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ARTICLE INFO ABSTRACT

Keywords: In the present work, we report the preparation of multiferroic PbZrg 55Tig 4803 (PZT)/CoFe,O,4 (CFO) nano-
Multiferroics composites using a new synthesis technique that can maximize the surface area of contact, and hence, the
Nanocomposites interfacial coupling between the ferroelectric (PZT) and ferrimagnetic (CFO) phases. The samples have been

Chemical synthesis

characterized using X-ray diffraction (XRD) and transmission electron microscopy (TEM), and the physical
Enhanced interfacial coupling

(magnetic and dielectric) properties have been investigated. XRD confirms the presence of the desired PZT and
CFO phases in the samples without any undesired secondary phases. We also observe a reduction in the particle
size of CFO in the nanocomposites as evidenced by a line broadening of the XRD reflections corresponding to the
pure CFO phase. The nanocomposites show hysteresis loops and ferrimagnetic-like behaviors in their M vs H
curves at room temperature, even for samples with very low fraction of the CFO phase. The coercivity of the
nanocomposites is marginally larger compared to that of pure CFO, which can be due to the change in magnetic
anisotropy of the CFO phase due to its reduced particle size in the nanocomposites. Room temperature polar-
ization versus electric field measurements show a significant increase in the coercive field after the incorporation
of CFO inside the PZT matrix. This work illustrates a simple, cost-effective synthesis technique that can be used
to prepare nanocomposites of functional materials with desired room temperature functionalities and enhanced

interfacial coupling between the two phases.

1. Introduction

Two-phase composite multiferroic materials [1-5] have been
gaining increasing attention over the years, primarily because of the
scarcity of single-phase multiferroic materials [6]. Two-phase compo-
site systems open up the possibility of tailoring properties using two
compounds, one ferro/ferrimagnetic and the other ferroelectric. In this
context, nanocomposites are more promising than bulk materials since
the former possess larger surface area leading to larger coupling be-
tween the two phases [7,8]. Our recent work on particulate magnetic
nanocomposites have revealed that physical mixing of the two phases
often yields nanocomposites with almost non-existent magnetic cou-
pling between the two phases [9]. Chemical synthesis routes usually
yield samples with better coupling between the two phases [10], al-
though the extent of magnetic coupling is very much dependent on the
details of the synthesis strategy [11]. In general, the extent of coupling
can be related to the degree of particle agglomeration of each
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individual phase in the nanocomposite. Synthesis techniques that re-
duce the degree of particle agglomeration of each individual phase
ensure maximum surface area of contact between the two phases, and
thus, enhanced coupling between the two phases [11]. We have re-
cently demonstrated this concept in bi-magnetic systems [11,12]. In the
present work, we show that the same synthesis strategy can be used to
prepare multiferroic nanocomposites by a proper choice of the in-
dividual components. This is expected to have a much wider applica-
tion because of the possibility of enhancing the magneto-electric cou-
pling in such nanocomposites, which can then be used for a much better
control of magnetization via electric fields or polarization via magnetic
fields.

The magnetic and ferroelectric components chosen in this work are
CoFe,;0,4 (CFO) and PbZrgs5,Tig 4503 (PZT), respectively. CFO has a
cubic spinel structure, and is a typical room temperature ferrimagnet
(ordering temperature ~800 K) exhibiting high saturation magnetiza-
tion, high coercivity, large magnetic anisotropy, and good chemical
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stability [13]. In contrast, lead zirconate titanate, PbZr; ,Ti O3, is a
prototypical room temperature ferroelectric material. It has a distorted
perovskite structure below 350 °C with a ferroelectric tetragonal or
rhombohedral phase and consequently shows a spontaneous polariza-
tion [14,15]. The best ferroelectric properties in this series can be ob-
tained near the morphotropic phase boundary, where Zr:Ti = 52:48
[16]. We use these two systems to create a prototypical room tem-
perature multiferroic nanocomposite using our novel synthesis strategy.
In the following sections, we first present the details of the synthesis
technique, followed by the structural, morphological, magnetic, and
dielectric characterization of the nanocomposites.

