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Abstract

Diphase magnetoelectric composites of CoFe,04—Pb(ZrTi)O; were prepared by citrate—nitrate combustion technique by using Pb(Zr,Ti)O; template
powders obtained by the mixed oxide method. Pure diphase powder composites with a good crystallinity were obtained after calcination. The
composition and purity were maintained after sintering at temperature of 1100 °C/2h, which ensured limited reactions at interfaces, while by
sintering at 1250 °C/2 h, some small amounts of secondary phases identified as nonstoichiometric ZrO,_, resulted. The method allowed to produce
diphase ceramics with homogeneous microstructures and a very good mixing of the two phases. The dielectric and magnetic investigation at room
temperature confirmed the formation of composite ceramics with both dielectric and magnetic properties at room temperature, with permittivity
and magnetization resulted as sum properties from the parent Pb(Zr,Ti)O; and ferrite phases.

© 2009 Elsevier Ltd. All rights reserved.
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1. Introduction

The multiferroics are functional materials combining several
ferroic properties in the same phase. They exhibit simultane-
ously magnetic and ferroelectric order and a coupling between
them.'? The large interest in the magnetoelectric (ME) mul-
tiferroics is related to the technological potentiality of using
the cross-correlation between the magnetic and electric prop-
erties in electronic devices. Apart from the properties of the
parent phases (ferro-, anti-ferroelectricity and ferro-, antiferro-,
ferri-magnetism), the ME effect adds a supplementary freedom
degree in designing materials for new applications, opening
the possibility to manipulate the magnetic properties through
electric fields and vice versa. These properties give addi-
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tional potentiality for applications in spintronics, multiple state
memory elements or novel memory devices which might use
electric and/or magnetic fields for read/write operations.'?
Following the general tendency of the microelectronic indus-
try towards miniaturization and integration, finding materials
with best properties in smaller volumes and combining more
than one function in the same structure has become a very
actual task. In spite the first ME phenomena were discov-
ered in the 1960s, the expected breakthrough in the field of
applications did not take place, particularly due to very low
values found for the coupling coefficients.? In addition, seri-
ous limits in understanding the basic chemistry and physics
related to these effects led to a reduced interest in the topic
for around two decades. A true “revival of the magnetoelectric
effect” or “renaissance of the magnetoelectric multiferroics’>
was only recently observed, which manifests by an impres-
sive increasing of the number of publications in this field
after 2000.* The main results concerning the fundamental
aspects and multifunctional applications, as well as the problems
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related to the new concepts in design, preparation, investi-
gation and theoretical treatment of various ME structures in
single-phase and composites, are presented in many recent
reviews. 367

Searching for two-phase composites was promoted by the
reduced number of systems intrinsically showing the ME cou-
pling and by practical needs, due to low values of the ME
coefficient (of the order of 1-20 mV/cm Oe) found in single-
phase materials and by the cryogenic temperatures needed for
the ME coupling.® The ME effect is realised in composites on
the concept of product property.® According to this principle,
a suitable combination of two phases such as piezomagnetic or
magnetostrictive and piezoelectric phases can yield a desirable
ME property. The conceptual conditions for the ME effect in
composites were pointed out by Boomgaard,” as following: (i)
the individual phases should be in chemical equilibrium, (ii) no
mismatch between grains, (iii) high values for the magnetostric-
tion coefficient of the piezomagnetic or magnetostrictive phase
and of the piezoelectric coefficient of the ferroelectric phase, (iv)
no leak of the accumulated charges through the phases. Follow-
ing this principle, various ME composites have been prepared,
consisting by ferroelectrics as BaTiOs, Pb(ZrTi)O3, BaPbTiOs,
BisTizO1, while Ni, Co, Mg, (Ni, Zn), (Ni,Co,Mn), ferrites as
magnetic phase were employed, in particulate, laminated or mul-
tilayer film structures, as presented in the recent review of Nan
et al.'” The main advantages to produce sintered ME composites
are related to the easy and cheap fabrication and to the possibility
to control the molar ratio of phases, grain size of each phase and
densification by using good quality powders, a good mixing of
the two phases and appropriate sintering strategy. However, in
the bulk composites, a large variety of dielectric and ME prop-
erties were reported for similar systems and even for the same
composition. In addition, high dielectric losses (tand >> 1) at
room temperature were normally found.'%-'® These were con-
sidered as originating mainly from microstructural effects and
to the presence of secondary phases formed during the sinter-
ing step. In the large majority of publications reporting data on
composite ceramics, a direct mechanical mixing of the ferroelec-
tric and magnetic phases separately prepared was employed for
producing the composite. This simply mixing was considered
a reason for the obtained low ME effect, as result of poor con-
trol of the mechanical defects and to low percolation threshold
limits.

