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1. Introduction

Magnetoelectric (ME) materials become magnetized when placed in an electric field, and
conversely electrically polarized when placed in a magnetic field. Dielectric polarization of a
material under magnetic field, or an induced ma gnetization under an electric field, requires
the simultaneous presence of long-range ordering of magnetic moments and electric dipoles
(Suchtelen, 1972; Smolensky, 1958Astrov, 1968; Fiebig 2005). Said materials offer potential
for new generations of sensor, filter, and field-tunable microwave dielectric devices
(Bichurin, 2002). Unfortunately to date, the ME exchange in single phase materials has been
found to be quite small (Dzyaloshinskii, 1959; Astrov, 1960). However, quite large effects are
found in composites of piezoelectric and magnetostrictive phases, both of the particle-
particle and laminate (Ryu, 2002a, 2002b) typesin these composites, enhanced ME exchange
is the result of an elastic-coupling mediated across the piezoelectric-magnetostrictive
interfacial area. The original work on ME comp osites concerned particle-particle composites
and was performed at the Philips Laboratories. These ME composites were prepared by
unidirectional solidification of an eutectic composition of the quinary system Fe-Co-Ti-Ba-O
(O’dell, 1965; Boomgaard, 1976). The eutectic aoposition was reported to consist of 38
mol% CoFeO.. Unidirectional solidification helps in the decomposition of the eutectic
liquid (L) into alternate layers of the consti tuent phases: piezoelectric perovskite (P) and
piezomagnetic spinel (S) phases, i.e., L P + S. Their results showed ME voltage
coefficients as high as dE/dH=50mV/ cmeOe (Boomgaard, 1974; Van Run 1974).
Subsequent work on eutectic compositions of BaTiOs-CoFe0s4 (BTO-CFO) prepared by
unidirectional solidification have reported a ME coefficient of 130 mV/cm<Oe (Boomgaard,
1978). Unfortunately, unidirectional solidific ation has several disadvantages such as (i)
limitation on the choice of compositions and material systems, (ii) difficulty in critical
control over the composition when one of the components is a gas (i.e., oxygen), and (iii)
processing temperature and time. However these limitations could be alleviated by
synthesizing ME composites using a conventional ceramic processing route.
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Recently, giant ME effect has been reported in laminate composites of piezoelectric and
magnetostrictive materials (Ryu, 2003a; Ryu, 2003b; Dong, 2003a; Dong 2003b)he
magnetoelectric laminate composite were fabricated in sandwich structure, embedding
piezoelectric PMN-PT single crystal between magnetostrictive Terfenol-D alloys. This
material exhibited the ME coefficient of 10.30 V/cm.Oe, which is ~80 times higher than that
previously reported in either naturally occurring magnetoelectrics or Atrtificially-Designed
Composites (ADC). Even though the ME coefficient is considerably higher, these materials
have certain disadvantages as compared with the artificially-designed composites, such as
eutectic composition of BaTiOs;-CoFe0O,4. Laminated magnetoelectrics are very attractive
from the fabrication point of view however suffer from several other drawbacks such as
high cost for single crystal, difficult to miniaturize, decay of epoxy bonding and complicated
sensing circuits. Again all these laminated composites use lead based product which is a
highly toxic element and it is better to eliminate this toxic element and introduce lead-free
compositions in magnetoelectric composites.

For bulk magnetoelectric composite higher ME coefficient implies higher elastic coupling
between the magnetic and piezoelectric phases(Prellier, 2005). The elastic coupling can be
maximized by having coherent response from the magnetostrictive phase under dc bias, so
that the stress on the piezoelectric lattice acrossthe grains is in phase with each other. For
this purpose, a coherent interface between piezdelectric and magnetostrictive phase is very
important. A coherent interface can transfer the strain very efficiently from magnetostrictive
to the piezoelectric phase. An artificial interf ace can also be created by fabricating a co-fired
bilayer composite. Previously, we have demonstrated BaTiOs; — (NiosZno2)FeO, bilayer
composite having a coherent interface and exibiting high magnetoelectric sensitivity
(Islam, 2006).