2. Synthesis and experimental techniques
2.1. Synthesis

In a typical synthesis process, individual sols of CFO and PZT were
prepared separately. First, 0.2 M CFO precursor solution was prepared
by dissolving stoichiometric amounts of cobalt acetate tetrahydrate,
(CH5C00),C04H50, and iron nitrate nonahydrate, Fe(NO3);9H,0,
(Sigma-Aldrich) in 2-methoxyethanol (ME) and acetic acid (AA) (vo-
lume ratio of ME:AA = 7:3) at room temperature. After an initial
stirring using a magnetic stirrer for ~20 min, ethanolamine was added
to the solution, and the solution was stirred at room temperature for
2 h. Similarly, 0.2 M PZT precursor solution was prepared by dissolving
stoichiometric amounts of lead acetate, Pb(CH3CO5)5:3H,0, zirconium
propoxide, Zr(CH,CH,CH30),, and titanium isopropoxide, Ti[OCH
(CH3),14, in 2-methoxyethanol (ME) and acetic acid (AA) (volume ratio
of ME:AA = 7:3) at room temperature. Zirconium propoxide and tita-
nium isopropoxide were added to the solution after dissolving lead
acetate. Next, the solution was stirred for ~20 min, after which etha-
nolamine was added to the solution, and the solution was further stirred
at room temperature for 2 h. After stirring the individual precursor
solutions for 2 h, a mixed precursor solution was prepared by mixing
the two individual precursor solutions in different volume ratios
(PZT:CFO = 95:05, 75:25, and 50:50). The mixed precursor solution
was first stirred at room temperature for 1 h, and then at 80 °C for
20 min. Next, the temperature was increased and maintained at
~150 °C till the formation of a gel. The temperature was then increased
to ~300 °C when a self-combustion reaction occurred, yielding a fluffy
powder. The powder was crushed in a mortar, transferred to a furnace,
and annealed in air at 800 °C for 2 h to obtain the nanocomposite
samples. Reference samples of PZT and CFO were also prepared using
the individual precursor solutions of PZT and CFO by following the
same steps of stirring at 80 °C and 150 °C for gel formation, and an-
nealing at 800 °C for 2 h. The synthesis steps are summarized in Fig. 1.

2.2. Characterization techniques

The samples were characterized by X-ray diffraction (XRD) obtained
using a D-5000 diffractometer with CuK, radiation operating at 40 kV
and 30 mA. The data were collected in the range 26 = 20-70°, with a
step size of 0.02°.

Transmission electron microscopy (TEM) analysis was performed
using a Philips CM200 microscope operating at 200 kV and equipped
with a LaBg filament. For TEM observations, the samples, in the form of
powder, were prepared using the following procedure. A small quantity
of powder was dispersed in ethanol and subjected to ultrasonic agita-
tion for approximately one minute. A drop of the suspension was de-
posited on a commercial TEM grid covered with a thin carbon film;
finally, the grid was kept in air until complete evaporation of the
ethanol.

Magnetic field-dependent magnetization of the samples was col-
lected using a superconducting quantum interference device (SQUID)
magnetometer from Quantum Design Inc. Magnetic hysteresis loops
were recorded at T = 300 K in the field range + 5 T.
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a) The composite sol is stirred at room temperature
for 1 h, and then at 80°C for 20 min.

b)  The temperature is then increased and maintained
at 150°C till the formation of a gel.

c) Next, the temperature is increased to 300°C,
initiating a self-combustion reaction to yield a
fluffy powder.
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The powder is crushed in a mortar,
transferred to a furnace, and
annealed in air at 800°C for 2 h. The
final nanocomposites are obtained in
the form of fine dry powder.

. J

Fig. 1. Flow-chart showing the synthesis process of PZT/CFO nanocomposites.
For more details, see text.

