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Abstract: A theory of the inverse magnetoelectric (ME) effect in the region of electromechanical resonance (EMR) for the
samples in the form of a disk is presented. The expression for the coefficient of inverse ME-conversion on the effective
parameter method is derived. It is shown that observed the peak increase of effect in the region of electromechanical re-
sonance, resonance frequencies are differed for direct and inverse magnetoelectric effect. Resonance frequencies dependence
on ferrite percentage for ferrite-nickel spinel and lead zirconate titanate samples are investigated experimentally.
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1. Introduction

The magnetoelectric (ME) effect is relate to cross effects
and consists in that polarization appears in a sample under
the action of a magnetic field (direct ME effect) and, vice
versa, magnetization appears upon the application of an
electric field (inverse ME effect). This effect which was
originally predicted by Dzyaloshinskii [1] and then observed
in experiments [2, 3], is of interest not only for basic science,
but for applications as well, since it couples the values, that
has different tensor dimensions: polarization (polar vector)
with magnetizing intensity (axial vector), and, vice versa,
magnetization (axial vector) with electric intensity (polar
vector). Presence of the ME effect in monocrystal directly
coupled with crystal symmetry [4], and its arising is ride by
joint action of spin-orbit interaction, odd part of intracrys-
talline field and external electric field [S]. ME effect in the
ferrite—piezoelectric composite is individually absent in
ferrite and in piezoelectric phases. Its arising is condition on
mechanical interaction between magnetostriction and pie-
zoelectric subsystems. In the ferrite component, mechanical
stresses arise due to magnetostriction in a magnetic field,
that are transferred to the piezoelectric phase, where occur
an electric polarization. And, vice versa, for the inverse
effect, deformations induced in the piezoelectric phase under
the action of an electric field are transferred to the ferrite
phase, where the magnetostriction leads to magnetization of
the sample.

Presently, the direct ME effect is known in much detail [6],
whereas the inverse effect is still insufficiently studied and
even the number of publications on this phenomenon is very
restricted [7—10]. In this works inverse ME effect investi-
gated experimentally for the samples in the form of a plate,
where was used lead zirconate titanate (PZT) piezoceramic
as the piezoelectric, and materials with large magnetostric-
tion coefficient as the ferrite, to be exact: in [7] — D-Terfenol
(three-layer structure D-Terfenol-PZT-D- Terfenol), in [8] —
nickel (three-layer structure PZT-Ni-PZT) and in [9,10]
galfenol (two-ply structure galfenol-PZT). In the present
works realized the measurement of coefficient of inverse
ME-conversion frequency dependence and experimentally
discovered, that this dependence has resonant nature, in a
similar as ME voltage coefficient frequency dependence for
the direct effect. However detailed theoretical description of
the inverse ME effect it not realized in this works. In work
[11] it is shown the theoretical description of the inverse ME
effect for the samples in the form of a plate. However the
samples in the form of a disk are much often used in practice,
but not in the form of a plate. But data of work [11] for the
samples in the form of a disk can not be used. Detailed
theoretical description of the inverse ME effect and expe-
rimental results for the ferrite-nickel spinel and lead zirco-
nate titanate samples in the form of a disk are presented in
this work.

2. Theory of Effect
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2.1. Longitudinal Effect

Effective parameter method was got wide spread occur-
rence at the description of physical phenomenon in the fer-
rite—piezoelectric composites [12, 13]. This method con-
sists in that composition material from the macroscopic
point of view considered as a homogeneous medium with
some effective parameters, which are found by combined
solved equations of elasto- and electrodynamics for the
ferrite and piezoelectric phases with following averaging.
Apparently that this method can be used, when the charac-
teristic dimensions of composite building blocks much
smaller than sound-wave-length. As the characteristic di-
mensions of the building blocks in the typical composition
materials are order the decade of micron, that this descrip-
tion method can be used as far as frequency order by a
hundred MHz.

Consider a model system comprising a sample of the fer-
rite—piezoelectric composite material in the form of a thin
disk, with the sample radius R and thickness d. The thin
metal electrodes have been applied on the top and on the
bottom surfaces of the disk, and on which the side face an
induction coil, with N numbers of turns (fig.1). Let the
sample is polarized transversely to contacts plane (axis Z).
Direct magnetic field directs either along the samples pola-
rization (longitudinal effect).

Vin

Figure 1. Schematic diagram of the structure with: (1) sample; (2) metal
electrodes; (3) coil with N numbers of turns.

Alternating electric field with frequency %, that given
on the sample, is give rise to oscillation in the sample,
which are spread along the sample surface — is the radial
oscillation, and all along sample thickness — is the thick-
nesses oscillation. In future we will come to nothing more
than the consideration of the most low-frequency radial
oscillation.

