
pubs.acs.org/cm Published on Web 07/29/2010 r 2010 American Chemical Society

4740 Chem. Mater. 2010, 22, 4740–4748
DOI:10.1021/cm1011982

Fe2O3@BaTiO3 Core-Shell Particles as Reactive Precursors for the

Preparation of Multifunctional Composites Containing Different

Magnetic Phases

Maria Teresa Buscaglia,† Vincenzo Buscaglia,*,† Lavinia Curecheriu,‡

Petronel Postolache,‡ Liliana Mitoseriu,‡ Adelina C. Ianculescu,§ Bogdan S. Vasile,§

Zhao Zhe,# and Paolo Nanni†,O

†IENI-CNR, Via De Marini 6, I-16149 Genoa, Italy, ‡Department of Physics, Alexandru Ioan Cuza
University, Bulevardul Carol I, Nr. 11, Iasi 700506, Romania, §Department of Science & Engineering of

Oxide Materials, Polytechnic University of Bucharest, 1-7 Gh. Polizu, P.O. Box 12-134, 011061 Bucharest,
Romania, #Department of Materials and Environmental Chemistry, University of Stockholm, SE-10691,

Stockholm, Sweden, and ODepartment of Process and Chemical Engineering, University of Genoa,
Fiera del Mare, Pad. D, I-16129 Genoa, Italy

Received April 28, 2010. Revised Manuscript Received June 22, 2010

Well-designed reactive precursors and templates allow for careful control of solid-state reactions at
the nanoscale level, thus enabling the fabrication of materials with specific microstructures and
properties. In this study, Fe2O3@BaTiO3 core-shell particles have been used as precursors for the
in situ fabrication of multifunctional composites containing a dielectric/ferroelectric phase and two
magnetic phases with contrasting coercivities (Fe2O3/Fe3O4, BaFe12O19/Ba12Fe28Ti15O84). The
formation of new magnetic phases occurs during sintering or post-annealing via reaction between
BaTiO3 andFe2O3. The starting powders have been prepared using amultistep process that combines
colloidal chemistry methods and a solid-state reaction. The nature and the amount of the magnetic
phases and, consequently, the finalmagnetic properties of the composite can be controlled by varying
the relative amount of Fe2O3 (30 or 50 vol%), the densification method (conventional or spark
plasma sintering), and the processing temperature. The composites show constricted magnetic
hysteresis loops with a coercivity of 0.1-2.5 kOe and a saturation magnetization of 5-16 emu/g.
Composites obtained from powders containing 30 vol% Fe2O3 show, at temperatures of 20-80 �C
and frequencies between 10 kHz and 1 MHz, a relative dielectric constant of 50 and dielectric losses
of <10%.

1. Introduction

Ferroics are materials in which a characteristic property

(polarization, magnetization, strain, etc.) can be switched

between two stable states under a driving force or an

external field. In multiferroics (MFs), at least two of the

ferroic properties coexist in the same range of tempera-

tures. Magnetoelectric (ME) MFs exhibit ferroelectricity

andmagnetic order (including ferromagnetism, antiferro-

magnetism, and ferrimagnetism) simultaneously. Possi-

ble applications are related to the coupling of electric and

magnetic polarizations, and include multistate random

access memories, transducers with magnetically modul-

ated piezoelectricity, sensors for the measurements of

magnetic/electric fields,modulationof transport properties,

and capacitance by magnetic field.1,2 Composite materials

can be used to generate ME behavior from parent phases

which themselves do not exhibit MF properties. This

result can be achieved by means of mechanical coupling,

combining magnetostrictive (NiFe2O4, CoFe2O4) and

piezoelectric (BaTiO3, PbZrxTi1-xO3/PZT) compounds.

An important advantage of theME composites is that the

ME coupling coefficient can be orders of magnitude

higher than that of the bestME compounds.1 The proper-

ties of ME composites can be tailored and designed by

controlling the microstrucural features, such as the grain

size and shape, the volume fraction, and the connectivity

of the constituents.3 Recent examples of composite archi-

tectures that provide optimal coupling are PZT-Terfenol

and PZT-ferrite laminated composites,4 in addition to

heteroepitaxial structures composed of hexagonal arrays

of CoFe2O4 nanopillars embedded in a BaTiO3 matrix.5
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However, the low resistivity of the magnetic phase
usually leads to high dielectric losses related to electrical
conduction, Maxwell-Wagner interfacial polarization,
and space-charge effects. These extrinsic effects may even
dominate the final composite properties.6 Since the piezo-
electric component is far more insulating than the mag-
netic one, the above drawbacks can be partly overcome by
preparing composites with core-shell grains consisting
of a magnetic core and a piezoelectric shell. As a conse-
quence, percolation of the more conductive phase can be
avoided when themagnetic grains are completely isolated
by the dielectric phase as realized in laminated compo-
sites. This possibility was not yet completely exploited,
because, until now, only composite particles composed of
a ferromagnetic/ferrimagnetic shell and a ferroelectric core
were synthesized and characterized.7

