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An in situ grown eutectic magnetoelectric

composite material
Part 2 Physical properties
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A eutectic composite material with the mixed spinel cobalt ferrite-cobalt titanate and the
perovskite barium titanate as co-existing phases has been prepared, which shows a
magnetoelectric effect due to the mechanical coupling of the piezomagnetic spinel and the
piezoelectric perovskite. The maximum value of the magnetoelectric effect 4E/4H obtained
up till now is 5.0 x 107 V cm~' Oe~' at room temperature.

1. Introduction

The existence of the magnetoelectric effect,
proposed in 1894 by P. Curie, was demonstrated
first in Cr,04 by Astrov [1] and subsequently in
numerous other single-phase solids. Up till now
Cr,0; has been found to have the largest
magnetoelectric effect at room temperature. Its
value expressed in Gaussian units is az; = 8 X
104 [2] or, using the relative dielectric constant
of Cr,0,, €2z = 11.9 [3], AE,jJAH, = 2.0 x 102
Vem~! Oe-L.

The magnetoelectric effect in a composite
material is one of the so-called product pro-
perties of two-phase materials described by van
Suchtelen [4]. A piezomagnetic phase deforms
under the influence of an applied magnetic field.
If this phase is mechanically coupled to a
piezoelectric phase the latter generates an
electric charge. Conversely a change in the
magnetization arises in the piezomagnetic phase
due to elastic strain generated by the piezo-
electric phase under the influence of an applied
electric field. A necessary condition for such
behaviour by a two-phase material is a strong
mechanical coupling between the phases, trans-
ferring elastic strains without appreciable losses.
Such coupling may occur between solid phases
which have been grown by directional solidifica-
tion from a eutectic melt [5]. An additional
advantage of in-situ grown two-phase composites
is the well-defined crystal orientation of the two
phases with respect to the growth direction and
with respect to each other. Physical properties of
crystalline solids have a tensorial character, so
that one can expect the crystallographic align-
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ment of all crystallites constituting one phase to
give optimum results for the physical properties
of the composite.

It has been found that three phase equilibria
exist in which a solid phase with good piezo-
electric properties at room temperature and a
solid phase which is piezomagnetic at room
temperature simultaneously solidify from a
eutectic melt [6].

Here we report on the physical properties of
the composite material (barium titanate)-
(cobalt ferrite-titanate) with composition in
mol %: 27.83 BaO; 34.48 TiO,; 28.62 CoO;
9.06 Fe,0,, without and with slight modification
by a few additional weight percent of TiO, and
exhibiting a regular eutectic structure and
primary spinel dendrites, respectively.

2. Experimental

Measurements of ferroelectric and ferro-
magnetic Curie temperatures, electrical resis-
tivity, permittivity and permeability have been
carried out by standard techniques.

The piezomagnetic properties in the growth
direction have been measured using semi-
conductor strain gauges, namely, total strain as a
function of external field Hg.. as well as a.c.
strain due to a constant-amplitude (20 Oe) field
H;.c. (1kHz), as a function of Hg.o.(Ha.c.//Ha.c.).
The maximum slope of the former and the top
value of the latter gave the same value of strain
per unit field strength.

Samples for measurements of the magneto-
electric effect have been poled electrically by
cooling from a temperature well above the
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ferroelectric Curie temperature in an electric
field of 500 V cm~1. Fig. 1 shows the (Leitsilber)
electrode configurations used, with respect to the
growth direction. Cooling in a magnetic field
from above the ferromagnetic Curie temperature
gave no improvement of the piezomagnetic
properties at room temperature.
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Figure I Electrode configurations used in measuring the
magnetoelectric effect.

The magnetoelectric effect has been measured
using a resonant technique. The sample was
placed lengthwise (= growth direction of the bar)
parallel to a 20 Oe a.c. magnetic field, H, ¢, and
a d.c. field, Hq.c., up to 6 kOe. The frequency of
H,.e. was such that the sample shows longitu-
dinal mechanical resonance (fundamental mode
wres). The mechanical quality factor @, which can
have values ranging from 100 to 800 and includes
damping due to acoustic radiation and to the
influence of contact leads, was determined from
the frequency dependence of the magnetoelectric
output signal in the neighbourhood of wres. The
expression for the magnetoelectric effect in
terms of the measured quantities is

AE _ 7V
AH ~ T 2dOH

with V' = electrode voltage; H == driving a.c.
magnetic field; Q = quality factor; d = electrode
distance; g = a factor describing the influence of
a.c. demagnetization which cannot be calculated
exactly and is put equal to one as a first approxi-
mation.

