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Porosity dependence of magnetoelectric (ME) parameters has been investigated in ferrite-piezoelectric bulk
composites. Studies were performed on modified nickel ferrite-lead zirconate titanate. The modification in-
volved departure from stoichiometry and the addition of cobalt oxide to the ferrite that resulted in orders of
magnitude increase in the resistivity and an enhancement in the strength of ME voltage coefficient. Samples
with porosity ranging from 5% to 40% were prepared. Data on low-frequency ME voltage coefficient revealed
a 60%—70% decrease as the porosity p was increased from 5% to 40%. The porosity dependence was even
stronger for ME coupling at electromechanical resonance: a 96% reduction in the ME voltage coefficient when
p was increased from 5% to 40%. A model that considers the influence of porosity on ME interactions has been
developed. The composite is assumed to consist of piezoelectric, magnetostrictive, and void (pores) sub-
systems. We solved combined elastostatic, electrostatic, and magnetostatic equations to obtain effective com-
posite parameters (piezoelectric coupling, magnetostriction factors, compliances, ME coefficients). Expressions
for porosity dependence of ME voltage coefficients have been obtained for low frequencies and at electrome-

chanical resonance. The calculated ME coefficients are in very good agreement with the data.
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I. INTRODUCTION

In materials that are magnetoelectric, the induced polar-
ization P is related to the magnetic field H by the expression
P=aH, where « is the second rank magnetoelectric (ME)
susceptibility tensor.! Another parameter of importance is the
ME voltage coefficient az=FE/H which is related to « by the
expression =g, &,ag, where g, is the relative permittivity of
the material. The effect was first observed in antiferromag-
netic Cr,05 with a room temperature a; of 20 mV/cm Oe.?
Composites are of interest for the enhancement of ME
effects.>* A composite consisting of piezomagnetic and pi-
ezoelectric phases is expected to be magnetoelectric since the
ME coefficient az=06E/SH is the product of the piezomag-
netic deformation 6z/6H and the piezoelectric field genera-
tion SE/ 67.578

Two types of composites, bulk and layered, have been
studied extensively.>'> Bulk composites have the advantage
of superior mechanical strength over layered samples. One
could also easily control physical, magnetic, electrical, and
ME parameters with proper choice for the two phases and
their volume fractions. A key factor of importance for ME
properties is the porosity in bulk composites. The strength of
ME interactions depend on the mechanical connectivity be-
tween the magnetic and piezoelectric phases.” The presence
of pores disrupts the local connectivity and would also give
rise to local demagnetization and depolarization. Porosity ef-
fects have not been considered in any detail so far. Here, we
provide a systematic experimental investigation and model-
ing of porous bulk composites.
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It is necessary to choose the appropriate bulk composite
system for such a study. The ME composites of primary
interest in the past were nickel or cobalt ferrite with
BaTiO5.>* One of the necessary conditions for the existence
of ME effect is the presence of electrical polarization in a
sample. However, ferrites with a higher electrical conductiv-
ity than the piezoelectric phase worsen conditions for polar-
ization and decreases the magnitude of ME effects. The pri-
mary reason for high conductivity is the possible presence of
Fe?* in ferrites that (i) limits the poling field leading to poor
piezoelectric coupling and (ii) leakage current through the
sample resulting in loss of piezoelectrically generated
charges. Several studies in recent years focused on enhanc-
ing the ME effects by increasing the composite resistivity
with substitutions in ferrites.%’

In this study, samples of high resistivity ferrite and piezo-
electric composites have been synthesized with porosity
ranging from 5% to 40%. Measurements of transverse and
longitudinal ME coefficients have been carried out at 1 kHz
and at electromechanical resonance (EMR). We measured a
60% reduction in the low-frequency ME voltage coefficient
af as the porosity p is increased from 5% to 40%. The po-
rosity dependence is much stronger for ME coupling at
EMR: a 96% reduction in a; when p is increased from 5% to
40%.