A further approach tomodify the properties of a multi-
functional composite or even to add new functionalities is
by introducing a third phase. However, the conventional
mixing and sintering process offers only limited control
on the final microstructure. In a more convenient way,
additional phases can be introduced by in situ solid-state
reactions between the constituents during the sintering
process. The core-shell geometry looks quite promising
for exploring this possibility, because the new phase will
have a high contact area and a strong bonding with the
parent phases and, consequently, a good coupling. More-
over, the final microstructure and phase composition will
be completely controlled by the size of the cores and the
thickness of the shell, thus resulting in materials with re-
producible characteristics. In contrast, the use of powder
mixtures will lead to less-predictable results, because the
kinetics of solid-state reactions is strongly dependent on
the particle size of parent oxides and mixture homogene-
ity. Likewise, it will be generally difficult to reproduce the
final phase arrangement generated by the in situ solid-
state reaction by justmixing all the given components and
sintering.
An extensive investigation of the BaO-TiO2-Fe2O3

system carried out by the group of T. Vanderah has
revealed a rich crystal chemistry and the existence of at
least 16 different quaternary compounds.8 The oxides
R-Fe2O3, Fe3O4, BaFe12O19, and Ba12Fe28Ti15O84 are very
important, because of their magnetic properties. Fe2O3

hematite is a weak ferromagnet at room temperature,
with a Curie temperature (TC) of 950 K, a saturation

magnetization (Ms) of the order of 0.2-0.4 emu/g, and a
coercivity (Hc) of 1-4 kOe, depending on particle size.9

Fe3O4magnetite is a ferrimagnetic oxidewithMs=90 emu/
g,TC=858K, and anHc value on the order of 0.2 kOe.10

Barium hexaferrite (BaFe12O19) has both high magneti-
zation and large coercivity, with Ms = 70 emu/g, Hc =
4-6 kOe, and TC = 723-743 K.11 The magnetic proper-
ties of the quaternary layered ferrite Ba12Fe28Ti15O84

were reported only recently: Ms = 13 emu/g, Hc = 0.04
kOe, and TC ≈ 700 K.12 Therefore, the BaTiO3-Fe2O3

system was chosen as a model system for studying the in
situ formation of composite materials containing a di-
electric phase (BaTiO3) and different magnetic phases.
In the present paper, we describe the synthesis of

Fe2O3@BaTiO3 particles, the formation of additional
magnetic phases during sintering or post-annealing, and
the magnetic and dielectric properties of the final compo-
site materials.

2. Experimental Section

2.1. Preparation of Fe2O3@BaTiO3 Particles. Hematite R-
Fe2O3 particles with an average particle size of ∼400 nm and

narrow size distribution were prepared according to the method

describedbySugimotoet al.13 Shortly, 50mLofaNaOHsolution

(5.4 mol/L) were added to 50mL of a FeCl3 solution (2 mol/L) at

75 �Cunder stirring.The resulting ironhydroxide gelwas aged for

4 days at 100 �C. The final particles, after washing, were coated
with a shell of amorphous hydrous titania obtained by hydrolysis

of a solution of the peroxotitanium(IV) complex, using the same

procedure reported in a previous paper.14 The peroxotitanium

complex was prepared by adding 5.42 mL of H2O2 (30%) to

100mLof a solution obtained by dissolving 4.07 g TiCl4 inwater.

The pH of this solution was increased to∼10 by adding 13.6 mL

of aqueous ammonia (5.44 mol/L). Addition of 1g of Fe2O3

powder followed by slow heating to 95 �C and 5h aging at the

same temperature, resulted in the formation of Fe2O3@TiO2

core-shell particles. A suspension of 2.3 g of BaCO3 nanoparti-

cles (specific surface area=28 m2 g-1, equivalent mean particle

size=55 nm) in 75mLof a diluted ammonia solution at pH 8was

obtained at 95 �C by ultrasonication. This suspension was then

slowly added to the suspension of the Fe2O3@TiO2 particles

while stirring. The carbonate nanoparticles preferentially adhere

on the TiO2 surface, resulting in a very good dispersion. The solid

phase was finally separated, washed, and freeze-dried. Calcina-

tion for 4 h at 700 �C resulted in the reaction between the TiO2

layer and the BaCO3 nanoparticles with the formation of Fe2O3@

BaTiO3 nanocomposite particles (70 vol% BaTiO3) with core-
shell structure. Two different compositions, denoted as F1BT

(BaTiO3: 70 vol%-65 mol%-73 wt%) and F2BT (BaTiO3:

50 vol%-44 mol%-53 wt%), were prepared.
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2.2. Preparation ofMultifunctional Composites.The powders

were consolidated using two different sinteringmethods: (i) cold

isostatic pressing at 200 bar, followed by conventional sintering

in air (1 h at 1050 or 1150 �C) without application of external

pressure, and (ii) spark plasma sintering (SPS). For SPS, the

powder with 70 vol% BaTiO3 was loaded directly into a cylind-

rical graphite pressure die. The die was then placed inside a Dr.