The use of the resonance technique allows one
in the case of samples with a weak magneto-
electric effect to distinguish this effect from
spurious signals. The capacitance of a sample
with electrode configuration shown in Fig. la
amounts to a few pF. At resonance (typically at
70 kHz) such a sample offers a source impedance
of about 1 Mohm. For this reason and to
minimize the input capacitance of the measuring

circuit, the sample was connected with as short
leads as possible to a field effect transistor.

For samples with a large magnetoelectric
effect nonresonance measurements (for instance
at 1 kHz) are also possible. The values of the
magnetoelectric effect obtained in this quasi-
static way are always higher than the resonance
values, typically by a factor of 1.4. The mechani-
cal resonance also allows one to determine the
Young’s modulus along the growth direction.

Typical sample dimensions are for the Fig. la
configuration: length 45 mm, diameter 4.5 mm;
for Fig. 1b: obtained from the former by
grinding to 1 mm thickness.

3. Results

Samples with a composition in mol %: 27.,83
BaO; 34.48 TiO,; 28.62 CoO; 9.06 Fe,04
showed a magnetoelectric effect AE/AH = (1 to
4) x 107 V cm™! Oe%, a relative dielectric
constant ere; of about 700 at 1 kHz, a relative
magnetic permeability prer of about 2 and
ferromagnetic and ferroelectric Curie tempera-
tures of about 130°C and 60°C, respectively. In
general the magnetoelectric effect depends on the
magnetic field Hy.c. as is shown in Fig. 2. The
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Figure 2 Magnetic field dependence of the magneto-
electric effect (arbitrary units).

maximum value occurs at fields of (0.4 to 0.6)
kQe and coincides with the maximum value of
the piezomagnetic strain per Oe. The width of the
hysteresis loop is about 150 Oe.

A slight change of the chemical composition
mentioned above by adding a few wt % of TiO,
resulted in samples with a considerably improved
magnetoelectric effect. A sample with 1.5 wt %
of additional TiO, showed the highest value
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obtained up till now: 4E/AH = 5.0 x 102V
cm~! Oe! measured at resonance at 60 kHz
with the electrode configuration shown in Fig.
la. This value of the magnetoelectric effect is a
maximum, obtained in a field Hq... of about 700
Oce. For Hq.c. = 0, the effect is reduced to about
0.6 times the maximum value. With a relative
dielectric constant ere; = 630 the result can be
expressed in the dimensionless quantity a
(Gaussian units):

4nAP/AH = o = 0.10

(P = dielectric polarization) which is two orders
of magnitude larger than the room temperature
value of the single phase magnetoelectric
material Cr,0,. The ferromagnetic and ferro-
electric Curie temperatures of these samples
containing additional TiO, are 115 and 85°C,
respectively.

The maximum piezomagnetic strain per unit
magnetic field was about AS/4H = — 5.0 x 10-°
Qe for all samples.

Measurements of the reverse magnetoelectric
effect, 4mAMJAE, gave values for all samples
which, expressed as the dimensionless quantity
a, are slightly smaller than that for 4w4P/AH.

The magnetoelectric effect, which has been
measured using the electrode configuration of
Fig. 1b, was about one half of the effect measured
using the electrode configuration of Fig. la. This
applies to all samples. The Young’s modulus
along the growth direction for all samples is
about 1.25 x 10 dyn cm—2. All samples have
d.c. electrical resistivities of about 10° £ cm at
room temperature and retain sufficiently high
resistivities up to 150°C to accomplish the
poling procedure.

4. Discussion

The magnetoelectric effect AE/AH of the
composite is the product of the piezomagnetic
deformation 4S/4 H and the piezoelectric charge
generation Ag/4S. The latter has been calculated
from the results given above.

4E | A4S

AH [ AH

= 5.6 x 10*Ccm~?

Ag/4S = €qerer -

and
=(1.2—49) x 105Ccm™?
for samples with and without the additional

TiO,, respectively. In the former samples the
piezoelectric effect is smaller by a factor of 3.3
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compared with data for ceramic BaTiO; [7].
However, in the composite the perovskite phase
fills about 609 of the volume and is dispersed.

The large difference in performance of the
perovskite phase in samples with and without the
additional TiO, may partly be due to a small
difference in doping level as expressed by the
ferroelectric Curie temperatures, 85 and 60°C,
respectively. X-ray fluorescence revealed this
dope to be mainly iron. From the data given by
Bogdanov et al. [8] it is concluded that about
1.5 at. % iron has been dissolved in the perov-
skite phase. However, the two kinds of samples
also show a large difference in structure. The
additional TiO, caused numerous <100 oriented
spinel dendrites to appear which extend over
several millimetres in the growth direction [6].
This structure of the composite resulted in
magnetic properties which hardly deviated from
those of samples without additional TiO,. The
piezomagnetic deformation AS/4H did not
improve and measurements of the magnetic
moment versus magnetic field gave almost
identical curves for directions parallel and
perpendicular to the growth direction. The
presence of the spinel dendrites thus improved the
piezoelectric properties of the composite and it
did so in the following way.