We also discuss here a model that considers the influence
of porosity on ME interactions in a bulk composite. The
composite is assumed to consist of piezoelectric, magneto-
strictive, and void (pores) subsystems. We solved combined
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elastostatic, electrostatic, and magnetostatic equations to ob-
tain effective composite parameters (piezoelectric modules,
magnetostriction factors, compliances, ME coefficients).!°
Expressions for ME voltage coefficients have been obtained
for low frequencies and at electromechanical resonance. The
calculated ME coefficients are in very good agreement with
the data.

II. COMPOSITE SYNTHESIS AND CHARACTERIZATION

Bulk  composites of modified nickel ferrite,
NiFe, ¢C0y»04_s and lead zirconate titanate (PZT) were
prepared. The Fe deficiency and the introduction of cobalt
ions in the ferrite eliminate the possible formation of Fe?*
and increase its resistivity by orders of magnitude.%’ For
charge neutrality and a stable compound, one requires &
=0.13. Micron sized ferrite powder was synthesized by stan-
dard ceramic processing and mixed with commercial PZT in
a ball mill. Composites with PZT concentration varying from
20 to 80 wt.% were made. The ball milled powder was
mixed with a binder and green pellets were pressed using a
die. The pressure applied to the sample was varied over a
wide range from 700 kPa to 200 MPa to obtain samples with
porosity p=5% —40%. The samples were sintered at
1200 °C for 1-2 h.

X-ray diffraction on powdered composites showed the
presence of ferrite and PZT phases and indicated the absence
of any impurities. Open- and closed-pore porosities for each
sample were estimated from careful measurement of the den-
sity that varied from 3.4 to 5.7 g/cm?, depending on p. Mea-
sured saturation magnetization was in agreement with ex-
pected values. The samples (10 mm diameter and 1-2 mm
thick) were polished and silver electrodes were deposited for
electrical and ME characterization. Samples with low poros-
ity, less than 10%, had resistivity no less than 10'' Q cm.
Increasing the porosity to 40% caused a small increase of
about 10%-20% in resistivity. However, the presence of Fe**
leads to “electron-hopping-type” conduction and will have a
much higher influence on the conductivity. The combined
effect of iron deficiency and Co substitution resulted in at
least 4—6 orders of magnitude increase in the composite re-
sistivity compared to stoichiometric nickel ferrite-PZT.%
Samples were poled by heating to 80 °C and then an elec-
trical field of 3—4 kV/mm was applied perpendicular to the
disk plane for 30 min. As the sample was cooled to room
temperature, the electrical field was slowly increased up to
5 kV/mm over a period of 1 h.

The ME voltage coefficient was measured by subjecting a
poled sample to a bias field H and an ac field 6H. With the
sample plane assumed to be (1,2), the induced electric field
OE5 across the sample thickness was then measured for two
different conditions: (i) transverse ay or a3 =0E;|6H; for
H and 6H, parallel to each other and the disk plane and
perpendicular to 6F5 and (ii) longitudinal or ag 3; for all the
three fields parallel to each other and perpendicular to the
sample plane. An electromagnet was used for applying a
static magnetic field. A pair of Helmholtz coils were used to
generate an ac field at 1 kHz and the sample response was
measured with a lock-in amplifier. Magnetoelectric coupling
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FIG. 1. (Color online) Static magnetic field H dependence of the
longitudinal ME coefficient ap 33 for bulk composites of nickel fer-
rite and lead zirconate titanate (PZT). The data at room temperature
and 1 kHz are for samples with porosity p=5% and 40%. The lines
are guide for the eyes.

at EMR was measured by varying the frequency of the ac
field 6H over the range 100 Hz—400 kHz.

