayerto a maximum, followed by a decrease for PZT-rich compo-
or multilayer composites processed either by high-sitions. But the measured values in Fig. 9 are an order of
temperature sintering or by gluing thick films and disks of magnitude smaller than estimates ket 1 in Figs. 3 and 4. It
ferrite- and manganite-PZT. Samples were poled in an eleds therefore logical to compare the data with estimatéd/s
tric field, and the ME coefficient was measured by subjecting, for a reduced interface couplirig on the order of 0.1. One
the sample to a bias field and an ac field’H. Data were notices general agreement between theorykier0.1 and
obtained as a function the bias fidttifor a series of volume data in Fig. 9. The key inference here is the inherently poor
fraction v. Since the primary objective here is comparison ofinterface coupling for CFO-PZT, irrespective of the sample
predictions of the current model with data, we refrain fromsynthesis technique. Possible causes of the poor coupling are
any discussion of the sample synthesis. Details of the samplgiscussed later.
preparation and characterization are provided in Refs. 5-12. A similar analysis of ME interactions for NFO-PZT, how-
Composites of CFO-PZT are considered first. Figure %ver, indicated an ideal interface couplifg.Here we com-
shows room-temperature data on low-freque®90-1000 pare data and theory for the bias fiettl dependence of
Hz) «f for glued bilayers and sintered multilayers as a func-a'Eygl_ Figure 10 shows such data for multilayers of NFO-
tion of v. The a¢ values correspond to a maximumdrt vs ~ PZT for two conditions: unclamped and rigidly clamped
H profiles. The desired volume fractionwas achieved by samples:?®® As H is increased, the voltage coefficient in-
controlling the layer thickness. The data for longitudinal andcreases to a maximum and then drops rapidly to a minimum
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200 . . . . ranged from 2 to 15 mV/cm Oe, depending on the field ori-
k=1 " NFO-PZT entations andv. We inferred an interface couplinig=0.2
unclamped from analysis of thevg 5; vs v data. Thus the interface cou-
4 pling is rather weak in LSMO-PZT, similar to CFO-PZT.
The comparison in Figs. 9 and 10 clearly demonstrates the
utility of the model discussed here for an understanding of
the electromagnetic coupling in layered systems. Although
the model is valid only for bilayers, the data considered in-
cluded both bilayers and multilayers. Now we comment on
the possible cause of the inferred poor coupling in CFO-PZT
7 and LSMO-PZT and ideal coupling in NFO-PZT. The pa-
rameterk is expected to be sensitive to mechanical, struc-
tural, chemical, and electromagnetic parameters at the inter-
' face. The high-temperature sintering employed for sample
600 800 1000 processing in some studies is necessary for mechanical bond-
ing. But the process is likely to produce microscopic struc-
200 ' ' ' ' tural and chemical inhomogeneities that will have an adverse
k=1 Rigidly Clamped impact on the material parameters and hencé. dtowever,
it is worth noting here that a poor bonding in CFO-PZT is
150 . " . also inferred for glued bilayers, a process that did not involve
. " high-temperature sintering We attribute the unfavorable in-
terface conditions to inefficient magnetomechanical cou-
4 pling. The magnetomechanical coupliig, is given byk,
=(47\" u, /E)Y?> where)' is the dynamic magnetostrictive
constant andu, is the reversible permeability, parameters
analogous ta and initial permeabilityu; , respectively, and
E is Young’s modulug’ In ferrites, under the influence of a
bias fieldH and ac fieldsSH, domain wall motion and do-
. main rotation contribute to the Joule magnetostriction and
660 800 1000 pi_ezo_magr_1etic coupling. A key rquirement for s_trong cou-
pling is unimpeded domain wall motion and domain rotation.

Static Magnetic Field (Oe) A soft, high initial permeability(low anisotropy ferrite, such

as NFO, is the key ingredient for hidf; and strong ME

FIG. 10. Theoreticaby vs H and data for unclamped and rig- effects. Our measurements yielded an initial permeability of
idly clamped NFO-PZT. Theoretical estimates for 1 are for pi- 20 for NFO vs 2—3 for LSMO and CFO. Thus the strong

ezomagnetic coupling] obtained from magnetostriction vs H coupling in NFO-PZT is in part due to the favorable domain
(Ref. 7). Data(Refs. 7 and 2pare for multilayer samples. motion.

150 -
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0 1 1
0 200 400

100

Transverse ME Voltage Coefficient (mV/cm Oe)

50 -

0 1 1
0 200 400

at high fields. Since the ME coefficient is proportional to the
piezomagnetic coupling, the resonance-like field dependence VII. CONCLUSIONS
for ag is due to variations in the parameters andq,, with
H. The ME coefficient drops to zero at high fields when the A theoretical model has been developed for low-
magnetostriction attains saturation, leading tp=0 and the  frequency ME effects in layered magnetostrictive-
loss of ac magnetomechanical coupling. A significant obserpiezoelectric samples. Effective parameters are introduced
vation in Fig. 10 is thedrop in the voltage coefficient upon  for describing the bilayers. Expressions for the ME voltage
clamping the sample. For theoretical estimatesypf it is  coefficients as a function of interface coupling and volume
first necessary to determine the piezomagnetic coupling  fraction have been obtained for longitudinal, transverse, and
a function ofH from magnetostriction data. Calculated val- jn-plane longitudinal fields. The theoretical treatment takes
ues ofag 3 in Fig. 10 are forg values obtained from vsH  into consideration unclamped and clamped samples. The
data in Ref. 7. There is excellent agreement between theoliyiodel has been applied to bilayers of past and current
for k=1 and data for both clamped and unclamped samplesnterest: CFO-BTO, CFO-PZT, NFO-PZT, and LSMO-
An equally important inference in Fig. 10 is the observationPZT. The theory predicts a giant ME effect in ferrite-PZT
of a reduction inag 5 for a rigidly clamped sample, in systems and the highest ME coupling for in-plane fields.
agreement with theor{Fig. 7). Clamping leads to a decrease in the transverse ME coupling
Finally, for the third system of interest, LSMO-PZT, our and an increase for longitudinal fields. Comparison with data
studies revealed the weakest ME voltage coefficient amongeveals poor interface coupling for CFO-PZT and LSMO-
the systems considered hér@he ME voltage coefficient PZT and an ideal coupling for NFO-PZT.
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