In our previous works concerning
(Ni,Zn)Fe>,04—BaTiO3 ceramic composites, it was demon-
strated that the method of in situ synthesis ensures a better
mixing and much more homogeneous microstructures, lead-
ing to serious reduction of the dielectric losses. An in situ
sol-gel method followed by a conventional sintering was
also used by Wu et al.'” resulting in homogeneous composite
ceramic microstructures with NiFeyO4 grains well dispersed
in a PZT matrix. Thus, it is expected that a better control
of the microstructure and connectivity can be achieved by
in situ processing of the ferroelectric—-magnetic compos-
ite. In the present paper, the method of producing in situ
CoFe;04—-Pb(Zr,Ti)O3 composites by gel-combustion method
was adopted.

13,14

Co(NO;),.6H,0
solution

Fe(NO;):.9H,0
solution

A A

Stirring & pH adjusting
y
Nitrate solution || C,H,0,.H,0 |

PZT template
powder

Y A A

Stirring (60 min)
Y

Mixture PZT-(nitrate-
citric acid solution

Continuous stirring & heating

A at 80°C
Viscous gel

Self-combustion

Foamy product

Heating treatment

PZT-CoFe;04 nanocomposites

Fig. 1. Flowchart of the composite powder preparation.
2. Sample preparation and experimental details

Pb(Zrg 47Tig 53)O03 (PZT) (o =7.952 g/cm3) template pow-
ders were firstly prepared by a conventional solid state reaction
method by using reagent grade PbO (Aldrich 211907, purity
99.9%), ZrO, (MEL SC101), and TiO; (Degussa P25). The pre-
cursors were ball milled with zirconia milling media in water for
48 h, freeze dried, sieved to 250 pm and calcined at 800 °C/4 h.
The calcined powder was wet milled in ethanol (100h), then
dried and sieved. The mean diameter (dsg) of the PZT calcined
powder was 0.71 wm and the specific surface area of 2.67 m?/g.

CoFe;04 (CF) and xCF—(1 —x)PZT composite powders
(x=10, 20, 30 wt.%) were prepared by citrate—nitrate combus-
tion method, following a similar procedure as for obtaining
CoMn,Fe,_,04, previously reported.'!? The synthesis proce-
dure of the composite powders is described in the flowchart
shown in Fig. 1. Stoichiometric amounts of cobalt (II) nitrate
hexahydrate (Co(NO3),-6H,0O p.a. Merck) and iron (III) nitrate
nonahydrate (Fe(NO3)3-9H,0, 99.9%, Aldrich) solutions were
mixed. The pH of the obtained solution was increased to 7 by
the addition of ammonium hydroxide (25% NH3 in H;O p.a.
Fluka). Finally, the nitrate solutions were mixed with aqueous
citric acid CgH12,07 (=99.5% Sigma—Aldrich). The molar ratio
of total metal ions to citric acid was 1:1 in the solution. The mix-
tures PZT—(nitrate/citric acid solution) were stirred for 60 min
and then they were heated at 80 °C, under continuous stirring.
After the evaporation of water excess, a highly viscous gel has
been obtained. Subsequently, the gel was ignited at 300 °C to
evolve the undesirable gaseous products, resulting in the for-
mation of a foamy powder containing the composite precursor.
To complete the ferrite formation onto the PZT templates, the
powder mixture was calcined at 500 °C/8 h resulting in fine com-
posite powders of xXCF—(1 —x)PZT (x=0.10, 0.20 and 0.30).
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The composite powders were grounded, and then cold isostat-
ically pressed at 300 MPa into discs of 30 mm diameter (green
bodies). The samples were sintered either at 1100 °C/2h or at
1250°C/2h, in Pb atmosphere maintained by a PbZrO3 source
in a closed Al,O3 crucible. After sintering the ceramic pellets
were superficially polished to remove the surface layers.