Sinter 2050 furnace (SumitomoCoalMining Co., Tokyo, Japan),

and the system was evacuated. Two different samples were fab-

ricated by heating at 200 �C/min and then sintering for 4 min at

1050 �C or for 3 min at 1100 �C. The heating was provided by a

pulsed direct current flowing through the graphite die. During

the entire heating and sintering process, a uniaxial constant pre-

ssure of 50 MPa was applied. The temperature was recorded by

means of a pyrometer focused on a small hole in the graphite die

wall. The pressure thenwas released, and the sample (a diskwith

diameter of 1.2 cm and thickness of 0.1-0.2 cm) was cooled at a

rate of ∼400 �C/min.

2.3. Characterization. Particle morphology and composite

microstructure were investigated by scanning electron micro-

scopy (SEM) (LEO 1450VP, LEO Electron Microscopy Ltd.,

Cambridge, U.K.), high-resolution scanning electron micro-

scopy with a field emission gun (SEM-FEG) (Quanta Inspect

F, FEICo., TheNetherlands), and high-resolution transmission

electron microscopy (HRTEM) (Tecnai G2 F30 S-TWIN, FEI

Co., The Netherlands). The transmission electron microscopy

(TEM) system was equipped with a STEM/HAADF detector

and an energy-dispersiveX-ray analysis (EDS) component to in-

vestigate the elemental composition and energy-filtered trans-

mission electron microscopy-electron energy loss spectroscopy

(EFTEM-EELS). Samples for HRTEM investigation were pre-

pared according to standard procedures (cutting, grinding, and

ion milling). Phase composition was determined by X-ray dif-

fraction (XRD) (Philips PW1710, Co KR radiation). The di-

electricmeasurements were performed on electroded ceramics at

20-80 �C in the frequency range of 103-106 Hz with an imped-

ance bridge (Agilent E4980A Precision LCR Meter). Magneti-

zation-field hysteresis loops M(H) were recorded at room

temperature (RT) under magnetic fields (H) in the range of

0-14 kOe with a magnetometer (MicroMag VSM model 3900,

Princeton Measurements Co.).

3. Results and Discussion

3.1. Microstructure and Phase Composition. The start-
ing R-Fe2O3 particles (Figure 1a) have a predominant
cubic morphology with rounded edges and a narrow size
distribution (400-500nm).Themorphologyof theBaCO3-
Fe2O3@TiO2 powder mixture is shown in Figure 1b. The
BaCO3nanocrystals arewell-dispersedaround theFe2O3@
TiO2 particles. After calcination at 700 �C for 2 h, the
reaction between BaCO3 and TiO2 is almost complete,
and the XRD pattern of Figure 2 indicates only minor
amounts of barium carbonate and BaTi2O5. Although a
certain level of agglomeration was unavoidable, a well-
defined particle morphology is still observed (Figures 1c
and 1d). According to the literature, the formation of
BaTiO3 occurs by inward coupled diffusion of Ba2þ and
O2- ions from the BaCO3/BaTiO3 interface to the BaTiO3/

TiO2 interface through the perovskite lattice.15 Conse-
quently the core-shell structure is preserved during the
transformation from Fe2O3@TiO2 to Fe2O3@BaTiO3.
As shown inFigure 3, the final particles are composed of a
Fe2O3 core and a nanocrystalline BaTiO3 shell composed
of grains with 30-100 nm in size. The existence of the
core-shell structure is well-supported by the results of
EDS analysis (Figure 3). While Ba and Ti are predomi-
nant in the outer region, Fe is the main element in the
central part. Formation of mixed Ba-Fe and Ba-Fe-Ti
oxides was not revealed byXRD (Figure 2), meaning that
the reaction between the Fe2O3 core and the BaTiO3 shell
is quite slow at 700 �C. In contrast, formation of the
BaFe12O19 hexaferrite to a limited extent occurred after
2 h calcination at 800 �C (Figure 2). Similar results were
obtained for the F2BT composition. BaTiO3 is always
present in its tetragonal ferroelectric modification, as
indicated by the asymmetric broadening of the (200)
reflection at 53.2� 2θ, in comparison to the (111) reflec-
tion at 45.7� 2θ. The broadening is related to the splitting
of the (200) pseudo-cubic reflection into two peaks, (200)
and (002), determined by the tetragonal strain of the unit
cell. The phase composition of the composites is substantially

Figure 1. Morphology of (a) Fe2O3 particles (SEM-FEG), (b) BaCO3-
Fe2O3@TiO2 mixture (SEM) (70 vol% BaTiO3), and (c, d) Fe2O3@Ba-
TiO3 particles (70 vol%BaTiO3) obtained by 2 h of calcination at 700 �C
(the image inpanel (c) obtainedusingSEM,and the image inpanel (d)was
obtained using TEM).

