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Abstract

2-2 Type layered CFO/PZT (CoFe2O4/Pb(Zr0.52Ti0.48)O3) magnetoelectric composite films with four different structures were prepared on
Pt/Ti/SiO2/Si substrates via a sol–gel method. These films annealed at 700 1C contain PZT and CFO phase without impurity phases. The prepared
composite films exhibit 2-2 type layered structures with obvious interfaces and no diffusions exist between CFO and PZT films. Ferromagnetic
and ferroelectric responses were simultaneously observed in the composite films. These composite films exhibit good magnetoelectric coupling
effects and the magnetoelectric voltage coefficients (αE) increase with increasing the volume contents of CFO films in composite films. The
αE value of composite film (2PZT/4CFO/2PZT/4CFO/2PZT) reaches a maximum (227 mV cm�1 Oe�1) among all the prepared composite films.
& 2014 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

It is well-known that the multiferroic materials exhibit magneto-
electric (ME) coupling effect between the ferroelectric and
ferromagnetic phases apart from the conventional ferroelectric
and ferromagnetic properties. The ME coupling effect is a
spontaneous electric polarization induced by an external magnetic
field [1–5], which is usually characterized by ME voltage
coefficient αE (αE=dE/dH, where E is the induced electric field
and H is the applied magnetic field [4]). Multiferroic materials are
of great concern owing to their attractive multi-functional features
and potential applications in multi-functional devices such as
transducers, actuators, and sensors [6–9]. Nowadays, it is well
recognized that the ME coupling effect actually arises from the
mechanical interactions which originate from the magnetostrictive
and piezoelectric effects in individual phases of magnetoelectric
composite films [10–12]. In order to fabricate the composite films
with enhanced ME coupling effect, ferromagnetic phases with
large magnetostrictive effect and ferroelectric phases with large
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piezoelectric effect should be needed [8,10]. Owing to a greater
magnetostrictive coefficient of CoFe2O4 (CFO) and a greater
piezoelectric coefficient of Pb(ZrxTi1�x)O3 (PZT), CFO/PZT
composite films have stimulated extensive interests [13–16].
However, the applications of the magnetoelectric composite films
for multi-functional devices are still limited due to their weak
magnetoelectric coupling effects. Consequently, various research
groups have been trying to improve the magnetoelectric coupling
properties of the composite films [13,16,17].
Generally speaking, the multiferroic composite films have

three different structures including 0-3 type, 1-3 type, and 2-2
type [4]. It is found that ME voltage coefficients cannot be
directly measured in 0-3 and 1-3 structured films owing to a
leakage problem, which results from the low resistance of the
ferromagnetic phase in the ferroelectric matrix [4]. In addition,
it is not very easy to control growths of the composite films
with 0-3 or 1-3 type structures [18]. Noticeably, the leakage
currents of ME composite films with 2-2 type or layered
structures can be significantly reduced by isolating the low
resistive ferromagnetic layers with insulating ferroelectric
layers [12]. And it is easy to control the growth of composite
films with 2-2 type structures [19,20]. Therefore, the 2-2 type
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composite films have become potential candidates for magne-
toelectric applications. Wan et al. [21] and Ortega et al. [22]
deposited the multilayer ferroelectric and ferromagnetic film
on the substrate successively in order to prepare 2-2 type
PZT/CFO composite films, which were unexpectedly changed
Fig. 1. Schematic diagrams of CFO/PZT composite films with different thickn
(d) P2C4P2C4P2.
to 0-3 type films after being annealed [21,22]. This may be due
to the diffusions between the PZT and CFO films in the
composite films, implying that it is more difficult to prepare
the PZT/CFO composite films with 2-2 type structures.
Recently, a lot of researches have been dedicated to the
esses of CFO films; (a) P2C1P2C1P2, (b) P2C2P2C2P2, (c) P2C3P2C3P2 and



Fig. 2. XRD patterns of CFO powders annealed at different temperatures.
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preparation of ME multilayer films, however, up to now, few
reports on the relationships among the structures and ferro-
electric, ferromagnetic properties, ME properties of the com-
posite films are available [23,24].