Let us assume that the dick is thin, i.e. d<<R.. That the
surfaces of the composite dick are free that is, the normal
components of the stress tensor on these surfaces are va-
nishing. Since the dick is thin, we can assume that T; = 0
not only on the surface, but in the volume of the dick. Ac-
cordingly, the equations for components of the strain tensor
Si and magnetic induction B; can be written as follows:

Sy = syl +spT, +dy By +q5,Hy (N
Sy =spTy +s, T, +dy By +q3,Hy (2)
By = pysHy + g5 (T +T5) 3)

where s;; is the effective compliance of the composite, d;;
and g is the effective piezoelectric and piezomagnetic
components, &; is the effective permittivity, E; and H; is the
projections of the tensity vectors of variable electric and
magnetic fields. Design procedure of effective parameters
of composition material is presented in [14,15].

It is convenient to used the symmetry of a problem and
turn to the cylindrical co-ordinates z, r and 6, using the
conversions presented in [16] for further calculations. The
axial symmetry results in nonzero components of the pres-
sure and strain tensors T, Tgy, S and Sgg. Others compo-
nents of the pressure and strain tensors equal to zero. Be-
sides from the axial symmetry results, that the displacement
component ug equal to zero.

We allowance for this, the above expression (1-3) reduc-
es to

S, =suTy, +51,Tg tdy By +q3Hy 4)
Seo = 52T, + 51 Tgg +d31E5 +q5H 5, (5)
By = pyHy + g5 (T, +Ty) . (6)

The equation of motion of the medium for the radial os-
cillation reduces to
%+l(rﬂ, =Tp)+ pwiu, =0, @)
o r
where p is the density of composite.

Evaluate from (4, 5) components of stress tensor through
components of pressure tensor, as result we get:

1

:S”(l—_vz)(srr +USgp —(1+V)(d5 E5 +q5.H3)) | (8)

"

Too :s”(l——vz)(vsw +S8gp —(L+V)(d5 E5 +q5H13)) | (9)
where v=-s,/s,, isthe Poisson's ratio.

In order to take the equation for the radial displacement,
substitute (8, 9) into equation of motion of the medium (7).
After the transformations the equation (7) is reduced to
Bessel equation

2
O, (10u M 4y, =g,
or ror ?

(10)

where k=yps,1-v*)w . General solution of the (10) can

be presented as superposition of the first and second order
Bessel functions

u, =cJ,(kr)+c, Y, (kr) . (11)
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Constants ¢, and ¢, are defined by the boundary
conditions: the displacements are lacking in the disk centre,
ie. at r=0 displacement u, =0, but the normal strains
equal to zero on side surfaces, therefore at =R strain
7, =0. This is give for constants following expressions
[17]:

_ (1+V)R
C :()501_K] (1 —
2 o(K) = (1=V)J(K)

(g31H3 +d3 E3) |

(12)

Here introduced nondimensional variable k=kR, which
values are depends on frequency, disk radius and rate of
elastic oscillation propagation.

Substituting the values of constants ¢, and ¢, in (11)
and, expressing the deformation through the medium dis-
placement, we get expressions for the components of the
strain tensors

1 K/O(kr)—(l—v)ﬁ‘]](kr)
r

T, = -1 H,+d, E
"o ew-Gennw |k (13)

1 I/K]O(kr)+(1—v)£]l(kr)
r

Tog = -1
sn(=V)| oK)= (1=V)J (k)

Wgy H; +dy Ey) (14)

The magnetization, which is appeared in the sample as a
result of magnetostriction as a result of medium mechanical
deformation, we define from Eq. (6). Substituting the ex-
pressions (13) and (14) in equation (6) we get:

431 (1+V)&J (kr)
s=v) | Ko K) = (1=V)J (k)

By =3ty + ~2|Ugs Hs +dyE3) (15)

For the experimental investigation of inverse ME effect,
it is measured the EMF of induction, that originated in coil
at the magnetic flux measuring, due to the change of the
magnetization of capacitor magnetoelectric dielectric.
Usually, the voltmeter resistance in these measurements is
much greater than the coil resistance at the experiment, we
can assume that the open-circuit condition is valid (I = 0)
and, hence, H; = 0. We allowance for this, the above ex-
pression (15) for the magnetic induction reduces to:

93195, (1+ V), (kr)

By = -2 |[E;,
Sn(l_V) K/O(K)—(I—V)J](K)

(16)

The inverse ME conversion factor for the longitudinal
configuration of fields is defined as @, =(Bs)/E; , where
<B, > isthe average magnetic induction in the sample that