Figure 2. XRD patterns (Co KR radiation) of Fe2O3@BaTiO3 powders
(70 vol% BaTiO3) calcined at different temperatures. The patterns are
normalized to the same maximum intensity.

(15) (a) Lotnyk, A.; Senz, S.; Hesse, D.Solid State Ionics 2006, 177, 429.
(b) Lotnyk, A.; Senz, S.; Hesse, D. Acta Mater. 2007, 55, 2671.
(c) Buscaglia, M. T.; Harnagea, C.; Dapiaggi, M.; Buscaglia, V.;
Pignolet, A.; Nanni, P. Chem. Mater. 2009, 21, 5058.
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different from that of the original Fe2O3@BaTiO3 parti-
cles. The XRD pattern of the composite fabricated from
the F1BTpowder by sintering at 1050 �C (Figure 4) shows
two new phases that were formed at the expense of Fe2O3:
the quaternary ferrite Ba12Fe28Ti15O84 and a minor
amount of the barium hexaferrite (BaFe12O19). After
sintering at 1150 �C, the reaction between BaTiO3 and
Fe2O3 resulted in the formation of the Ba12Fe28Ti15O84

phase alone, at least within the detection limit of XRD
(1-2 wt%). Assuming the complete transformation of
hematite, the final composition should roughly corre-
spond to ∼30 vol% BaTiO3 and ∼70 vol% Ba12Fe28-
Ti15O84. However, the overall stoichiometry of the
powder requires also the formation of a third phase, unless
the Ti imbalance is accommodated by formation of non-
stoichiometric phases. Additional compounds were not
observed by XRD, because they are either present in a
small amount or the corresponding peaks strongly overlap

with those of the main phases. Composites fabricated
from the F2BT powder show a similar phase composition
(Figure 4). The amount of quaternary ferrite increases
whereas the amount of residual BaTiO3 decreases, in
comparison to the F1BT composite, because of the larger
quantity of Fe2O3 contained in the starting powder. The
barium ferrite is clearly observed even after sintering at
1150 �C. The microstructure of both the F1BT and F2BT
composites corresponds to porous ceramics (10%-15%
porosity) with grains of 300-600 nm (Figures 5a and 5b).
The formation of elongated grains (Figure 5b) indicates a
substantial microstructure modification in the F2BT
compound induced by the reaction between BaTiO3 and
Fe2O3 with the formation of BaFe12O19 and Ba12Fe28-
Ti15O84. Surprisingly enough, the grains appear to be
coated with a glassy phase. The glassy phase is particu-
larly evident in the F2BT composites (see Figures 5b-d),
where it forms a continuous film 20-30 nm thick on the
surface of the underlying phase. The two phases are sepa-
rated by a thin (3-5 nm) interdiffusion region (Figure 5d).
According to EDS analysis, the amorphous phase is
composed of Ba, Fe, Ti, and O, whereas other foreign
elementswere not revealed. Its composition (8.92 at.%Ba,
11.86 at.%Ti, and 24.29 at.%Fe) is enriched inTi andFe,
in comparison to that of the quaternary ferrite (8.63 at.%
Ba, 10.79 at.% Ti, and 20.14 at.% Fe). Analyses carried
out in the inner crystalline region of Figure 5c gave the
following composition: 3.26 at.% Ba, 6.16 at.% Ti, and
32.01 at.% Fe. Taking into account the XRD results, this
iron-rich composition roughly corresponds to the BaTix-
Fe12-(4/3)xO19 solid solution with x=2. The formation of
the surface glassy layer may be attributed to the existence
of an eutectic melt,although no liquid phases are reported
on the only available isothermal section (1200 �C) of the
phase diagram.8

Figure 5. Microstructure of composites fabricated fromFe2O3@BaTiO3

core-shell particles by conventional sintering (1 h at 1050 �C): (a) F1BT,
SEM-FEG (fracture surface); (b) F2BT, SEM-FEG (fracture surface);
(c,d) F2BT, HRTEM.

Figure 3. Morphology (TEM) and EDS spectra of a typical Fe2O3@
BaTiO3 particle (70 vol% BaTiO3).

Figure 4. XRD patterns (Co KR radiation) of composites fabricated
fromFe2O3@BaTiO3 core-shell particles by conventional sintering. The
patterns are normalized to the same maximum intensity.
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F1BT composites fabricated by SPS were very dense,
with a relative density of 98.4% after sintering at 1050 �C,
and 99.4% after sintering at 1100 �C. The samples were
very fragile and the extensive presence of cracks hampe-
red the measurement of dielectric properties. The surface
fracture shows Fe2O3 faceted grains or groups of grains
embedded in amatrix of nanocrystalline BaTiO3 composed
of grains of 50-150 nm (Figure 6a). Isolated or grouped
squared grains of Fe2O3 ∼500 nm in size are clearly ob-
served on the polished cross-section of Figure 6b. The
hematite grains are generally well-separated by the per-
ovskite phase, avoiding the percolation of the magnetic
phase. TheXRDpattern of the as-sintered SPS composite
(Figure 7) shows the presence of tetragonal BaTiO3 and
magnetite Fe3O4. The formation of the spinel phase can
be explained by the reduction of the Fe2O3 hematite
particles induced by the graphite die and the absence of
air during sintering. Annealing of the composite at 600 �C
for 2 h in air leads to the oxidation of Fe3O4 to Fe2O3