In all samples the perovskite phase showed
numerous microcracks due to the difference in
the thermal expansion coefficients of the two
phases. In samples with a regular eutectic
structure (samples without additional TiO,)
the distribution of the crack faces is random with
respect to the growth direction. In the samples
with additional TiO, the spinel dendrites are
accompanied by a lamellar eutectic structure.
The crack faces in the perovskite lamellae
appeared to extend parallel to the dendrite axis.
A transverse section (Fig. 3a) shows numerous
cracks in the perovskite lamellae, in contrast
with Fig. 3b, a section through a spinel dendrite
almost parallel to the growth direction, in which
the cracks are far less numerous. Now, if a
sample is stressed piezomagnetically the defor-
mation transferred from the spinel phase to the
perovskite phase is partly produced by an
opening and closing of the cracks whose faces are
not parallel to the deformation direction. In a
sample having spinel dendrites a great part of
the crack surface is parallel to the deformation
direction if the sample is excited longitudinally.
Consequently, such a sample will show a larger
magnetoelectric effect compared with a sample
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Figure 3 Transverse (a) and longitudinal (b) sections of a spinel dendrite. Etch: 15 min conc. HCI to reveal the

cracks in the perovskite phase (dark grey).

devoid of spinel dendrites. This has been
confirmed moreover by measuring the magneto-
electric effect with deformation parallel and
perpendicular to the growth direction. For
samples with a regular eutectic structure the
values are almost equal, for samples with spinel
dendrites the parallel effect exceeds the per-
pendicular effect by a factor of 4.

The piezomagnetic effect in the composite
along the growth direction has the negative
sign. Since the orientation of the spinel phase
with respect to the growth direction is {100},
the cobalt ferrite-cobalt titanate mixed spinel
behaves similarly to pure CoFe,0, [9]. However,
no data are available in the literature con-
cerning the piezomagnetic effect in this mixed
spinel to compare with our results. The maximum
value of 4S5/4H and the field Ha... at which it
occurs, will be strongly influenced by internal
demagnetizing fields and by the mechanical
{compressive) stresses due to the difference in the
thermal expansion coefficients of the two phases
in the composite.

The influence of Fe?+ content on the resistivity
of ferrites has been studied by several authors
[10]. Apart from dopes the partial pressure under
which a ferrite sample has been cooled and the
rate of cooling also determine the resistivity.
Moreover, grain boundaries may have a strong
influence, especially at low frequencies. The
d.c. resistivities of the composite samples, as
grown, all had values of about 10° Q cm.
Measurements of the resistivity as a function of
frequency revealed a gradual decrease to about
17 Q at 100 kHz. A dielectric dispersion of
resistivity and dielectric constant has not been
observed, so it was concluded that grain
boundary effects do not contribute to the d.c.

resistivity. The piezoelectric phase is clectrically
shunted by the spinel phase, so piezoelectrically
generated charges will tend to be compensated
by leakage currents through the spinel phase. The
perovskite phase itself will have resistivities
exceeding 10 Q cm according to Bogdanov et
al. [8]. This charge compensating can be
described by a relaxationtime 7 == €yere1pe; peand
ere1 being the resistivity and the relative dielectric
constant of the composite material, respectively.
These quantities have typical values of pe = 10°
Q om and €1 = 700 so that a negligible loss of
signal due to leakage currents is to be expected if
measurements are made at frequencies higher
than v = (Qmegereipe)™ = 3 Hz.

5. Conclusions

A composite magnetoelectric material has been
prepared which exceeds the best known single-
phase magnetoelectric material in performance
at room temperature by two orders of magnitude.
The magnetoelectric effect is the result of the
mechanical coupling of a piezomagnetic and a
piezoelectric phase. The magnetoelectric com-
posite constitutes a medium for which magnetic,
electrical and mechanical quantities can act as
input and/or output parameters.

A start has been made on quantitative
comprehension of the properties of the composite
magnetoelectric material in terms of the pro-
perties of the component phases and their
mutual dependence. It is to be expected that
additional knowledge of the chemical phase
equilibria in the system and of the relations
between the structure of the composite and the
way in which the bulk phase properties are
expressed in the composite properties, will result
in an improved performance of the composite.
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