III. RESULTS

The low-frequency ME effects at 1 kHz were initially
measured on composites in which the amount of PZT was
increased from 20 to 80 wt %, in steps of 5%. The data re-
vealed maximum ME effects in samples with 50 wt % ferrite
and 50 wt % PZT (corresponding to approximately a 60-40
volume fraction).® We then focused our attention on samples
with this particular volume fraction for studies on porosity
dependence of ay. Measurements of «; were made for lon-
gitudinal and transverse field orientations. Figure 1 shows
representative data on the bias magnetic field H dependence
of ag 33 for samples with p=5% and 40%. The data for lon-
gitudinal field orientations are at room temperature for 6H,
=1 Oe at 1 kHz. One observes a general increase in ag 33
with H to a peak value, followed by a rapid drop. The volt-
age coefficients are directly proportional to the piezomag-
netic coupling g=d\|dH, where \ is the magnetostriction.'®
The H dependence essentially follows the slope of A vs H.
When M\ attains saturation, the loss of piezomagnetic cou-
pling leads to the absence of ME effect. The peak value in
ags; decreases from 95 mV/cmOe for p=5% to
30 mV/cm Oe for p=40%. The maximum in ag 33 occurs at
a static field H,, that shows a similar with variation with
porosity, i.e., a decrease in H,, as p is increased.

Similar static field and porosity dependence data were ob-
tained for the transverse ME coefficient. Figure 2 shows the
porosity dependence of the maximum ME coefficients and
the static field H,, at which the maxima occurs. These data
are for both longitudinal and transverse field configurations.
Consider the data in Fig. 2(a) for ME coefficients. For a
sample with specific porosity, the longitudinal coefficient is
higher than the transverse case. The coefficient a3, is due
to in-plane magnetostrictions Ay; and \,, whereas ay3; is
due to \33. For a majority of ferrites A33=2\;; and one ex-
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FIG. 2. (Color online) Porosity dependence of (a) maximum
value of transverse and longitudinal ME coefficients and (b) the
bias field H,, for maximum coupling. The data were obtained from
profiles as in Fig. 1. The lines are guide for the eyes.

pects ap33=2ag3;. Such an empirical relationship is con-
firmed in samples in the shape of cubes.® The ratio of maxi-
mum longitudinal to transverse coefficient in Fig. 2(a) varies
from is 1.1 for p=5% to close to 2 for p=40%. Thus, a
substantial deviation from the expected ratio of 2 is observed
only for samples with porosities in the range 5%—-20%. This
can be attributed to the effect of demagnetization. At low
porosity, the magnetization and the demagnetizing fields for
longitudinal orientation are higher, leading to a decrease in
the longitudinal ME coefficient. Consider next the p depen-
dence of the ME coefficients in Fig. 2(a). Both coefficients
show identical, linear decrease in its magnitude with increas-
ing p. The data clearly indicate the anticipated decrease in ay
with the loss of mechanical connectivity and the consequent
weakening of magnetic-mechanical-electrical interactions
between the two phases with increasing p.

The variation of H,, with p in Fig. 2(b) shows features
similar to p dependence of ME coefficients. It decreases by a
factor of 2 for the longitudinal case when p is increased from
5% to 40%. For a specific p, the maximum in ay 33 occurs at
a much higher H,, than for a3, and is due to the demagne-
tization field associated with the static field orientation for
the longitudinal case. One also observes a higher slope for
H, vs p for the longitudinal case than for the transverse
fields and can be attributed to the decrease in the sample
magnetization and demagnetizing field with increasing p.