< B3 >= L

. . 2 R
is determined as . P I
0 0

Calculating the average magnetic induction and substi-
tuting this expression into the above definition, we even-
tually obtain the following expression:

_ 2q34d; (1+v)J, (k)
= -1
sna—v)% B, } a7
where
A, =y (k)= (1-V)J,(K) (18)

The EMF induced in the coil by magnetic flux is

ach _ 02 R . )
£, == =-N— [ dO[Byrdr =icNTR a,, [E; . (19)
ot oto 0 '

Supposing, that all absorbed voltage take place on the
measuring voltmeter, and the electric field strength in sam-
ple bound up with the input voltage by E;=V;,/d, and for
the voltage ratio (transformer coefficient) k; =V,,/Vi, for
the longitudinal ME effect is

2

b=V, 0 (20)
Accordingly, this structure can be used as a transformer,

which has only one winding in contrast to traditional type

transformer.
2.2. Transverse Effect

For the transverse ME effect direct magnetic field H,
in the sample directs either along the samples polarization
P. Applied to the contacts electrical field to provoke the
mechanical oscillation in the sample, and change the mag-
netization in all along sample thickness at the result. For
the experimental investigation of transverse ME effect we
use the structure represented at fig.2.

X3
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Figure 2. Schematic diagram of the structure with: (1) sample; (2) metal
electrodes; (3) coil with N numbers of turns, t — coil thickness.

Equations (1-3) for the pressure tensor Si and for the
magnetic induction B, for the transverse ME effect takes
form:

Sy =51 +s,1, +dy By +q,H (21)

Sy, =50+, T, +dy By +q,H | (22)
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By = H +q T +q,T5 . (23)

Components of the strain tensors expression are get
complicated by the direct magnetic field #, break its sys-
tem axial symmetry at the turn to the cylindrical
co-ordinates. However, taking into account, that in the ex-
periment used the open circuit condition and alternating
magnetic field strength equal to zero, the medium oscilla-
tion are provoke by alternating electric field, directed along
axes X,, as for the longitudinal effect. Equation of me-

dium motion for radial oscillation reduced to (10), which
solution given the components of the strain tensors:

1 K/O(kr)—(l—v)EJl(kr)
Trr = r -1 Di3]E3 ,
sp(=v) | &o(k) = (1-V)J (k)

24

. Vi, (k) + (1 =) R (k)
r

To =o)L [ (2)

Components of the strain tensors 7, and 7, connected
with components 7,, and 7, by:

- 2 2
T, =T, cos” G+Tysin~ 8

(26)

-7 in? 2
T,=T,sin" 8+Tycos" G,

@7

Using this ratios, for the magnetic induction in the cylin-
drical co-ordinates we get:

B, =T, (4, cos” 6+q, sin” 6) +Tap(q1, sin’ 6+q, cos’ ) (28)

In a similar to longitudinal effect, inverse ME conversion
factor is defined as apr =(B)/E; for the transverse effect.
Substituting expressions (23) and (24) in equation (28), and
calculating the average magnetic induction <5, >, we ob-

tain the following expression for inverse ME conversion
factor:

dun = (g +gn)dy f A+V)J (K) _
B s -y A

1}, (29)

where A, defined by (18).

For the defined of EMF induced in the coil, we limited
by the case, when coil thickness ¢ is smaller then disk
radius R. At this approximation we can take, that magnetic
flux, splitting the coil equal to @, =NDR2RE and for
transformer coefficient:

ky =N 2R, . (30)

3. Results Discussion Comparison with
Experiment

As following from expression (17) and (29) for inverse
ME conversion factor its value in proportion to product of

values of piezoelectric &,, and piezomagnetic ¢, mod-
ules and inversely to compliance module s, value. How-
ever for the transverse effect the value of coefficient a,,
is proportional to product (¢, +¢,,)d;, . And for the longitu-
dinal effect the value a,, is proportional to product
gydy - AS (q,,+q,)>q,, , that the value of the transverse

effect bigger, than of longitudinal.

Frequency dependence of the inverse ME conversion
factor as the frequency dependence of the ME voltage coef-
ficient a, for the direct effect, has the resonance nature.
At the low frequency region, when parameter « <<1, the
value of the inverse ME conversion factor practically is not
depend on frequency. However at the frequency, that cor-
responds to condition A, =0, it is observe the peak in-
crease of coefficient. Roots of these equation take the name
resonant frequencies f,,. The value of lower resonant

S =300kHz for the fer-
rite-nickel spinel and lead zirconate titanate samples with
radius nearly R =5mm .

