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Resonance magnetoelectric effects in layered magnetostrictive-piezoelectric composites

M. I. Bichurin, D. A. Filippov, and V. M. Petrov
Department of Physics and Engineering, Novgorod State University, B. S. Peterburgskaya St. 41, 173003 Veliky Novgorod, Russia

V. M. Laletsin and N. Paddubnaya
Institute of Technical Acoustics, National Academy of Sciences of Belarus, 210717 Vitebsk, Belarus

G. Srinivasan
Physics Department, Oakland University, Rochester, Michigan 48309, USA
(Received 14 May 2003; revised manuscript received 2 July 2003; published 15 Octobgr 2003

Magnetoelectric interactions in bilayers of magnetostrictive and piezoelectric phases are mediated by me-
chanical deformation. This work is concerned with the theory and companion data for magneto@#€jric
coupling at electromechanical resonan&\R) in the layered samples. Estimated ME voltage coefficient
versus frequency profiles for nickel, cobalt, or lithium ferrite and lead zirconate titéRZ® predict a giant
ME effect at EMR with the highest coupling expected for cobalt ferrite-PZT. There is excellent agreement
between the theory and data for layered nickel ferrite-PZT; the ME voltage coefficient at resonance increases
by a factor of 40 compared to low frequency values. Similar measurements on layered ferromagnetic alloy-
PZT and bulk ferrite-PZT reveal even a stronger EMR assisted enhancement in ME coupling.
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There has been renewed interest in recent years in theerpendicular to the sample plane. We first measured the
phenomenon of magnetoelectric(ME) effect in  longitudinal voltage coefficientg | versusH at 100 Hz that
ferromagnetic-ferroelectric heterostructures. The effect fashowed a peak voltage coefficient of 30 mV/cm OeHgt
cilitates the conversion between energies stored in magnetie 1050 Oe. Then foH set atH,,, ag | was measured as a
and electric fields and is rather strong in layered system@inction of f. The profile in Fig. 1 shows resonance fat
compared to single phase materials or bulk compo&ités.

The absence of a substantial leakage current in layered cond 1400 ' ' NF ol P '
posites, coupled with ease of poling, lead to an enhancemerE Multilayer H = 1050 06
of piezoelectic and ME effects. Systems studied so far in-g 1200 F ) l
clude transition and rare-earth metals and alloys, lanthanunz W I
manganites, or ferrites for the magnetic phase and bariung 1000 - sl - ] ]
titanate, lead zirconate titanatZT) or polyvinylidene fluo- £ £
ride (PVDP) for the piezoelectric phasel® Studies have & 8012
focused on dynamic ME coupling at low frequenci@®— § 1,
1000 H2. For such measurements, the sample is initially 5 800 [ & 1
poled in an electric fieldE perpendicular to the plane and is 2, by SO
then subjected to a bias field and an ac fieldSH. The £ 400 19—
mechanical deformation due to ac magnetostriction is£
coupled to the ferroelectric phase, resulting in an electrics ~ 200 -
field SE across the sample thickness. The ME voltage coef-2
ficient ag=SE/SH is measured for longitudinafall the 3 0 E—
0 100 200 300 400 500

fields parallel to each otheor transverséH and H perpen-
dicular toE and SE) fields. Data orwg as a function oH, in Frequency (kHz)
general, shows a peak at soiMg when the ac magnetostric-

S s, a1 1 E G s w10, V10110 e st ot
magnetostriction attains saturatiom’ q Y '

Although studies on ME interactions in bulk CompositeSThe sample contained 11 layers of ferrite of thicknesgd8and 10

| f PZT with a thick f . The longitudinal ffi-
date back to early 1970s and layered systems to the 199087°® © with a thickness of 26m. The longitudinal coeff

N . . . aent ag,. = 06E/6H corresponds to bias field, ac field 6H, and
there is lack of information on its frequency dependence. Th?ne induced electric fieldE all along the direction 3, perpendicular

frequency range of our particular interest is the one that coVg, sample plane. The bias fieH was set for maximum ME cou-

ers the electromechanical resonarEdIR). We performed  pjing The peak inag arises due to electromechanical resonance
such measurements ove 10 Hz—500 kHz on multilayers  (EMR) associated with radial modes in the composite. The solid
of nickel ferrite(NFO)-PZT and the results are shown in Fig. jine is the calculated values based on the present theory. The inset,
1. The data are for a 10-mm-diameter disk that contained linpedance vsf data for a 10-mm disk of PZT, shows the manifes-
layers of 13um-thick NFO and 10 layers of PZT with a tation of EMR at a frequency close to the resonancegn for the
thickness of 26um. It was poled with an electric fielE  composite. The arrows indicate the resonance frequéncy
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=350 kHz with a maximumg | of 1200 mV/cm, a factor of  dial or thickness modes. It is supposed &R so that only