The phase formation of the CoFe,O4 ferrite onto the PZT
templates was checked by using a Fourier transform infrared
(FTIR) spectra, recorded in the range 4000 cm™! to 400 cm™!
with 2cm™! resolution on a Jasco 660 plus FTIR spectropho-
tometer using the KBr pellet technique. X-ray diffraction
measurements at room temperature for investigating the for-
mation of the perovskite and spinel phases in the composite
powders and in the sintered pellets were performed with a
SHIMADZU XRD 6000 diffractometer using Ni-filtered CuKa
radiation (L=1.5418 A), with a scan step of 0.02° and a
counting time of 1s/step, for 26 ranging between 20° and
80°. The microstructure of the composite powders and of the
sintered ceramics was examined by using a scanning elec-
tron microscope (SEM) coupled with energy-dispersive X-ray
spectroscopy (EDX) (VEGA/TESCAN instrument). The elec-
trical measurements were performed on parallel-plate capacitor
configuration, by applying Pd—Ag electrodes on the polished sur-
faces of the sintered ceramic disks. The complex impedance in
the frequency domain (20 Hz to 2 MHz) at room temperature was
determined by using an impedance bridge type Agilent E4980A
Precision LCR Meter. The magnetic properties at room temper-
ature were determined under magnetic fields up to 14 kOe with
a Vibrating Sample Magnetometer MicroMag™ VSM model
3900 (Princeton Measurements Co.).

3. Results and discussions

The decomposition reactions of the starting composition are
as follows:

Co(NO3)2-6H,O = CoO + NO; +NO + O, +6H,O (1)

1 3 3
FC(NO3)3 -9H,0 = 5F6203 + ENOZ + 5NO

3
+ 502 +9H0 @

CsH207 + Y0, = 8C0O, + 6H,0 3)

From the above reactions it has been understood that the
decomposition of citric acid is highly exothermic, aiding the
decomposition of nitrates salts into the desired products at a
faster rate and with low external-energy consumption. Citric
acid is a suitable organic fuel because it is cheap and readily
available commercially and its decomposition generates high
temperature during the combustion process, leading to the full
formation of the ferrite phase under mild external conditions.
The overall combustion reaction in air resulting in the ferrite
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Fig. 2. FTIR spectra of the combustion synthesized xCF—(1 — x)PZT compos-
ites.

phase formation is described by the reaction:
Co(NO3), - 6H,0 + 2Fe(NO3); - 9H20 + 3CgH 12,07 + %02
= CoFe>04 + 4NOj + 4NO + 24CO, + 42H,0 “)

In order to confirm the formation of the CF spinel phase onto
the PZT powder templates, the FTIR spectra of the composite
powders were collected. Fig. 2 shows the FTIR spectra of the
combustion synthesized xCF—(1 —x)PZT composites recorded
in the range between 400 and 1000 cm™!. The spectra eluci-
date the position of cations in the crystal structure with oxygen
ions and their vibration modes, which represents the various
ordering positions of the structural characteristics. The metal
cations in the spinel ferrite structure AB,Oy4 are situated in two
different sub-lattices namely tetrahedral (A-sites) and octahe-
dral (B-sites), according to the geometric configuration of the
nearest oxygen ion neighbors. The absorption bands around 667
and 603cm™! present in all the ferrite spectra are assigned
to the stretching vibrations of M—O (M =Fe, Co) bands in
CoFe;04 compounds, as reported by Waldron.?? The band
around 600cm™! is attributed to stretching vibration of tetra-
hedral complexes and the band around 400cm™! to that of
the octahedral complexes. Due to the stretching vibration of
Fe3*—0% for tetrahedral sites,2! all the systems containing
the ferrite show an absorption band at ~590cm™!. The pres-
ence of Co in tetrahedral centers is proved by the occurrence
of the absorption maximum at ~675 cm~ !, due to the vibra-
tion of C0o04.22 The bands at ~675cm™! and at ~590 cm ™!
present in the spectra of the calcined powders indicate the for-
mation of metal oxide, also confirmed by the XRD analysis as
being a spinel single phase. Vibration spectroscopic techniques,
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Fig. 3. XRD pattern of the xCoFe;O04—(1 —x)Pb(Zr,Ti)O3 composites and of the parent phases of Pb(Zr,Ti)O3 and CoFe;04: (a) x=0.10 calcined powder and
ceramic sintered at 1250 °C/2 h; (b) sintered ceramics with various compositions. Note the absence of secondary phases for the calcined powders and for the ceramics