hematite. Successive annealing in air for 2 h at higher
temperatures (800 and 1000 �C) determines the formation
of roughly comparable amounts of BaFe12O19 and Ba12-
Fe28Ti15O84, as shown inFigure 7. This in contrary to that
observed for composites obtained by conventional sinter-
ing in air, for which the barium hexaferrite was always a
minorphase (compareFigures7and4).Asignificantamount
of Fe2O3 was still detected after annealing at 800 �C and,
thus, three ferromagnetic/ferrimagnetic phases coexist in
the same material. After annealing at 1000 �C, hematite
disappears and the relative intensities of the other two
magnetic phases increase.

The results discussed above indicate that the final phase
composition of composites obtained from Fe2O3@
BaTiO3particles depends on threemain factors: (i) the initial
Fe2O3/BaTiO3 volume ratio in the precursor core-shell
particles, (ii) the sintering method (conventional or SPS),
and (iii) the post-annealing temperature (in the case of the
spark-plasma-sintered (SPSed) samples). According to
the available phase diagram,8 the equilibrium composi-
tion for both composites should correspond to amixture of
barium hexaferrite solid solution (BaFe12-(4/3)xTixO19),
layered ferrite Ba12Fe29Ti15O84, and Ba8Fe10Ti8O39 com-
pound (the “K” phase described in ref 8). However, this
latter phase was not observed (at least within the XRD
detection limit), whereas tetragonal BaTiO3 is always de-
tected in substantial amounts. This means that the com-
posites are not in thermodynamic equilibrium after the
different thermal treatments. Since BaFe12O19 and Ba12-
Fe28Ti15O84 are both ferrimagnetic, their coexistence in
the same material (see Figures 4 and 7) is expected to give
rise to peculiarmagnetic properties, as will be discussed in
detail in section 3.2. The initial Fe2O3/BaTiO3 volume
ratio has a strong influence on the final phase composi-
tion, because the relative amount of the magnetic phases
originated during sintering increases (see Figure 4) as the
Fe2O3 fraction increases from 30 vol% (F1BT) to 50 vol%
(F2BT). The coexistence of two magnetic phases, Fe2O3

and BaFe12O19, also occurs in the powders that have been
calcined at 800 �C (see Figure 2). The densification of
composites by SPS offers the opportunity to fabricate
materials that contain an additional magnetic phase:
Fe3O4. Because of the local reducing conditions that exist
in the graphite die, Fe2O3 loses oxygen and transforms to
the spinel phase. Quite likely, the transformation does not
involve the entire sample volume but only the outer
region, because of the short sintering time (3-4 min)
and the high density of the material. A rapid reduction
process is possible as long as the porosity is open (a rela-
tive density of <93%). When the porosity is closed, re-
duction can only proceeds by solid-state reaction and the
reaction kinetics will slow dramatically. Post-annealing in
air at 600 �C produces reoxidation of Fe3O4 to Fe2O3 (see
Figure 7). The formation of BaFe12O19 and Ba12Fe28-
Ti15O84 is observed after thermal treatment of the SPSed
samples at 800 and 1000 �C. A quite unique situation is
encountered after annealing at 800 �C, when three ferro-
magnetic/ferromagnetic phases coexist together, because
the Fe2O3 cores are not yet completely consumed by the
reaction with BaTiO3.
Previous attempts to make use of the core-shell geome-

try in multiferroic composites were limited to particles
composed of a ferroelectric core (BaTiO3 orBa1-xSrxTiO3)
and amagnetic shell (γ-Fe2O3 or Fe3O4).

7,16,17 Koo et al.7

coated BaTiO3 particles ∼100 nm in diameter with γ-
Fe2O3 nanoparticles bymeans of a sonochemicalmethod.
Annealing of the resulting core-shell particles at 600 �C

Figure 6. SEM images of the microstructure of a composite (70 vol%
BaTiO3) fabricated from Fe2O3@BaTiO3 core-shell particles by SPS
(4 min at 1050 �C): (a) fracture surface and (b) polished cross-section
(backscattered electrons).

Figure 7. XRD patterns (Co KR radiation) of composites fabricated
from Fe2O3@BaTiO3 core-shell particles by SPS (4 min at 1050 �C) and
post-annealed in air at different temperatures. The patterns are norma-
lized to the same maximum intensity.

(16) Mornet, S.; Elissalde, C.; Bidault, O.;Weill, F.; Sellier, E.; Nguyen,
O.; Maglione, M. Chem. Mater. 2007, 19, 987.