In this work, the CFO/PZT composite films with 2-2 type
structures were prepared on the substrate (Pt/Ti/SiO2/Si) via
a sol–gel process and spin-coating technique. The composite
films have clear interfaces between CFO and PZT phases.
No impurity phases were found in the prepared composite
films. In addition, the authors also investigated the relation-
ships between the structures and properties of the composite
films by modifying the volume contents of CFO films in the
composite films, with the aim to obtain 2-2 type composite
materials with high ME coupling effects.

2. Experimental

Iron nitrate (Fe(NO3)3 � 9H2O), cobalt nitrate (Co(NO3)2 � 6H2O)
and citric acid (C6H8O7 �H2O) were firstly dissolved into anhy-
drous alcohol to form a mixed solution. The molar ratio of Fe2þ :
Co2þ :C6H8O7 was 2:1:6. After the solution was stirred for 5 h at
60 1C, the anhydrous alcohol was added to obtain 0.15 mol/L CFO
sol solution. Then, it was continuously stirred for 2 h and placed at
room temperature for 24 h to form a stable CFO precursor solution.

Tetrabutyl titanate (Ti(C4H9O)4) and zirconium nitrate pentahy-
drate (Zr(NO3)4 � 5H2O) were dissolved into 2-methoxyethanol
separately to obtain two kinds of solutions. Lead acetate trihydrate
(Pb(CH3COO)2 � 3H2O) was dissolved into glacial acetic acid
(CH3(COOH)2) to obtain a solution. The above-mentioned three
kinds of solutions were firstly mixed. Then, Zr(NO3)4 � 5H2O
solution was added to obtain a homogeneous solution. The
molar ratio of Pb2þ :Zr4þ :Ti4þ was 1.1:0.52:0.48 (excessive
10 mol% Pb2þ is required to compensate the loss of lead during
annealing). 2-Methoxyethanol was added to obtain the PZT sol
solution (0.30 mol/L), which was stirred and heated at 60 1C for
24 h to obtain a stable precursor solution of PZT. The precursor
solution was yellowish and clear.

The precursor solution of PZT was spin-coated on the
substrate (Pt/Ti/SiO2/Si) at a spinning rate of 3000 rpm for
30 s. Then, the gel film was dried at 140 1C for 2 min. This
spin-coating/drying procedure was repeated several times until
the required two-layered PZT films were obtained. The PZT
films were annealed at different temperatures for 10 min. The
preparation processes of CFO films were similar to those of
PZT films.

In order to prepare the composite films, the PZT starting
precursor solution was spin-coated on the substrate (Pt/Ti/
SiO2/Si) and dried. This spin-coating/drying procedure was
repeated two times to obtain PZT films with two layers. The
films were annealed at 700 1C for 10 min. Then, the CFO
starting precursor solution was spin-coated on the PZT films
and dried. This spin-coating/drying procedure was repeated
different times to obtain CFO films with different layer
numbers according to the structures of the composite films.
The films were also annealed at 700 1C for 10 min. The final
composite films were prepared by repeating the above process.
In order to investigate the relationships between the structures
of multilayered films and the multiferroic properties, the
authors prepared the composite film with the structure,
2PZT/1CFO/2PZT/1CFO/2PZT (abbreviated as P2C1P2C1P2,
where P stands for PZT films, C stands for CFO films, the
number in the subscript stands for the spin-coating repeating
times) firstly. Subsequently, three composite films with struc-
tures of P2C2P2C2P2, P2C3P2C3P2 and P2C4P2C4P2 were
prepared for comparison. The schematic diagram of CFO/
PZT composite films with different structures is shown in
Fig. 1. The authors are able to investigate how the volume
contents of the CFO films in the composite films can influence
the multiferroic properties of the composite films by fixing the
thicknesses of PZT films in the composite films.
The CFO and PZT precursor solutions were dried at 80 1C