We also performed studies on the frequency dependence
of the ME coupling. The bias field was set at H,, and the ME
voltage coefficients were measured as the frequency f of the
ac field 6H was varied. Typical ay, vs f profiles for transverse
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FIG. 3. (Color online) Frequency dependence of transverse ME
coefficient for samples with 5% and 40% porosity. The static field
was set at H,,. The lines are guide for the eyes.

fields are shown in Fig. 3. The results are for samples with
p=5% and 40%. For the sample with p=5%, upon increas-
ing f, a3 remains small and constant for f up to 250 kHz.
At higher f, one notices a rapid increase in ag3; to a peak
value of 9 V/cm Oe at 350 kHz. The peak value of ag 3, is
a factor of 100 higher than the 1 kHz value and then it levels
off at a much lower value. However, for p=40%, the peak
value is quite small and it occurs at a much lower frequency.
The profile thus shows resonance with a quality factor Q
=400 for p=5% and 100 for p=40%. A similar resonance in
ap was observed for longitudinal fields. Figure 4 shows the
variation in the peak ME coefficients with p. Both ME coef-
ficients show a sharp decrease in the peak value with increas-
ing porosity.

The profiles in Fig. 3 show the expected resonance en-
hancement in ME coefficients at frequencies corresponding
to radial acoustic modes in the composites. Our model for
the f dependence predicts giant magnetoelectric interactions
at electromechanical resonance.'” We considered a sample in
the form of thin disk of radius R. The ac magnetic field
induces harmonic waves in the radial or thickness modes.
The model considered radial modes for transverse or longi-
tudinal fields. An averaging procedure was employed to ob-
tain the composite parameters and the ME voltage coefficient
ap. The estimated frequency dependence of ap showed a
resonance character. The resonance frequency depends on R,
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FIG. 4. (Color online) Variation of peak ME voltage coefficients
with porosity. The lines are guide for the eyes.
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FIG. 5. Cube model of porous composite with 3-0 connectivity:
1 is a cube of air pore of side a; 2, 3, and 4 are ferrite and piezo-
electric composite units.

mechanical compliances, density, and the coefficient of elec-
tromechanical coupling. The peak value of ay and Q are
determined by the effective piezomagnetic and piezoelectric
coefficients, compliances, permittivity, and loss factor.

It is clear from the data in Figs. 1-4 that the strength of
ME interactions in ferrite-piezoelectric bulk composites is
critically dependent on porosity. We extended our model for
low-frequency and resonance ME effects to include the ef-
fect of porosity and is discussed next.!”-!3

IV. THEORY AND COMPARISON WITH DATA

We consider a composite of ferrite and piezoelectric
phases in which the pores are embedded. Dimensions of the
sample are supposed to be small compared with wavelengths
of ac fields involved in the measurements. The sample is
assumed to have 3-0 connectivity and to consist of cubes, as
in Fig. 5. One, therefore, needs to obviously analyze only
one of the units to describe the whole sample. For obtaining
the effective composite parameters, we use a two stage av-
eraging procedure.? In the first stage, the composite is con-
sidered as a pore-free structure consisting of piezoelectric
and magnetostrictive phases. For the polarized piezoelectric
phase with the symmetry %m and magnetostrictive phase
with the cubic symmetry, the following equations can be
written for the strain, electric, and magnetic displacement:

PG Py P P P
Si="s;; PT;+7dy; ',

"Dy ="dy; "Ti+ ey, "E,

n’
m —_m m m m
Si="s; "Tj+"q; "Hy,

"By="q;; "T;+"wy, "H,, (1)

n

where 7S, P T, ™"S,, and ’”Tj are strain and stress tensor com-
ponents of the piezoelectric and magnetistrictive phases, ’E,
and "D, are the vector components of electric field and elec-
tric displacement, "H, and "B, are the vector components of
magnetic field and magnetic induction, psij, ’"sij, d,., and
"q,; are compliance of the piezoelectric and magnetistrictive
phases and piezoelectric and piezomagnetic coefficients, ’g,,
is the permittivity matrix, and "u,, is the permeability ma-
trix.