(17) Park, H. K.; Choi, S. H.; Oh, J. H.; Ko, T. Phys. Status Solidi B
2004, 241, 1693.
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in flowing N2/H2 atmosphere resulted in the formation of
Fe3O4@BaTiO3 structures. In an elegant investigation,
Mornet et al.16 decorated the surface of ferroelectric
grains with superparamagnetic γ-Fe2O3 nanoparticles
using a colloidal chemistry approach. Both types of particles
were encapsulated with a thin silica shell. Mixed Fe3O4-
BaTiO3 powders were obtained by Adachi et al.10b using
spray pyrolysis. In any case, because the thermal treat-
ments were performed at relatively low temperatures, the
formation of additional magnetic phases was not ob-
served and the magnetic properties, taking into account
the dilution effect due to the ferroelectric phase, were simi-
lar to those of the pure magnetic phase. Fe3O4-encapsul-
ated BaTiO3 particles were also prepared by Park et al.,17

again using sonochemistry, and the resulting powders
were sintered at 900-1050 �C. Formation of a new phase
was detected above 900 �C, but the authors were unable to
identify it as the quaternary ferrite Ba12Fe28Ti15O84 and
the magnetic hysteresis loops were not reported.
3.2. Magnetic Properties. The M(H) hysteresis loops

measured at RT on some selected powders and compo-
sites are shown in Figure 8. The values of the saturation
magnetization (Ms), remnant magnetization (Mr), and
coercivity (Hc) are reported for each material. All com-
posites show a good saturation ofmagnetization, whereas
the hysteresis loops of the powders calcined at 700 �C (see
Figures 8a and 8d) are not well-saturated, because of the
very broad distribution of the coercivity. The strong
sensitivity of the magnetic properties to the initial powder
composition and the thermal treatment is quite evident.
TheM(H) loop measured for the F1BT powder annealed
at 700 �C (Figure 8a) is consistent with the magnetic pro-
perties of R-Fe2O3. The saturation magnetization (0.08
emu/g) is comparable to that of bulk hematite (0.4 emu/g)
if the fractional amount of magnetic phase (27 wt%) is
considered. The coercivity (1.3 kOe) is relatively low but
falls within the range reported for hematite (1-4 kOe).
The much-higher value of Ms (0.42 emu/g) exhibited by
the F2BT powder (47 wt% Fe2O3) annealed at 700 �C
(see Figure 8d), which exceeds that of bulk Fe2O3, indi-
cates the presence of a small amount of a secondmagnetic
phase, most likely BaFe12O19. Considering its high sa-
turation magnetization of 70 emu/g, even 2-3 wt% of
barium hexaferrite (a quantity comparable to the XRD
detection limit) can give a substantial contribution to the
overall magnetization of the composite. The coercivity
enhancement (from 1.3 kOe to 2.3 kOe and the slight de-
formation of theM(H) loop also support the coexistence
of two magnetic phases. The F1BT composites obtained
by conventional sintering at 1050 and 1150 �C show con-
stricted M(H) loops characterized by a low coercivity
(∼0.1 kOe) at low fields, whereas at higher fields (>0.2
kOe), the loops are open at both ends (see Figures 8b and
8c). On further rising the field, closing of the loops and
magnetization saturation is observed. Similar constricted

(Perminvar-type) loops were reported for the Y-type
hexagonal ferrite Ba2Co1.75Zn0.25Fe12O22 and were re-
lated to a specific behavior of the domain walls and to
anisotropy effects.18 However, in the present case, the
most likely origin of these constricted loops with “wasp-
waisted” shape is the coexistence of two magnetic phases
with widely different coercivities (soft and hard phases),
as described in the case of natural and synthetic mixtures
of magnetic oxides (in most cases, Fe2O3-Fe3O4 mix-
tures)19-21 as well as in Nd-Fe-B and Co-Si-B per-
manent magnets.22 Results reported in the literature also
provide empirical confirmation that the total magnetiza-
tion of the composite is the sum of the weighted contribu-
tions of each component, in the absence of significant
magnetic interaction between particles.19,21 Thus, to con-
tribute significantly to the wasp-waisted behavior, a
magnetic component must give rise to a significant portion