sintered at 1100 °C/2 h.

such as infrared spectroscopy, are also useful tools for detecting
structural changes in PZT and it was used to monitor the per-
ovskite phase formation during the syntheses. PZT crystallizes
in a perovskite structure ABO3, where A-sites are occupied by
Pb”* ions, whereas Zr** and Ti** ions randomly occupy the
B-sites and the central Zr* or Ti** ions are surrounded by
six oxygen ions in octahedral coordination.?> The v; stretching
modes (Ti—O and Zr-O stretch) occur at wave numbers above
400 cm~!.2* For the PbZr( 50 Tig 5003, the modes at ~660 cm ™!
and ~615cm™! were assigned to the v| Ti—O stretching vibra-
tions and the modes at ~770 cm™! and ~547 cm™! to the Zr-O
stretching vibrations.?> According to these interpretations, for
our PZT templates, the shoulders at ~737 cm~! and 523 cm™!
may be associated with the Zr—O stretching mode, while the
shoulder at ~675 cm™! and the maximum at ~615 cm™! to the
Ti—O stretching mode. The transformation of the shoulder at
~523 cm~! attributed to the Zr—O bond in PZT in a well-defined
maximum after the thermal treatment at 1250 °C might be orig-
inated in the formatting of small amounts of Zr-rich secondary
phases. The XRD analysis presented in the following (Fig. 3)

indicates the presence of small amounts of ZrO,_, nonstoi-
chiometric oxide in the ceramics sintered at higher temperature
(1250 °C), which supports such an interpretation.

The phase purity after the calcination step and after sintering
was checked by XRD investigation. The XRD patterns con-
firmed the successful formation of a diphase composite for each
composition, formed by the spinel CoFe,O4 and Pb(ZrTi)O3
perovskite phases in the nominal proportion, both after the
calcination step and after the sintering in bulk at 1100°C/2h
(Fig. 3). The increasing sintering temperature to 1250 °C aimed
to lead to a better densification, results in the formation of some
small amount of the nonstoichiometric ZrO,_, as demonstrated
by the presence of small maxima around 26 ~ 24°, ~28° and
~34°, besides the main peaks of the parent phases (Fig. 3a-b).
This residual phase resulted most probably from the use of the
PbZrOs3 covering powder during sintering for compensating the
Pb-evaporation was fully eliminated after polishing the ceramic
surfaces. Therefore, by sintering in the range of 1100-1250 °C,
both a good densification and a minimization of the secondary
phases can be realized. As expected, a better crystallization is

(b)
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Fig. 4. SEM images of CF-PZT in situ prepared composite powder after the calcination step: (a) secondary electron image; (b) backscattering image (white: PZT,

grey: CF).
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obtained after thermal treatment at higher temperatures. The
crystallite size determined by the Debye—Scherrer equation are:
150-180 nm for PZT phase and of 60—80 nm for CF component
in the powder composites. Their size remains almost unchanged
for the PZT phase, but strongly increases to ~250 nm for the fer-
rite component in the ceramic product. Since well-crystallized
PZT powders were used as template for the in situ preparation of
the powder composites, the subsequent thermal treatments for
promoting the CF formation practically did not change the crys-
tallization of the PZT component. For various compositions of
the xCF—(1 — x)PZT ceramics sintered at the same temperature,
the proportion of the two phases determined from the relative
peak intensity ratios of the parent phases were very close to the
nominal ones.