in an oven to obtain powders. The phase compositions and
crystallographic structures of the powders and composite films
were performed by using an X-ray diffraction (D/Max-rB,
Rigaku, Japan) with CuKα radiation. The surface and cross-
section morphologies of the CFO, PZT and composite films
were observed with a field-emission scanning electron micro-
scope (Sirion200, FEI, USA). The ferromagnetic behaviors
of the CFO and composite films were detected by a vibration
sample magnetometer (BHV-55, Riken, Japan). The ferro-
electric behaviors of the PZT and composite films were
characterized by using a ferroelectric tester (Precision LC,
Radiant Technologies, USA). Magnetoelectric effects of the
composite films were measured by using a self-designed
magnetoelectric measuring device. Ag electrodes with a
diameter of 150 μm were deposited through a shadow mask
on the PZT and composite films before testing the ferroelectric
and magnetoelectric properties.
3. Results and discussion

Fig. 2 depicted X-ray diffraction (XRD) patterns of CFO
powders annealed at different temperatures. It illustrates that
powders annealed at 550 1C contain more amount of impurity
phase (Fe2O3) except the main phase (CFO). With increasing
annealing temperature, the relative amount of impurity phase
decreases remarkably. It is apparent that there is no detectable
secondary phase when the annealing temperature reaches



Fig. 3. XRD patterns of PZT powders annealed at different temperatures.

Fig. 4. XRD patterns of the composite films with different layer numbers of
CFO films annealed at 700 1C for 10 min; (a) P2C1P2C1P2, (b) P2C2P2C2P2,
(c) P2C3P2C3P2 and (d) P2C4P2C4P2.

Fig. 5. SEM image of surface of one-layered CFO film.

Fig. 6. SEM image of cross-section of one-layered CFO film.
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700 1C. Consequently, the lowest annealing temperature of
CFO is 700 1C. Fig. 3 shows X-ray diffraction (XRD) results
of the PZT powders annealed at different temperatures. It
shows that the PZT powders annealed at 500 1C are composed
of the main phase (PZT phase) and more amount of secondary
phase, i.e. pyrochlore. The relative amount of pyrochlore
decreases with increasing annealing temperatures. It is appar-
ent that there is no detectable secondary phase when the
temperature is increased to 650 1C. Consequently, the lowest
annealing temperature of PZT is 650 1C. Based on the results
of XRD, CFO and PZT films should be annealed at 700 1C and
650 1C to assure the formation of pure phases, respectively.
Therefore the annealing temperature of the composite films
was set at 700 1C to ensure the formation of pure CFO and
PZT phases. Fig. 4 demonstrates XRD patterns of the CFO/
PZT composite films with different layer structures annealed at
700 1C. For all of the four composite films, they are all
composed of PZT and CFO phases apart from Pt phase from
the substrate, with no impurity phases. It is consistent with the
XRD results of CFO and PZT powders. It also shows that the
PZT and CFO phases can separate from each other completely
without forming intermediate phases, which is important for
the composite films to possess greater ME coupling effects
[25]. It can also be seen that the CFO and PZT films in the
composite films have polycrystalline structures and the com-
posite films do not exhibit preferentially crystallographic
orientation. It is also observed that the crystallinity of PZT
film is higher than that of CFO film. This may be due to the
fact that the crystallization temperature of PZT film is lower
than that of CFO film [11].

Fig. 5 shows SEM image of surface of one-layered CFO
film. It shows that the film has compact structure and small
amount of cracks without any pore. Fig. 6 shows SEM image
of cross section of one-layered CFO film. It is seen that
the thickness of CFO film is about 49.0 nm. Noticeably, the
accurate interface between the CFO film and substrate is
difficult to identify, implying that the diffusion between the
CFO film and substrate may occur. Fig. 7 shows SEM image
of surface of two-layered PZT film. It demonstrates that the



Fig
(c)
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film has even grains without cracks and pores. Fig. 8 shows
SEM image of cross section of two-layered PZT film. The
thickness of two-layered PZT film is 97.0 nm. Average
Fig. 7. SEM image of surface of two-layered PZT films.

Fig. 8. SEM image of cross-section of two-layered PZT films.