The pore-free bulk composite is considered as homoge-
neous and its behavior is described by
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ba _b. b by b b_ob
S;="s; T+ "dy "Ey+7qy; "Hy,

b _b b b b b b
Dk_ dki Ti+ €kn En+ X Hn’

b b by b b b b
Biy="qy Ti+ oy, E,+ "y, H,, (2)

n

where bSi and ° T; are the average strain and stress tensor

components, bEk, ka, ka, and ka are the average vector
components of electric field, electric displacement, magnetic
field, and magnetic induction, bsij, bd,,, and "q,; are effective
compliance, piezoelectric, and piezomagnetic coefficients,
and %e,,, *,, and ", are effective permittivity, permeabil-
ity, and ME coefficient. Effective parameters of the pore-free
composite are obtained for the cube model, taking into ac-
count the following boundary conditions:

1Sl = 2Sl’ 152 = 252’

25, =38, s;=1s,,

a'S;+(1-a)?8;-35,=0, a?S,+(1-a)’s,-*s,=0,

A T +%A, T +°A, °T, =0, *T,=0,

A, 3Ty + 4, 'T,=0, A, 'T,+ %A, *T, =4, °T,,

'T,-*T,=0,
A5 2Ty + 74, °T, + %A, *T, = 0,

a'Ey+(1-a) ’E;-"E;=0, °E;-‘E;=0,

'Dy-2Dy=0, *A;’Dy+°A;°Dy+ %Ay *Dy=Ds,

a'Hy+(1-a) *Hy-°H,=0, °H,-"'H,=0,

'B,—2B;=0, ?A;’B;+°A;°B;+°A;*B;=B;, (3)

where S " iT», Ul R ‘D " 'H f! and 'B. denote strain, stress, elec-
tric field, and displacement, magnetic field, and induction
components, respectively, and ‘A ; 1s cross-section area of the
ith unit perpendicular to direction j. For finding the effective
parameters for pore-free composite, we solve Eqgs. (4) for
strains, stresses, and electric and magnetic fields taking into
account Egs. (1). Substituting the obtained solutions into
Egs. (2) gives the required parameters. Analytical expres-
sions for effective composite parameters are too tedious and
the equations were solved numerically. Following Ref. 18,
we used for NFO-PZT bulk composite the 3—0 model that is
more appropriate as compared with the 0—3 model. Clamping
caused by neighboring units was taken into account using the
expression ”S,=-"s,"T..

In the second stage of the averaging procedure, the porous
composite is considered as a structure consisting of ferrite-
piezoelectric composite (units 2—4 in Fig. 5) and air pores
(unit 1). For an air pore, the strains “S; and electric “D, and
magnetic “B, inductions are related to stress components “Tj
and magnetic “H,, and electric “E,, fields as follows:
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a8, =", T,
éle = askn aEn’
aBk = alu’kn aHn’ (4)

where “s;; is compliance, “g,, is the permittivity matrix, and
‘W, 1s the permeability matrix. Here, compliance of unit 1
(Fig. 5) is assumed to be considerably greater compared to
units 2—4.

In case of longitudinal ME effect, the composite is poled
with an electric field E along direction 3. The bias field H
and the ac field 6H are along the same direction and the
resulting induced electric field JE is estimated across the
sample thickness. The boundary conditions for this case are
similar to Egs. (3). Effective parameters of the porous com-
posite are obtained by solving Egs. (2)—(4) and the open
circuit condition: (D;=0). Here, D5 is the average electric
displacement in the porous composite. Then, we find an ex-
pression for ay ;= ayp 33=0E;/ 6H;.

For theoretical estimates of the low-frequency ME coef-
ficients the following parameters were assumed: for PZT,

P, =153 X 1072 m¥N, Ps;,=-5Xx 1072 m*N,

Psi3==7.22 X 1072 m*N,

Psyy=17.3 X 1072 m*/N, Pdy;=—175 X 1072 m/V,

Pdy =400 X 1072 m/V,  Peyy/ey=1750.

and for ferrite:

"5, =6.5X 1072 m¥N,  "s;,=-2.4 % 1072 m¥/N,

Mgy =125 X 1072 m/A,

"g33=—680 X 1072 m/A,  "uslug=3, Meyleg=10.