The SEM images of the CoFe;O4—Pb(ZrTi)O3 powder com-
posite after the calcination step are presented in Fig. 4, where
both secondary electron image (Fig. 4a) and backscattering
image (Fig. 4b) are shown, demonstrating that a very good
mixing of the two phases resulted by this method of in situ
processing. The backscattering contrast (Fig. 4b) allow to better
distinguishing between the two different phases, since the yield
of the collected backscattered electrons increases monotonically
with the specimen’s atomic number (the white grains were iden-
tified as PZT and the darker ones as CF). In addition, due to
the self-combustion high energy, a partial de-aggregating of the
PZT blocks was also achieved. Particles of 1-2 um beside finer
ones below 400 nm for the PZT phase are found in the composite
after calcination (Fig. 4b). This resulted in a very good mixing
of the two phases into the ceramic body, as shown in Fig. 5(a
and b), where both components are rather homogeneous, with
average grain size of 10-15 pum for CoFe;O4 and of 1-4 pm
for the Pb(ZrTi)O3 phase. As observed, the ferrite tends to form
larger aggregates dispersed into the PZT matrix composed of
smaller grains (Fig. 5b) in the sintered body.

The dielectric properties of the xCF—(1 —x)PZT ceramic
composites (x=0, 0.10 and 0.30) sintered at 1250 °C/2 h were
checked as a function of frequency in the range of 10° to
2 x 10° Hz, at room temperature and they are shown in Fig. 6.
The complex impedance plot (Fig. 6a) demonstrates a good
homogeneity of the dielectric and conductive properties of the

sintered composites. The impedance spectrum is characterized
by single semicircular arcs, whose pattern changes with com-
position, indicating a modification of the resistance/reactance
ratio when increasing the ferrite addition x. A shift of the semi-
circle center towards the origin of the complex plane plot takes
place as result of the increasing dc-conductivity when higher
the ferrite concentration. The bulk resistivity of the composites
sintered at the same temperature of 1250 °C/2 h decreases from
11.5 x 10° 2 (for x=0.10) to 6 x 10°Q (x=0.30). As result,
the losses are also higher when increases the ferrite addition,
as shown in Fig. 6¢. Losses above unity are characteristic for
frequencies below 1 kHz for the composition x =0.30. For all
the compositions, the losses are strongly reducing with increas-
ing frequency (having values below 10% for frequencies above
10* Hz for x=0.10 and above 2 x 10° Hz for x=0.30 composi-
tions). Losses above unity were commonly reported for similar
ferroelectric—-magnetic composites, particularly at low frequen-
cies and high temperatures and this behavior seems to be intrinsic
to such dielectric—magnetic composites as a result of the uncom-
pensated space charges at the hetero-interfaces giving rise to
Maxwell-Wagner polarization.>*%7

The permittivity vs. frequency for the xCF—(1 —x)PZT
ceramic composites (x=0, 0.10 and 0.30) is represented in
Fig. 6b. If for the pure PZT ceramic, values of permittivity of
&r~ 550 are observed together with a few piezoelectric reso-
nance jumps at ~2 x 10%, 2 x 10°, 4 x 10°, 5 x 10°, 10° Hz,
such effects disappeared in the composites and a monotonic
reduction of the permittivity with frequency is observed. Both
composites presented here have dielectric constant below 200.
Their permittivity still decreases and saturates at 2 x 10% Hz
to the values of & ~ 125 for x=0.10 and & ~ 25 for x=0.30.
Similar dielectric properties were reported for PZT-Ni fer-
rite composites sintered by spark plasma sintering?® and for
PZT—(Ni,Zn) ferrite ceramics prepared by powder-in-sol pre-
cursor hybrid processing route.?’ In order to understand the
contributions to the dielectric losses, the reasons for the strong
reduction of the permittivity and the lack of piezoelectric
resonance contributions in composites, a detailed dielectric
study comprising a large frequency range and at various tem-
peratures will be further performed. As a general effect, by