In this chapter, high-resolution scanning electron microscopy (SEM) investigation of the
product microstructure of BTO-CFO polycrys talline solution that underwent eutectic
decomposition has been carried out to compare the interface microstructure with that of co-
fired bilayer composites. The interfacial microstructure of said composite was examined,
revealing an elemental distribution and grai n mismatching between BTO rich grains and a
BTO-CFO matrix. Further, we report the magnetoelectric properties of near eutectic
compositions. The focus in this study is on quantifying the interface effect rather than
magnitude of the magnetoelectric coefficient.

2. Experimental

2.1 Powder preparation and sintering

Reagent-grade powders of BaCQ, TiO,, CoCOs and FeOs, were obtained from Alfa Aesar,
Co. MA. USA. Stoichiometric ratios of the powders were mixed according to formulation
BaTiO3 (BTO) and CoFeO, (CFO) and ball milled separately for 24 hours with alcohol and
YSZ grinding media (5mm diameter, Tosoh Co. Tokyo, Japan). After drying at 80°C the
powders were calcined. BTO powders were calcined at 90®C for 3 hours and CFO powders
were calcined at 1000C for 5 hours in separate alumina crucibles. After calcination the
powders were crushed and sieved using a sieve of US mesh # 270. After that X-ray
diffraction pattern of all different powder s (BTO and CFO) were taken to check the
formation of single phase perovskite (for BTO) or spinel (for CFO) using Siemens
Krystalloflex 810 D500 x-ray diffractometer. Next, 30 and 35 mole% CFO powders were
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mixed stoichiometrically with BTO powders. All the powders were mixed using alcohol and
grinding media in a polyethylene jar and ball mill ed for 36 hours. The surries were dried at
8(rC, crushed and sieved with a stainless steelsieve of US mesh #170. The powders were
then pressed to pellets of size 12.7x 1.5 mrmin a hardened steel die using a hydraulic press
under a pressure of 15 MPa. For the bilayer composite, first BTO powders were pressed
under 5 MPa pressure and the CFO powders were added on top of BTO powders. These
powders were pressed together under 15 MPa pressure. Then the pellets were sealed in a
vacuum bag and pressed isostatically in a laboratory cold isostatic press (CIP) under a
pressure of 207 MPa. Pressureless sintering of composites was performed in air using a
Lindberg BlueM furnace at 1250°C for 5 hours. Bilayer composite was sintered at 1200C
under the same condition. After firing th e overall bilayer composite thickness was
approximately 1.5 mm with ~1 mm thickness of the CFO and ~0.5 mm thickness of the BTO
layer. The diameters of these fired samples were in the range of 10.4 — 10.6 mm.

2.2 Characterization

Microstructural analysis of the sintered samples was conducted by Zeiss Leo Smart SEM
using the polished and thermal etched samples. In order to perform magnetoelectric and
dielectric measurements, an Ag/Pd electrode was applied on the samples and fired at 850°C
for 1 hour. The magnetic properties of the powder and sintered samples were measured by
an alternating gradient force magnetometer (AGFM) at room temperature. The
magnetoelectric coefficient (AE/dH) was measured by an A.C. magnetic field at 1 kHz and 1
Oe amplitude (H). The AC magnetic field was generated by a Helmholtz coil powered by
Agilent 3320 function generator. The output voltage generated from the composite was
measured by using a SRS DSP lock- in amfifier (model SR 830). The magnetoelectric
coefficient (mV / cm.Oe) was calculated by di viding the measured output voltage by the
applied AC magnetic field and the thickness of sample in cm. The sample was kept inside a
Helmholtz coil, placed between two big solenoid coils and powered by KEPCO DC power
supply. For frequency dependent magnetoelectric coefficient measurement, the Helmholtz
coil was powered by the HP 4194 network analyzer (0.5 Oe AC field) and the voltage gain
was measured on the secondary terminal. For this measurement, a DC bias of 200 Oe was
used using a pair of Sm-Co magnet placed ontop and bottom of the sample holder. This set-
up produced constant 200 Oe DC bias asmeasured by the magnetometer. During the
frequency dependent measurement, our systemwas limited to applied DC bias of 200 Oe.