Calculated dependence of low-frequency ME voltage co-
efficients on porosity is shown in Fig. 6 for nickel ferrite-
PZT bulk composite. The estimates are for a 60—40 ferrite-
PZT volume fraction and for longitudinal fields. Measured
values of ags; (Fig. 2) are shown for comparison. The
theory predicts a decrease in aj 33 with increasing porosity.
Although the theory is for a specific connectivity of 3-0, it is
quite remarkable that there is excellent agreement with the
data.

Next, we consider the ME interactions at EMR. Porosity
is expected to influence the ME coupling through two
mechanisms. First, the growth of pores causes a decrease in
the effective piezoelectric and piezomagnetic coefficients.
The ME voltage coefficient for radial mode is determined by
the effective piezoelectric and piezomagnetic coefficients of
the composite and may be described by !
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FIG. 6. (Color online) Estimated porosity dependence of ME
voltage coefficient for 60% nickel ferrite-40% PZT bulk composite.
The squares (circles) are data for longitudinal (transverse) ME co-
efficient from Fig. 2. The lines are theoretical values.

L{dn(ém +f11z)[1

A=
BITA L essu(1-v)

(e v)w)} my
A :

a r €33

(5)

where A, =kJy(K)=(1=0)J;(K), A,=1-K +K (1+v)J,(x)/
A, K§=2d§1/[833s11(1 -v)], Jo(x) and J; () are Bessel func-
tions of the first kind, k=kR, k=1/ps;;(1-1")w, g;; and d;;
are piezomagnetic and piezoelectric coefficients, &;; is per-
mittivity matrix, ms3 is the ME susceptibility, v=—s,/5; is
the Poisson’s ratio, p is the density, and w is the angular
frequency.

The second mechanism of importance is that the pores
make damp the elastic vibrations and increase the loss of
energy and broaden the resonance line, leading to further
decreasing the ME coefficient. This decrease is taken in to
account in A, through the loss factor I'=1/Q, where Q is the
measured quality factor of EMR. The frequency dependence
shows very significant enhancement in ME coupling at elec-
tromechanical resonance for radial modes in the porous com-
posite. Estimated dependence of ME voltage coefficients at
EMR on pore volume fraction is shown in Fig. 7 and is
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FIG. 7. (Color online) Porosity dependence of transverse ME
voltage coefficient at EMR for the bulk composite. The squares are
data points.
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FIG. 8. (Color online) Porosity dependence of EMR frequency
for the bulk composite. The circles are data points.

compared with data. There is very good agreement between
theory and data.

Finally, we consider the variation with porosity of the
EMR frequency for radial mode that can be found by setting
A,=0 [Eq. (5)]. One anticipates a decrease in EMR fre-
quency with increasing porosity due to changes in the effec-
tive compliance s;; and density p. The effective compliance
sq; is determined from Egs. (2)-(4) and p is the measured
density. Figure 8 shows the estimated variation in the EMR
frequency along with the data. It is clear that agreement be-
tween theory and data is quite good.
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V. CONCLUSION

The influence of porosity on magnetoelectric interactions
has been investigated in bulk composites consisting of modi-
fied nickel ferrite and PZT. The modification of ferrite in-
cluded Co substitution and Fe deficiency that resulted in high
resistivity for the ferrite and an enhancement in ME voltage.
Composites with 60 vol. % ferrite and 40 vol. % PZT were
made with porosity varying from 5% to 40%. Measurements
of low-frequency ME coefficients indicated a linear decrease
its magnitude with increasing p. A similar but a much
sharper decrease in the ME voltage with p was measured at
electromechanical resonance due to radial acoustic modes. A
theoretical model has been proposed for a porous composite.
Estimates of porosity dependence of ME voltage coefficients
at 1 kHz and at EMR and frequency of radial modes are in
very good agreement with the data.

The results presented here are of practical importance for
achieving bulk composite with desired ME parameters.
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