40 higher than low frequency values. We identified the peakadial modes are considered. For a thin disk, it is possible to
in ag . with EMR in PZT in the multilayer. Electromechani- neglect any pressure variation along the transverse direction.
cal resonance in piezoelectric phases is investigated throughhe axial symmetry results in nonzero components of the
measurements of impedengeor dielectric constant as a Pressure and strain tensdrs , Tyy, S;,, andSy,. The gen-
function of frequency. Figure 1 shows suchersusf data for ~ eralized Hooke’s law and corresponding equations have the
a 10-mm-diameter disc of PZT. One observes a discontinuitfollowing form:

in z due to EMR associated with the radial modes in PZT.
The resonance occurs at a frequency close to the peak posi-
tion in ag | versusfin Fig. 1. Here we are concerned with
the theory for the resonance iry | .

This work constitutes the first theoretical modeling of the
resonance ME coupling in Fig. 1. Significant studies on fre- D, =day( Ty + Top) + £33E,+ azsHy, (1)
quency dependence of ME susceptibility include the work§yneres,, = gu, /dr, S,y=(1/r)u,, u; is displacement coor-
by Tilley and Scott on single crystal BaMp@nd our model  ginate of mediumT;; is stress tensor compones, is com-
for ME coupling at ferromagnetic resonan¢@MR) in — pjiance coefficientg;; andd;; are piezomagnetic and piezo-
ferrite-PZT bilayers:~** Using the Landau-Lifshitz equa- ejectric coefficientsD; is electric displacement component,
tions of motion, the ME susceptibility was estimated for theeij is permittivity matrix, andeas is the ME coefficient. The
low temperature phase of BaMpF It was shown that equation of elastodynamics has the following form for the
microwave-magnon frequency decreases and the opticalygial propagating mode:
phonon frequency increases with the strength of the ME cou-
pling. The magnetic, dielectric, and magnetoelectric suscep- dT, 1 5
tibilities were found to have poles at both magnon and ar 7 (T =Tep) +pou =0, 2
phonon frequencies:*?> We developed a phenomenological
theory for ME coupling at FMR in ferroelectric/ wherep is the density ana is the angular frequency. Solu-
ferromagnetic layered structures. Expressions relating thgons of the Eq.(2), taking into account Eq1), can be pre-
magnetic and ME susceptibility to ME coupling constantssented as superposition of the first and second order Bessel
were obtained. The theory predicts a unique resonance in tHanctions. Using the boundary conditiong:=0 atr=0 and
electric field dependence of the magnetic susceptibility. T,,=0 atr=R we get expressions foF,, and T,

The resonance phenomenon considered here occurs at 100
kHz to 10 MHz, much smaller than magnon, optical-phonon,

St =S11T ¢ +S12T 9o+ d31E,+03H,

809: SlZTI’I’ + 511T00+ d31EZ+ q3lHZ ’

kRJO(kr)—(l—v)rE\ll(kr)

or FMR frequencies. 1
A ferromagnetic-ferroelectric bilayer is assumed in which Te =3 (1-) A -1
the induced polarizatio®P is related to the fieldSH by 1 i
6P=adéH, wherea is the ME susceptibility. The ME volt- X (gzH,+d31E;) ©)]

age coefficientag is related toa by the expressionw

=¢gge, g, Whereg, is the relative permittivity of the mate- R

rial. The model is for radial modes and longitudinal field 1 VKR&G(Kr) +(1=v) = Ja(kr)
configuration. An averaging procedure is employed to obtain T ,,= -1

the composite parameters and the voltage coefficignt. Su(1=v) Ar

The theory is then applied to bilayers containing ferrites of X (QaqH,+d3E,), (4)

importance, i.e., cobalt ferritedCFO) due to high magneto-

striction, nickel ferrite(NFO) due to strong magnetome- Wherek=1/ps;y(1—1%)w, v=—s,/s;; is Poisson’s ratio,

chanical coupling, and lithium ferritd. FO) because of low andA,=kRJ(kR)—(1—-»)J,(kR).