3. Results and discussion

3.1 Structural characterization

Figure 1 (a) shows the X-ray diffraction patterns of calcined BTO and CFO powders. No
other phase in addition to perovskite and spinel was detected. The approximate lattice
parameter of BTO calculated from the XRD pattern was a = 3.994 A and ¢ = 4.05 A where the
tetragonality c/a is 1.014. The lattice parameter of CFO powder was calculated to be 8.337A.
Figure 1 (b) shows the composite diffraction pattern of BTO — 30 CFO and BTO — 35 CFO.
Only perovskite and spinel peaks were observed in the diffraction pattern. Perovskite peaks
are marked as P and spinel peaks are markedas S and the corresponding (hkl) indices are
also noted in this figure. It can be seen in this figure that as the percentage of CFO increases,
the intensity of perovskite peaks (e.g. P — (101)peak) decreases and the intensity of spinel
peak (S — (311)) increases.
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Fig. 1. (a) XRD patterns of calcined BTO andCFO powder and (b) XRD patterns of BT — 30
CF and BT — 35 CF magnetoelecic composite, sintered at 1250C.

Figure 2 shows the SEM microstructure at low magnification (500X) for (a) BTO-30CFO, and
(b) BTO-35CFO. The images reveal island-like stuctures comprised of multiple grains in a
eutectic matrix, as marked in the images. EDS demonstrated that these multi-grain islands
were BTO-rich, relative to the matrix that was constituted of a BTO-CFO solution. These
microstructural features resemble those of hypo- and/or hyper-eutectic alloys in metallic
systems. Some needle-shaped features, as indicated by arrows in Fig. 2 (b), were observed
for BTO-35CFO, which were determined to be BTO+ich by EDS. In addition, clear interfaces
were observed between the BTO-richregions and the CFO-rich matrix.
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Fig. 2. SEM micrograph of BTO— CFO composites sintered at 1250C, (Magnification: 500 X).
(a). BTO — 30 CFO and (b) BT — 35CFO.

Figure 3(a) is a higher-resolution image showing the grain structure in the vicinity of an
interfacial region between the BTO-rich island s and the CFO-rich matrix. A clear boundary
between the strained BTO-CFO (i.e., matrix) ard BTO-rich (i.e., multi-grain islands) phases
is distinguishable, as indicated by dashed line. The deformation of the matrix can be seen by
the formation of twin-bands, which reduces th e excess strain imposed by the inclusions.
Figure 2 also shows magnified (1X) images of the microstructure taken from (b) a BTO-
rich island, and (c) the CFO-rich matrix. It can be seen that the grain sizes of both regions are
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quite small: the average grain size in the BTO-rich islands was ~150nm and that of the CFO-
rich matrix region was ~215nm. Due to the formation of BaTiO 3 — CoFeQO,, grain size
increased as more CoFeO4 and BaTiOs; forms the matrix. Again in the matrix due to the

lattice mismatch between CoFe0, (~8.337 A) and BaTiQ (a = 3.994 A and ¢ = 4.05 A) grain,
it is possible to develop stress concentration inside the piezoelectric grain, and the result is
presence of twin boundaries, cleavage, strainfields, absence of nanosized domain near the
interface and large piezoelectric domain width observed in the matrix. On the other hand

the BaTiOs rich phase has a uniform grain size, lower stress concentration and presence of

piezoelectric domains.
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Fig. 3. Magnified SEM image of BTO — CFO magnetoelectric composites at the interface
between the BT-rich region and the matrix. (a) interfacial region, (b) grain structure in the BT
rich phase (100 kX) and (c) grain structure in the matrix (100 kX).
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Fig. 4. Interface microstructure of 0.7 BaTiO; — 0.3 CoFeO4. (a) SEM micrograph, (b) Co
distribution and (c) Fe distribution.
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