The annealed powder was pressed into cylindrical pellets for per-
forming dielectric measurements. Both sides of the pellet were coated
with conductive silver paste followed by slow drying. Ferroelectric
hysteresis loops were measured at room temperature using a modified
Sawyer-Tower circuit.

3. Results and discussion
3.1. Structural and morphological characterization

The XRD patterns of the synthesized samples are shown in Fig. 2.
The reflections of CFO (Fig. 2a) and PZT (Fig. 2e) could by indexed to
the cubic space group Fd-3m and tetragonal space group P4mm, re-
spectively. The XRD patterns of the 50:50 and 75:25 nanocomposites
(Fig. 2b and c) show reflections corresponding to both phases. The XRD
pattern of the 95:05 nanocomposite (Fig. 2d) shows the reflections
corresponding to the PZT phase only because of the very small % of
CFO in this sample. Interestingly, we observe that the CFO nano-
particles in the nanocomposites have a smaller crystallite size than that
in the pure phase. This can be seen in Fig. 2f and g, where we have
compared the most intense reflection of the CFO phase in the XRD
pattern of the pure sample with that in the 50:50 and 75:25 nano-
composites. Both the nanocomposites show broader peaks with respect
to the pure sample indicating a smaller crystallite size of CFO in the
former. We have previously observed a similar behavior in other na-
nocomposite systems [17].

TEM observations were performed to investigate the structure of the
samples in more details. In particular, Fig. 3a shows a bright field image
of the CFO powder. It is composed of nanocrystals having dimensions
ranging from 40 to 300 nm. Selected area electron diffraction (SAED)
measurements have revealed the presence of the cubic CFO phase only
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Fig. 2. Left: XRD patterns of (a) CFO, (b) PZT(50)/CFO(50) nanocomposite, (¢) PZT(75)/CFO(25) nanocomposite, (d) PZT(95)/CFO(05) nanocomposite, and (e) PZT.
Right: Normalized XRD patterns around the (3 1 1) peak for (f) CFO and PZT(50)/CFO(50) nanocomposite, and (g) CFO and PZT(75)/CFO(25) nanocomposite. The
reflections corresponding to the CFO and PZT phases in the nanocomposite samples have been marked by blue and red asterisks, respectively. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)

(inset of Fig. 3a). The microstructure of the PZT(50)/CFO(50) nano-
composite is shown in Fig. 3b. The powder is composed of nanocrystals
with dimensions that are typically smaller than in the CFO sample,
ranging from 10 to 100 nm for both PZT and CFO phases. The lower
dimension of the crystals is confirmed by SAED measurements. Indeed,
a typical diffraction pattern of the sample, taken with the same selected

area aperture used for the CFO sample, shows continuous diffraction
rings instead of only distributed diffraction spots, as can be seen com-
paring the insets of Fig. 3a and b. This observation agrees with XRD
data, revealing a smaller size of CFO grains in the nanocomposites with
respect to that in pure CFO. Furthermore, it is important to stress that
diffraction rings in the inset of Fig. 3b reveal the presence of both the

Fig. 3. TEM bright field images and corresponding SAED patterns (insets) of (a) CFO sample and (b) PZT(50)/CFO(50) nanocomposite.
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Fig. 4. PZT(50)/CFO(50) nanocomposite: (a) TEM bright field image and corresponding SAED patterns (inset), (b) dark field image showing CFO {1 3 1} grains
(SAED, green circle), (c) dark field image showing PZT {1 0 1}/{1 1 0} grains (SAED, red circle). (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)
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Fig. 5. Isothermal magnetization curves of (a) CFO, (b) PZT(50)/CFO(50) na-
nocomposite, (¢) PZT(75)/CFO(25) nanocomposite, and (d) PZT(95)/CFO(05)
nanocomposite at T = 300 K.

phases and TEM dark-field observations indicate a very good dispersion
of one phase in the other. In particular, Fig. 4a shows a bright field
image of the PZT(50)/CFO(50) sample with the corresponding SAED
pattern in the inset. Fig. 4b and c are dark field images obtained with

the objective diaphragm of the microscope selecting a portion of the
CFO {1 3 1} diffraction ring (green circle in the SAED pattern), or a
portion of the PZT {1 0 1} and {1 1 0} diffraction rings (red circle in the
SAED pattern), respectively. In this way the CFO grains responsible for
the selected diffraction intensity are lighted in the first case (Fig. 4b),
while PZT grains are lighted in the second image (Fig. 4c). The dis-
tribution of CFO and PZT grains reveals a good dispersion of one phase
in the other.