loss characteristics. Based on the model, one expects a reso-The electric field, obtained by taking into consideration

nance character img, versus frequency profile with the open circuit conditions, i.e.fsD,dS=0, whereSis elec-

strongest ME coupling at, for CFO-PZT and the weakest trode plane, is

coupling for LFO-PZT.
The composite is assumed to be a homogeneous medium :i 2d31031 (1+ V)Jl(kR)_ 1) I 33

that can be described by effective parameters, such as com- > |A,| | e33811(1—v) A, £33

pliance, piezoelectric, and magnetostrictive coefficients that ()

are determined from parameters for individual phases. Thﬁ/here

assumption is valid when the layer thickness is small com-

pared to wavelengths for the acoustic modes and is certainly Ay=1—K2+K2(1+ 1)Jy(KR)/A, +iT (6)

true for EMR that occurs at 100-500 kHz. The bilayer ge- é PP o

ometry is a thin disk in th€1,2) plane with a radiu®k and K,2)=2d§1/s33sll(1— v) is the coefficient of electromechani-

thicknesst. The electrodes are assumed to be of negligiblecal coupling for radial mode, arldis the loss factor. Finally,

thickness and the longitudinal fields are along the directiorthe longitudinal ME voltage coefficientg | = SE3/J6H3, is

3. The ac magnetic field induces harmonic waves in the raebtained as

H,,
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g 1.2x10* ; ; ; . ; 1400 shown in Fig. 2 for parameters in Table I. Calculations are
£ for a PZT volume fraction of 0.7, effective composite param-
S a0t b CFO-PZT NFO-PZT 4 1200 eters in Ref. 5, and a bias field that corresponds to maxi-
% mum piezomagnetic coupling. The sample diameter has
§ 8000 L - N -| 1000 been chosen in such a way as to separate the EMR for the
g bilayers. A resonance character is clearly evident in Fig. 2;
8 7 800 the peakag is the highest for CFO-PZT due to high piezo-
% 6000 - 1 600 magnetic coupling and is the lowest for LFO-PZT. The most
§ LFO-PZT important inference from Fig. 2 is the overall enhancement
w 4000 400 in ag at resonance.
E Measurements of ME effects at EMR are discussed next.
g 2000 - 200 We first consider the data in Fig. 1 for NFO-PZT multilayers
S with a PZT volume fraction of 0.7. Estimates based on the
§ 0 t T L 0 current theory are shown for comparison. The resonance oc-
0 100 200 300 400 500 600

curs at 350 kHz, in agreement with calculated values for

sample dimension and composite parameters in Table |. The

) o o theoretical profile for a loss factdr=0.08 tracks the ob-
FIG. 2. Theoretical longitudinal ME voltage coefficiem,. aS  qoreqd variation inwg, with f. The most significant infer-

a function of the frequency of the ac field for bilayers of ferrite and ence in Fig. 1 is the fealization of predicted giant ME inter-

PZT. Estimates are for sample thickness much smaller than thé in th . EMR. T .
radius. The diameter of the bilayer samples are 12 mm for cobal"f1Ct|0ns In the composite at - Theg at resonance is

ferrite (CFO)-PZT, 10 mm for nicke! ferritdNFO)-PZT, and 8 mm 1200 mV/cmOe and must be compared with the low-
for lithium ferrite (LFO)-PZT. Notice the resonance in., vs.fat  frequency value of 30 mV/em Oe. Although the theoretical
the electromechanical resonance frequency. Parameters used for e,L at EMR is 15% higher than the measured value, the
estimates are given in Table I. overall agreement between theory and data is excellent.
Similar studies, however, revealed a even stronger reso-

Frequency (kHz)