Figure 8. M(H) hysteresis loops of composites obtained from Fe2O3@
BaTiO3 particles: (a) F1BTpowder annealed at 700 �C, (b) F1BT sintered
at 1050 �C, (c) F1BT sintered at 1150 �C, (d) F2BT powder calcined at
700 �C, (e) F2BT sintered at 1050 �C, (f) F2BT sintered at 1150 �C,
(g) F1BT SPSed at 1050 �C, (h) F1BT SPSed at 1100 �C, and (i) F1BT
SPSed at 1050 �C and post-annealead in air at 1000 �C.
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of the total magnetization of the material. As a result,
compounds with weak magnetic moments such as hema-
tite must occur in large concentrations to cause constric-
ted M(H) loops in materials that also contain ferrimag-
netic minerals. Therefore, according to the XRD results,
the low-field behavior in Figures 8b and 8c should be con-
trolled by the soft component, Ba12Fe28Ti15O84 (Hc =
0.04 kOe), while the high-field characteristics should be
controlled by the hard component, BaFe12O19 (Hc=4-6
kOe). The constriction of the M(H) loops is expected to
strongly reduce the maximum energy product of the
material. The F2BT composites (see Figures 8e and 8f),
prepared from powders containing a larger amount of
Fe2O3, give hysteresis loops with higher coercivity (∼1
kOe) and magnetization. The saturation magnetization
(16.5 emu/g) of the material sintered at 1150 �C exceeds
that of the quaternary ferrite (13 emu/g). These results in-
dicate that the relative amount of the hard component,
BaFe12O19, has significantly increased, in comparison to
the F1BT composites, in agreement with the relative in-
tensities of the XRD patterns (see Figure 4). The compo-
sites obtained by SPS (Figures 8g-i) display still different
magnetic properties. In contrast to the samples obtained
by conventional sintering, the XRD pattern (Figure 7) of
the SPSed composites indicates the presence of Fe3O4.
Accordingly, the coercivity of the sample obtained at
1050 �C (Figure 8g) is ∼0.2 kOe and the magnetization
is relatively high.However, theMs value (13 emu/g) ismuch
lower that the value (24 emu/g) expected by assuming

complete reduction of Fe2O3 to Fe3O4, meaning that
the transformation of hematite in magnetite has only occ-
urred in the outer region of the sample. The slight opening
of theM(H) loop (see Figure 8g) supports this interpretat-
ion. Assuming a linear additivity, the percentage of Fe3O4

is estimated to be ∼14.5 wt%. The presence of a harder
magnetic phase is clearly observable from theM(H) loop
of the sample sintered at 1100 �C. While the coercivity is
almost the same, the saturation magnetization has de-
creased to ∼11.8 emu/g. The lower amount of magnetite
can be explained by the shorter sintering time (3 min) at
1100 �C. Post-annealing in air at 800 and 1000 �C resulted
in the formation of BaFe12O19 and Ba12Fe28Ti15O84 (see
Figure 7) via the reaction of BaTiO3 with Fe3O4/Fe2O3.
The M(H) loops (Figure 8i) are dominated by the hard
component (the barium hexaferrite), and the coercivity
increases to 2.5 kOe. In conclusion, composites with tun-
able magnetic properties resulting from the coexistence of
hard and soft magnetic phases were obtained by control-
ling the solid-state reactions in Fe2O3@BaTiO3 core-
shell particles. This result was accomplished by varying
the Fe2O3/BaTiO3 volume ratio in the starting powder, the
densification method, and the temperature of the post-
annealing treatments. While the use of very small Fe2O3

particles must be avoided in the case of conventional
sintering, because the reactions would bemuch faster and
difficult to control, it could represent an additional
opportunity to tailor the magnetic properties when den-
sification occurs via SPS. Superparamagnetic behavior

Figure 9. Dielectric properties of the F1BTandF2BT composites sintered at 1050 �C: (a) relative dielectric constant ofF1BT, (b) dielectric losses in F1BT,
(c) relative dielectric constant of F2BT, and (d) dielectric losses in F2BT.
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is expected for small ferrimagnetic and ferromagnetic
particles.
3.3. Dielectric Properties. The relative dielectric con-

stant εr (the real part of the permittivity) of the F1BT
composite sintered at 1050 �C is shown in Figure 9a. At
high frequency (0.2-2 MHz), εr ≈ 50 and increases with
decreasing frequency up to 60-70 at 1 kHz. Such permit-
tivity enhancement and the dispersion observed at lower
frequency are common features of BaTiO3-ferrite compo-
sites and indicates that some extrinsic phenomena, such as
Maxwell-Wagner interfacial polarization and conduc-
tivity in the magnetic phases contribute to the permit-
tivity.6,23 The apparent permittivity of ferrites increases
rapidly with decreasing frequency, because of conducti-
vity effects. The relatively low dielectric constant of the
composite (the dielectric constant of BaTiO3 nanocera-
mics with a grain size of ∼100 nm is on the order of
1000)24 must be ascribed to the rather high porosity of the
composites. The tan δmeasured in the range of 20-80 �C
is∼0.01 at 1MHz and 0.08-0.16 at 1 kHz (see Figure 9b).
These losses are significantly lower than those reported
for most magnetoelectric BaTiO3 and PZT compo-
sites23,25 containingNi or Co ferrite. Comparable low los-
ses were reported for MgFe2O4-BaTiO3 composites26

and attributed to the intrinsic higher resistivity of the
magnesium ferrite. The temperature dependence of the
dielectric constant in the range of 20-80 �C is rather
small: <5% at 1 MHz. Sintering at higher temperature
(1150 �C) determines and increase of both the dielectric
constant (∼100 at 1 MHz, 200-350 at 1 kHz) and tan δ
(between 0.05 and 0.4, depending on frequency and
temperature). In any case, the relatively low dielectric
losses indicate that percolation of the magnetic phases
was avoided by the BaTiO3 coating in composites con-
taining 30 vol% Fe2O3, although the formation of a per-
ovskite network reduced the final density. The F2BT
composites display a lower permittivity at high frequency
(∼40 at 1 MHz) and tan δ is ∼0.1 at 1 MHz and 1-2 at
1 kHz (see Figures 9c and 9d), in agreement with the ex-
tensive formation of the ferrimagnetic phases BaFe12O19

andBa12Fe28Ti15O84, as indicatedbyXRD(recallFigure 4).