3.2. Magnetization measurements

Room temperature magnetic field dependent magnetization of CFO
and the nanocomposite samples are shown in Fig. 5. We observe that
the ferrimagnetic behavior of CFO is retained in the nanocomposite
samples (even for a very low CFO fraction of only 5%), with the mag-
netization showing open hysteresis loops and near saturation for
woH > 1 T. The coercivity values of the samples are very similar, with
the nanocomposites showing slightly higher values (HoHc(composite; T =
300 k) ranging from ~0.09 to 0.13 T) compared to that of pure CFO
(HoHc(cro; T = 300 ) ~ 0.08 T). This slightly larger coercivity of the
nanocomposites compared to that of pure CFO can be due to the change
in magnetic anisotropy of the CFO phase due to its reduced particle size
in the nanocomposites.

3.3. Dielectric measurements

Fig. 6 shows the polarization versus electric field loop (P-E loops)
recorded at room temperature and at a frequency of 50 Hz for PZT
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Fig. 6. Polarization versus electric field loop (P-E loops) recorded at room temperature and at a constant frequency of 50 Hz for (a) PZT and (b) PZT(95)/CFO(05)

nanocomposite.
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(Fig. 6a) and PZT(95)/CFO(05) nanocomposite (Fig. 6b). While such
dielectric data should be investigated in detail [18], we note that the
observed hysteresis loops are partially saturated, as have been reported
previously for ferroelectric nanoparticles and their composite systems
[19]. For the PZT sample, we obtain saturation polarization Pg and
remanent polarization Py values of ~12.7 puC/cm? and ~4.9 pC/cm?,
respectively. The incorporation of 5% CFO inside the PZT matrix leads
to a decrease in the Pg (~6.7 uC/cmz) and Py (~2.5 uC/cmz) values.
Interestingly, recent studies have shown that for practical applications,
for example, to operate multiferroic devices at a reduced energy con-
sumption, it is necessary to design optimized materials with decreased
polarization of values of ~5 uC/cm? [20]. This predicted value (5 pC/
cm?) is very close to what we observe in our PZT(95)/CFO(05) nano-
composite. In addition, the coercive field (Ec ~8 kV/cm for PZT) in-
creases significantly after the incorporation of CFO inside the PZT
matrix (Ec ~40 kV/cm for PZT(95)/CFO(05) nanocomposite). Similar
behavior of Ps, Pg, and Ec were observed in their bulk counterparts
[21]. The smaller values of Ps and Py in the present case are associated
with the reduced particle size of the nanocrystals as compared to bulk
samples. For the samples with higher fraction of CFO phase, asymme-
trical P-E loops were observed, which is mainly due to the domination
of leakage current and non-linear dielectric effects caused by the con-
ductive CFO phase.

4. Conclusions

In summary, we have synthesized PZT/CFO multiferroic nano-
composites using a new composite sol-based synthesis technique that
yields homogeneous samples with enhanced interfacial coupling. This
allows the possibility to design materials with improved coupling be-
tween the two phases. We have demonstrated phase purity of the syn-
thesized samples, with no evidence of any undesired secondary phases.
Room temperature investigations of the magnetic and dielectric prop-
erties of the samples reveal the desired functionalities in the nano-
composites with the simultaneous occurrence of open M vs Hand P vs E
loops. Our work demonstrates a new and effective synthesis technique
that can be used to design functional nanocomposites with tunable
magnetic and electrical properties.
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