1 2d303; [ (1+2)31(KR) 33 nance in ME interactions in layered ferromagnetic alloy-PZT
QgL =— ™ = A —1) +—. composites. Permendy#9% Fe, 49% Co, 2% N a soft
al leasSu(1=7) r 33 @) magnetic alloy with a high magnetostriction, was used for

the magnetic phasé.Measurements ofvg | vsf were done
Analysis of Eq.(7) shows that the first term in square brack-on a 9 mmdiameter disk of Permendur-PZT-Permendur
ets is negligible at low frequencies and the dynamic MEtrilayer and are shown in Fig. 3. The bias fi¢idwas set at
coefficient coincides with its low frequendgtatio value of  H_,=600 Oe. The profile shows resonance at 330 kHz with a
aszless. At EMR, however, the first term dominates; the maximumag | of 8 V/ecm, which is a factor of 200 higher
resonance frequency is determined by the conditiomRe than low-frequency values. The resonance frequency com-
=0 and the ME voltage coefficient is expected to show gpares favorably with the results in Fig. 1 for NFO-PZT, but
peak at this frequency. It follows from E) that the reso-  ag at resonance is much higher than for NFO-PZT primarily
nance frequency depends on sample radius and the followingue to superior magnetostriction and magneto-mechanical
material parameters: compliancgs ands;,, densityp, and  coupling parameters for Permendur.
coefficient of electromechanical coupling for radial mode Another significant finding of relevance to the present
Kp. The peak value ofxg | and resonance linewidth are study concerns the resonance ME effect in bulk ferrite-PZT
determined by effective piezomagnetigs() and piezoelec- composites. Although one expects a similar EMR associated
tric (dzp coefficients, compliances, permittivity, and loss enhancement imvg | for bulk samples, a theoretical model
factor. for the phenomenon in bulk composites is yet to be devel-
We next apply the theory to representative ferrite-PZToped. Such a task is complicated by the fact that boundary
bilayers. The ferrites considered include cobalt ferrite beconditions at the interface between the two phases are depen-
cause of high magnetostriction and piezomagnetic couplinglent on the volume fraction, particle shape and specific me-
nickel ferrite due to strong magneto-mechanical couplingchanical connectivity. Here we provide data for resonance in
and lithium ferrite®® Estimatedag | versusf values are ag  vsffor bulk samples consisting of modified nickel fer-

TABLE I. Compliance coefficiens, piezomagnetic coupling, piezoelectric coefficiend, and permittiv-
ity ¢ for cobalt ferrite(CFO), nickel ferrite (NFO), lithium ferrite (LFO), and lead zirconate titanateZT).

Material sll (10_ 12 mZ/N) 512 (10_ 12 mZ/N) q31 (10_ 12 m/A) d31 (10_ 12 m/V) 833/80
CFO 6.5 —2.4 556 10
NFO 6.5 —2.4 125 10
LEO 3.3 —1.65 —-12.5 10
PZT 15.3 -5 —175 1750
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FIG. 3. Variations in longitudinal magnetoelect(ME) voltage Frequency (kHz)

coefficients with the frequency for a trilayer of Permendur-PZT-
Permendur. The thickness of Permendur and PZT are 0.18 mm al
0.36 mm, respectively. The lines are guide to the eye.

FIG. 4. ag, vs f data showing resonance in ME coupling at
R for bulk nickel ferrite-PZT composites. The data are for
samples with a series of PZT weight percentinset shows off-

. . . resonance and resonanag ; as a function ofw. The lines are
rite and PZT. It was necessary to modify NFO with a COM-gjide to the eye.

bination of substitutions and Fe deficiency to increase the

ele_ctrlcal reS|st|V|_ty._ The high resistivity leads _to excellentiS as high as 23000 mV/cm Oe. The overall increasegin
poling characteristics and strengthens ME interactions. '

Samples with PZT concentration varying from 10 to 90at resonance is much higher in bulk samples than for layered

wt. % were studied. Magnetoelectric voltage coeﬁicientsSyStemS' In conclusion, a theoretical model has been pre-

; sented for magnetoelectric coupling at EMR in a

}/i\:zgeozcneas%rse;ja?; I;\?; uiﬁﬁegc(djl;rz::qd Iztssv'\i/ltr? éF;r;ries ferromagnetic-ferroelectric layered system. The predicted gi-

@EL . 9- rsamp . ant ME interactions at resonance is in agreement with the
of PZT concentrationv. The features in Fig. 4 are similar to data for ferrite-PZT samples
the data in Figs. 1 and 3 for layered samples. The PZT con- '
centration dependence of low frequency and resonance This work was supported by grants from the Russian Min-
are also shown in Fig. 4. From the data one infers a dramatiistry of Education(E02-3.4-278, the Universities of Russia
strengthening of ME interaction at resonanag; increases Foundation (UNR 01.01.007, and the National Science
by a factor of 600. The ME voltage coefficient at resonancg~oundation(DMR-0302254.
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