4. Summary and Conclusions

Multifunctional composites containing a dielectric/
ferroelectric phase (tetragonal BaTiO3) and twomagnetic

phaseswith contrasting coercivities (Fe2O3/Fe3O4, BaFe12-
O19/Ba12Fe28Ti15O84) were fabricated in situ by sintering
Fe2O3@BaTiO3 core-shell particles. The phase compo-
sition and, consequently, the magnetic properties of the
composite materials can be controlled by varying the
amount of Fe2O3 (30 or 50 vol%) in the starting pow-
ders, the densification technique (conventional or spark
plasma sintering (SPS)) and the processing temperature.
The reaction between Fe2O3 and BaTiO3 in air proceeds
at temperatures ofg800 �Cwith the formation of barium
hexaferrite (BaFe12O19) and the quaternary layered fer-
rite Ba12Fe28Ti15O84. However, the reaction kinetics is
relatively slow and, even after 1 h sintering at 1150 �C, the
system is not yet in chemical equilibrium, because it con-
tains a significant fraction of tetragonal BaTiO3 besides
the two magnetic phases. In the case of composites pro-
cessed via SPS, because of the very high heating rates
(200 �C/min) and the short sintering time (3-4 min), the
formation of new mixed phases is not detected by XRD
after treatment at temperatures as high as 1050-1100 �C.
Nevertheless, the local reducing conditions that exist in
the SPS die determine the transformation of Fe2O3 to
Fe3O4 in the outer region of the samples. Again, post-an-
nealing treatments for 1 h at 800 and 1000 �C in air result
in the formation of BaFe12O19 andBa12Fe28Ti15O84.Not-
ably, after annealing at 800 �C, Fe2O3 is not completely
reacted and threemagnetic phases coexist together.While
the coercive field of Fe3O4 and Ba12Fe28Ti15O84 is in the
range of 0.1-0.2 kOe (soft magnetic phases), the coerciv-
ity of Fe2O3 and BaFe12O19 is on the order of a few kOe
(hard magnetic phases). As a result, the composites show
constricted magnetic hysteresis loops originated by the
coexistence of hard and soft magnetic oxides with widely
different coercivities. The spontaneous magnetization of
the composites is 5-16.5 emu/g, depending on the initial
powder composition and processing conditions.
The use of Fe2O3@BaTiO3 core-shell particles as pre-

cursors, in comparison to conventional Fe2O3-BaTiO3

mixtures, has twomain advantages. First, because the fer-
roelectric phase is far more insulating than the magnetic
oxides, the coating of the Fe2O3 particles with a BaTiO3

shell can prevent the percolation of the magnetic phase,
resulting in lower dielectric losses, in comparison to com-
posites obtained by conventional mixing. This effect was
observed in the composites obtained from the powders
initially containing 30 vol% Fe2O3, with losses between
1% and 10% at frequencies between 10 kHz and 1 MHz
and temperatures of 20-80 �C. In contrast, the extensive
formation of ferrites observed in the composites initially
containing 50 vol% Fe2O3 leads to a significant increase
of tan δ (0.1 at 1MHz, 1-2 at 1 kHz). Second, because of
the well-defined geometry of the core-shell particles, the
formation of the new magnetic phases by reaction be-
tween BaTiO3 and Fe2O3 can be better controlled and the
final magnetic properties can be tailored by varying the
processing conditions. Accordingly, it was not possible to
reproduce the variety of hysteresis loops shown in Fig-
ure 8 by simply sintering BaTiO3-Fe2O3 mixtures under
the same experimental conditions.
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Our results provide evidence of the possibility of fabricat-
ingmultifunctional composites by in situ solid-state reactions
using suitable reactive precursors. More generally, reactive
precursors and templates represent useful tools for the fabri-
cationof a variety of nanostructuredmaterials, such as nano-
wires, nanotubes, hollow particles, and ceramics with locally

graded composition.14,15c,27Well-designed reactive templates
allow for a careful control of the solid-state reaction at the
nanoscale, thus enabling the fabrication of materials and
composites with specific morphologies, microstructure/
nanostructure, and functionalproperties.Therefore,material
synthesis can be implemented as a knowledge-driven proce-
dure rather than a trial-and-error process.
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