It should be noted that, in contrast to the inverse ME ef-
fect, the resonant growth a,=<E>/H in the direct ME

frequency to average about

effect is observed at an antiresonance frequency f,,. that
corresponds to the condition A, =0, where
A, =1-K; + K (1+V)J (K)/A, 31

Where &3 =243 /533 sii(1-v) — is the square coefficient
of electromechanical coupling for radial oscillations.

There are inverse ME conversion factor frequency de-
pendences for the ferrite-nickel spinel and lead zirconate
titanate samples in the form of a disk calculated by (17) and
(29) resulted in the pictures 3 and 4 for the transverse and
longitudinal effects. Sample radius R=1 sm.

The following quantity values used at the calculations:

Ferrite:

i1 =6.8[00-12 m2/N, s =2.410-12 m2/N,

g™ =-1880000-12 m/A, ¢™2=320000-12 m/A,

g3 =55600-12 m/A, p" =5200 kg/m3;

Piezoelectric:

sh=15.300-12 m2/N, sf=5.410-12 m2/N,

d’y=17500-12 m/V, p” =7 800 kg/m3.

OBL 16
mG/(V/em)

130 150 200 250 00
FkHz
Figure 3. Inverse ME conversion factor frequency dependences for longi-
tudinal effects
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Figure 4. Inverse ME conversion factor frequency dependences for trans-
verse effects

Frequencies of resonance and antiresonance has at least
the closely values, but they are distinguishable experimen-
tally.

Experimental investigations of effect were realized for
the samples of ferrite-nickel spinel and PZT. Samples has a
disk form with radius R=4.5mm . Before measurement the
samples was polarized by electric field with strength 4
kV/mm during two hours at the temperature 80°C. It is
used method, based on measuring of alternating voltage,
that appearing at the superposition of alternating and slowly
changing magnetic field on the sample, for the investiga-
tions of direct ME effect. For the investigations of inverse
ME effect we used method, based on measuring of alter-
nating voltage, that appearing at the measuring coil when it
place in slowly changing magnetic field and when the al-
ternating electric field apply to the sample. At first was
investigated the field dependence of low-frequency ME
signal. ME effect dependence of bias field strength was
measured at the constant value of alternating magnetic field
strength 1 Oe. Then was investigated frequency depen-
dence of magnetoelectric coefficient in the electromechan-
ical resonance region at the bias field strength, that agree
with a maximum of effect. The open circuit condition rea-
lized very well at the measurement. Experimental data are
shown in table 1.

Table 1. Table information

Ferrite percentage, % 10 20 30 40 S0 60
f res, kKHZ 39,9 134 348 59,7 788 22,0
£ anres, kHZ 11,9 279 12,6 534 30,5 22,5
Af, kHz 20 45 8 7 7 5
Apr(f = fr0):mGem/V 30 20 10 72 49 )

i1 (f = fumes)sV Hcm[De) 4 34 57 54 39 52
Qpr(f =1kHz),mGkm/V 161 227 194 162 117 065

@ (f =1kHz),mV [(cm[@De) 1 2 5 4 )9 )

As following from experiment, in full accordance with
theory, there is a peak increase of effect at the resonant and
antiresonant frequency. This frequencies values defining by

parameter  =kR=awyp s, (1-v*)R, at which the values of

expressions (18) and (31) for the value A, for inverse
effect and for the value A, for direct effect are equal to

zero. For the Poisson’s coefficient v =034 the equality to
zero of these expressions is happen when value «, =2.074.

This implyies, that the resonant frequency defining by con-
dition f,, =2.074/2mp s, (1-v*)R) . Piezoceramic density

PZT Pp=7800 kG/m3 s compliance module
L5, =15.300"m* /N, ferrite-nickel spinel density
mp=5200 kG/m3 , its compliance module

"s;, =6.5007?m* /N . With increase of the ferrite percentage
it is occur of composite effective density decrease and
composite effective compliance decrease, as result to in-
crease of resonant and antiresonant frequency. Resonant
and antiresonant frequency’s difference defining by the
coefficient of electromechanical coupling X, , as easily to
see by expressions (18) and (31) for A, and for A,. Re-

ally, supposing f,... = f.. +&f and expanding expression

for A, by small parameter Ax=412m/p s, (1-v*)R for
relative difference of frequencies we get:

A 1+V)K >
o s eSS
Jres Ky (I=(1=V)/ K™ =V (Ky) (Ko IV, (Ky)))

Or, substituting the numerical values v =034 and

K, =2.074 , for relative difference of frequencies we get the
resultant expression in the following form:

& =04K:0

res

(33)

With increase of the ferrite percentage, the coefficient of
electromechanical connection increasing in consequence of
composite effective piezomodule value increase, as a result
at the increase of resonant and antiresonant frequency dif-
ference.