. 9. SEM cross-sectional images of the composite films with different thickness of
P2C3P2C3P2 and (d) P2C4P2C4P2.
thickness of single layered PZT film is 48.5 nm. The interface
between PZT film and substrate is clear and flat. No transition
layer is observed. This indicates that there is no obvious
diffusion between PZT film and substrate. Based on the SEM
results of the CFO and PZT film, the PZT film, not the CFO
film, was first deposited on the substrate in order to avoid the
diffusion between the film and substrate. PZT film deposited
on the substrate can also act as a buffer layer to reduce the
restraint of the substrate to the strain of the film and improve
the ME coupling effects of the composite films [13,26].
The SEM cross-sectional images of the CFO/PZT composite

films with four different layered structures are shown in Fig. 9.
It is seen that all of the four composite films have 2-2 type
layered structures other than 0-3 or 1-3 type structures. The
composite films are dense and well crystallized. It also
indicated that the composite films have obvious interface
between CFO and PZT film without forming transition layer.
This implies that there is no obvious diffusion between the
CFO and PZT phase. It will be helpful to reduce the leakage in
the composite films and therefore improve the ME coupling
effects of the composite films [27]. It also reveals that the four
composite films have layered or 2-2 type structures, not 0-3
type structures. For these composite films, the film thicknesses
of PZT and CFO films, volume contents of CFO films are
listed in Table 1. From Table 1, it is clear that, with increasing
the thicknesses of CFO films in the composite films, the
volume contents of CFO films in composite films increase. The
volume contents of CFO films will greatly affect the ferro-
electric, ferromagnetic and magnetoelectric properties of the
composite films, which will be discussed later.
CFO films annealed at 700 1C for 10 min; (a) P2C1P2C1P2, (b) P2C2P2C2P2,



Table 1
The thicknesses of the CFO and PZT films, volume contents of CFO films in
the CFO–PZT composite films.

Type of composite
films

The corresponding
film thicknesses (nm)

Volume contents
of CFO films (%)

P2C1P2C1P2 88.1, 48.5, 70.5, 44.0, 74.9 28.4
P2C2P2C2P2 79.3, 138.0, 106.0, 123.0, 103.0 47.5
P2C3P2C3P2 108.0, 185.0, 82.6, 187.0, 79.0 58.0
P2C4P2C4P2 94.0, 200.0, 83.7, 194.0, 86.7 59.8

Fig. 10. Magnetic hysteresis loops of the composite films with different
thickness of CFO films and the pure CFO film annealed at 700 1C for 10 min;
(a) P2C1P2C1P2, (b) P2C2P2C2P2, (c) P2C3P2C3P2, (d) P2C4P2C4P2 and (e) pure
CFO film.

Table 2
The ferromagnetic parameters of the CFO–PZT composite films and pure
CFO film.

Films Volume contents
of CFO films (%)

Mr (emu cm�3) Hc (Oe)

Composite films (P2C1P2C1P2) 28.4 18.80 1667.91
Composite films (P2C2P2C2P2) 47.5 78.07 1510.99
Composite films (P2C3P2C3P2) 58.0 99.72 1458.66
Composite films (P2C4P2C4P2) 59.8 113.62 1262.43
Pure CFO film 100.0 187.19 1092.36

Fig. 11. P–E hysteresis loop of the pure PZT film and the composite films
annealed at 700 1C for 10 min, testing at 100 Hz.
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Magnetic hysteresis loops of pure CFO film and four
composite films are presented in Fig. 10. It is clear that the
five magnetic hysteresis loops exhibit obvious ferromagnetic
properties and reach the saturated state. The results drawn from
Fig. 10 are listed in Table 2. It is also seen that the remanent
magnetizations (Mr) of the composite films increase with
increasing the volume contents of CFO films in the compose
films. The reason is that the Mr values of the composite films
are mainly determined by the relative amount of ferromagnetic
phase [28]. The Mr value of the composite film (P2C4P2C4P2)
reaches the maximum (113.62 emu/cm3), which is much lower
than that of pure CFO film (187.19 emu/cm3). This may be due
to the smaller volume contents of CFO phases in the composite
films than that in pure CFO film. In addition, the coercive
magnetic fields (Hc) of composite films decrease with increas-
ing the volume contents of the CFO films. This may be
attributed to the magnetostatic interactions between adjacent
CFO films [13]. The Hc values of the composite films are
greater than that of pure CFO films (1092.36 Oe). The reason
may be that the substrate can restrict the rotation of magnetic
domain and, therefore, the Hc values of the composite films
will be enhanced [27].
Fig. 11 shows polarization–electric field (P–E) hysteresis