/o 000KV WD: 17.3890 mm
lew field: 75.37 ym  Det: BSE Detecior 20 pm

VEGAW TESCAN

Fig. 5. SEM micrographs of the sintered composite CF-PZT ceramic: (a) secondary electron image; (b) backscattering image showing the dissimilar two phases

(white: PZT, grey: CF grains).
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Fig. 6. Dielectric properties of the xXCF—(1 — x)PZT composites with x=0, 0.10 and 0.30 at room temperature: (a) complex impedance plot; (b) real part of permittivity

vs. frequency; (c) tangent loss vs. frequency.

comparison with the dielectric characteristics of particulate com-
posites prepared by simple mixing of the two parent phases for
which high losses (sometimes tan §: tens or hundreds), multiple
relaxations in kHz range and very small permittivity or con-
ductive properties>*7-10 the in situ prepared composites,!’-2-27
including the present ones, demonstrate their superior dielectric
properties as a result of their much improved microstructures
(better phase intermixing, lack of secondary phases and reduced
porosity). Comparative with the most recent reported simi-
lar composites prepared by in situ processing, the proposed
gel-combustion method gave rise to: (i) more homogeneous fer-
rite grain distribution within the ferroelectric matrix and more
homogeneous electrical properties within the ceramic volume
than reported in NiFe,O4—PZT composites prepared by sol—gel
followed by solid state reaction!” and (ii) much higher permit-
tivity and lower losses at the same frequency than reported for
(Ni,Zn)Fe>04—PZT ceramics prepared by powder-in-sol precur-
sor hybrid processing route.

The magnetic hysteresis loops M(H) at room temperature
(Fig. 7) show the presence of the ordered magnetic structure
derived from the unbalanced antiparallel spins as in the pure
CoFe,0y4 system. As aconsequence of the “sum property”>8 and
to interface effects, a reduction of the saturation magnetization to
~30emu/g (x=0.10) and ~40 emu/g (x=0.30) from the values
reported for pure CoFe,03 is noticed.'8

The present investigations demonstrate the in situ obtain-
ing of ceramic composite by gel-combustion method with high

homogeneity of the two parent phases (concerning the grain
size distribution and similar shape), better phase intermixing
and good densification with reduced secondary reactions at the
interfaces. Therefore, valuable dielectric and magnetic proper-
ties at room temperature were obtained, with permittivity and
magnetization derived from ones of the parent PZT and ferrite
phases. New results related to the lack of piezoelectric reso-

40 I |
| | xCF-(1-x)PZT
] | composites
20 i

| T =1250°C

30 +—

10

s x=0.10
o x=0.30

Magnetisation (emu/g)

-8 -6 -4 -2 0 2 4 6 8
Magnetic field H (kOe)
Fig. 7. Magnetic hysteresis loops at room temperature obtained for

the xCF—(1 —x)PZT composite ceramics with x=0.10 and 0.30. Note:
lemu/g=1m? A/kg.
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nances in composites were noticed and these should be further
investigated in detail.

4. Conclusions

CoFe;04-Pb(ZrTi)O3 magnetic—ferroelectric ceramic com-
posites with limited reactions at interfaces were prepared by
citrate—nitrate combustion technique by using Pb(Zr,Ti)O3 tem-
plate powders obtained by mixed oxide method. Pure diphase
powder composites with a good crystallinity were obtained after
the calcination step. The purity was maintained by sintering at
temperature of 1100 °C/2h. The increasing sintering tempera-
ture to 1250 °C/2h resulted in a better densification, but also
in the formation of some small amounts of secondary phases
(mainly of ZrO,_,), as demonstrated by the FTIR spectra and by
the XRD investigation. The in situ preparation method resulted
in homogeneous microstructures with a very good mixing of
the two phases in the ceramic body, with lack of aggregation
and formation of ferrite blocks, as normally found by simple
mixing the ferrite and PZT powders, separately prepared. The
dielectric and magnetic investigations at room temperature con-
firmed the formation of a composite with both dielectric and
magnetic properties at room temperature, with permittivity and
magnetization resulted as sum properties from the parent PZT
and ferrite phases. By modifying the sintering parameters, the
dielectric properties can be still further optimized.
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