The experimental and theoretical frequency dependences
of inverse ME conversion factor a, for PZT(23-1) — 70
mass.%, NiFel,9C00,0104 — 30 mass.% structure
represented at fig.5. The experimental measuring realized
when value of bias field Hm = 380 Oe, that meet the max-
imum of ME interaction.

G

250 +

e Ve

ZS.I? 280 SSD 320 340 360 3;8 400

Sk
Figure 5. Inverse ME conversion factor Qp frequency dependences for
transverse effects for PZT(23-1) — 70 mass.%, NiFel,9Co0,0104 — 30
mass. % structure, where the full line is the theoretical dependence, points
are the experimental data
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In this case the inverse ME signal amplification occur-
ring at the frequency f,,, = 335 kHz, and the inverse ME

conversion factor resonant value three times as many as its
low-frequency value. In comparison with multilayer com-
posites, this good quality accounted for the applied of pie-
zoelectric with high good quality (Q=3000) and the selec-
tion of operating practices, that resulting to performance of
the mechanical contact between splinters. There is a sim-
ilar effect was observed on the samples with other struc-
tures, but the resonance frequencies are vary depending on
composite percentage composition vary.

The experimental and theoretical resonant frequency de-
pendences of ferrite content in composite are represented at
fig.6.

SEHz ey

400

350 //
300

250

200

150

100

a0

o T T T T
o 02 04 0B 08
v

Figure 6. Resonance frequency dependences of ferrite content in compo-
site, where the full line is the theoretical dependence, points are the expe-
rimental data

As appears from the fig. 6, with increase of ferrite per-
centage there is a resonant frequency increase. This account
for composite effective density and effective compliance
decrease by ferrite percentage increase, that resulting in
resonant frequency increase.

The resonance and antiresonance frequencies depen-
dences of ferrite content in composite are represented at
fig.7.

The difference of resonance and antiresonance frequen-
cies represented at fig.8.

FEHz  aso

400 /
350 /
e

v

Figure 7. Resonance (the bottom characteristic) and antiresonance (the
upper characteristic) frequencies dependences of ferrite content in com-
posite, where the full line is the theoretical dependence, points are the
experimental data

AfKHE o

LN

01 0.3 05 0.7 0g

v

Figure 8. The difference of resonance and antiresonance frequencies,
where the full line is the theoretical dependence, points are the experi-
mental data

With increase of the ferrite percentage by piezomodule
effective value decrease and decrease of electromechanical
coupling factor, as a resulted to decrease of resonance and
antiresonance frequencies.

Effect of composite structure on the inverse ME conver-
sion factor ( f,,, = 335 kHz) represented at fig.9. We plot-

ting of inverse ME conversion factor dependence of ferrite
inclusion volume fraction by using the theoretical model.

5]
mG/(Viem) 5

20

190 +

10

5

0

Figure 9. Dependence of inverse ME conversion factor by ferrite inclu-
sion volume fraction ( f,,, = 335 kHz), where the full line is the theoreti-

cal dependence, points are the experimental data

As can be seen by diagram (fig. 9), the dependence of
inverse ME conversion factor by ferrite inclusion volume
fraction has a maximum. The inverse ME conversion factor
ap is proportional to product of effective values of pie-
zoelectric and piezomagnetic modules and inversely pro-
portional to module of composite compliance. With ferrite
percentage increase there is piezomodule decrease, that
reducing to decrease of aj. As resulting to increase of
coefficient with ferrite percentage increase at first, then
coefficient amounting to maximum, and then it has de-
creased.

The inverse ME conversion factor a; is proportional to
product of piezoelectric and piezomagnetic effective mod-
ules and inversely proportional to composite compliance
module. With increase of the ferrite percentage, on the one
hand, there is increase of the piezoelectric module’s effec-
tive value and decrease of the compliance module, that
leading to increase of value aj, on the other hand, with
increase of the ferrite percentage, there is decrease of the
piezomodule, that leading to decrease of value a;. As a
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consequence of that, the value of coefficient is increase at
first with increase of the ferrite percentage, is at the high
and then is decrease. Similarly leading oneself the ME vol-
tage coefficient. Its value also is proportionally to product
of piezoelectric and piezomagnetic effective modules.
However it is inversely not only to composite compliance
module, but is inversely to product of compliance module
and composite permittivity coefficient, that value also de-
crease with increase of ferrite concentration. This is leading
to that the ME voltage coefficient maximum account to the
most content of ferrite, than the inverse ME conversion
factor maximum.
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