loop of the four composite films and pure PZT film at room
temperature. The results drawn from Fig. 11 are listed in
Table 3. It is clearly seen that the remanent polarizations (Pr)
of the composites decrease with increasing the volume con-
tents of CFO films. This may be due to the dilute influence of
ferromagnetic phases on the composite films [4]. The Pr value
of the composite film (P2C4P2C4P2) reaches a minimum
(3.54 μC cm�2), which is much lower than that of pure PZT
films (Pr¼11.01 μC cm�2). However, the coercive electric
fields (Ec) of the other three composite films are very close
except that of the composite film (P2C1P2C1P2). The reason is
not clear now. The Ec values of composite films are much
greater than that of pure PZT film (81.59 kV cm�1). This may
be attributed to the influence of CFO phase with comparatively
high conductivity [4].
The variations of αE with magnetic bias (Hbias) for the four

composite films are shown in Fig. 12. It is clear that these
composite films exhibit significant ME coupling properties
which depend on Hbias. With increasing Hbias, the αE values of
the four composite films increase quickly, reach maximum
when Hbias is near 460 Oe, then decrease. It should be noted
that the αE values of the four composite films increase with
increasing the volume contents of CFO films at the same Hbias.
For ME coupling effects mainly arise from the magnetic–
mechanical–electric transformations through the stress-
mediated transfers in the interfaces of the composite films
[10,11], therefore increasing volume contents of CFO phases
with low Hc values and high magnetostrictions will be of help



Table 3
The ferroelectric parameters of the CFO–PZT composite films and pure PZT film.

Films Volume contents of CFO films (%) Pr (μC cm�2) Ec (kV cm�1)

Composite films (P2C1P2C1P2) 28.4 11.01 106.93
Composite films (P2C2P2C2P2) 47.5 8.66 146.83
Composite films (P2C3P2C3P2) 58.0 7.54 147.23
Composite films (P2C4P2C4P2) 59.8 3.54 147.55
Pure PZT film 0 11.31 81.59

Fig. 12. Variations of αE with Hbias for the CFO/PZT composite film annealed
at 700 1C for 10 min; (a) P2C1P2C1P2, (b) P2C2P2C2P2, (c) P2C3P2C3P2 and
(d) P2C4P2C4P2.
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to improve ME coupling effects of the composite films [29].
Moreover, the maximum of αE (227 mV cm�1 Oe�1) was
found in the composite film (P2C4P2C4P2), which is much
greater than those reported in Ref. [30] (35 mV cm�1 Oe�1)
and Ref. [31] (155 mV cm�1 Oe-1).
4. Conclusions

2-2 Type CFO/PZT composite films with four different
volume contents of CFO films were deposited on substrates
(Pt/Ti/SiO2/Si) by sol–gel method and spin-coating technique.
The composite films have not only ferromagnetic and ferro-
electric, but also magnetoelectric coupling properties. When
annealed at 700 1C, the four composite films are composed of
CFO, PZT phase and Pt phase from the substrate without
impurity phases. The four composite films exhibit 2-2 type
layered structures with obvious interfaces between CFO and
PZT films. There is no obvious diffusion between CFO and
PZT films in the composite films. With increasing the volume
contents of CFO films in composite films, the Mr values of the
CFO/PZT composite films increase, the Hc and Pr values
decrease. However, the Ec values of the composite films
do not change obviously except that of the composite film
(P2C1P2C1P2).

The four composite films exhibit magnetoelectric effects.
The αE values of the composite films increase with increasing
the volume contents of the CFO films in composite films. The
maximum of αE, 227 mV cm�1 Oe�1, was observed in the
composite film (P2C4P2C4P2), which is much greater than
those of other's results. The ME composite films with high
values of αE will be attractive for technological applications.
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