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Abstract

Bilayered CoFe,0,4/0.68Pb(Mg;,3Nb,/3)05—0.32PbTiO3 nanocomposite films are successfully prepared on Pt/Ti/SiO,/Si substrate via simple
sol—gel process. X-ray diffraction result reveals that there exists no chemical reaction or phase diffusion between the CoFe,0O4 and 0.68Pb(Mg,
3Nb,/3)03—0.32PbTiO; phases. The microstructure is characterized by scanning/transmission electron microscopy (STEM). The composite thin
films exhibit both strong ferroelectric and ferromagnetic responses at room temperature. The maximal magnetoelectric coupling coefficient of the
nanocomposite films reaches up to 25 mV/cm Oe, occurs at a lower bias magnetic field (Hy.) of 550 Oe.

© 2011 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

A great deal of investigation has been focused on
multilayered and nanostructured ferroelectric/ferromagnetic
thin films because of their potential applications in micro-
sensors, actuators and new magnetic memories [1,2]. Such
composite materials can display a spontaneous electric
polarization as a response to an external magnetic field, or
an induced magnetization by an applied electric field (i.e., a
magnetoelectric (ME) effect). Some deposition techniques
such as pulsed laser deposition [3], composition spreads [4],
and sol-gel process [5] have been used to fabricate various
magnetoelectric films. Of these techniques, sol—gel processis a
versatile and inexpensive technique for producing multiferroic
nanostructures, and particularly facilitates the fabrication of
complex oxide films. So far, different 2-2-type combinations
of ferromagnetic phase (e.g., CoFe,O4, NiFe,O4, and
La,_,Sr,MnOs;) and ferroelectric phase (e.g., PbZr,_,Ti, O3,
BaTiO3, Biy_,La,TizOq,, and BiFeOs3) have been investigated
by various experimental techniques [6—11]. However, to the
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best of our knowledge, experimental researches of CFO/PMN-
PT composite thin films have been rarely reported.

In this work, composite multiferroic thin films consisting of
top CoFe,0, (CFO) layer and bottom 0.68Pb(Mg;,3Nb,/3)O3—
0.32PbTiO5; (PMN-PT) layer have been successfully grown on
Pt/Ti/SiO,/Si substrate via a simple sol-gel process. The
microstructure of the cross-section sample was studied by
scanning/transmission electron microscopy (STEM). The
electrical, magnetic, and magnetoelectric properties were also
investigated.

2. Experimental

Multiferroic CFO/PMN-PT 2-2 type bilayered films were
prepared by a sol-gel process and spin-coating technique.
Cobalt nitrate hexahydrate Co(NOj3),-6H,0 and iron nitrate
nonahydrate Fe(NO3);-9H,0O were dissolved in 2-methaox-
yethanol to get a precursor solution of cobalt ferrite CoFe,Oy.
The PMN-PT precursor solution could be obtained via the sol—
gel process as reported previously [12]. Firstly, the PMN-PT
precursor solutions were spin coated on the Pt (1 1 1)/Ti/Si0,/
Si substrate at 4000 rpm for 30 s and pyrolyzed on a hot plate at
450 °C for 5 min. The pyrolyzed thin films were performed by
repeating above processes to obtain a desired thickness, and
finally annealed at 650 °C for 10 min by rapid thermal
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annealing (RTA). Secondly, the CFO precursor solutions were
spin coated repeatedly on the PMN-PT layer until the CFO
layer achieved a desired thickness via the same process. But the
second step of the annealing process was performed to
crystallize the CFO layer at 750 °C for 10 min by RTA.

The phase of the composite thin films and its orientation
were analyzed by X-ray diffraction (XRD, Rigaku, D/max-
2500/PC). The microstructure of the cross-section sample was
also studied by scanning/transmission electron microscopy
(STEM) equipped with a high-angle annular dark field
(HAADF) detector (FEI, Tecnai G° F20) operating at
200 kV. The ferroelectric hysteresis loops of the composite
thin films were measured by ferroelectric tester (Precision LC,
Radiant Technologies). The magnetic measurements were
performed with vibrating sample magnetometer (VSM, Lake
Shore, M-7407). The ME coupling properties were measured
by the applied alternating magnetic field (H) of 100 Oe over a
prescribed frequency of 1 kHz under various dc bias magnetic
fields (Hy.) of up to 6 kOe. The voltage signal generated from
the films induced by the in-plane magnetic field was measured
through a lock-in amplifier (SRS Inc., SR850, Sunnyvale, CA).

3. Results and discussion

Fig. 1 shows the XRD patterns of CFO/PMN-PT nano-
composite thin films rapidly heat-treated at 650 °C and then
post heat-treated at temperature of 750 °C for 10 min. It is
found that all the peaks corresponding to CFO and PMN-PT
compositional phases. The PMN-PT layer was mainly crystal-
lized to perovskite phase. However, a little trace of pyrochlore
phase (at angles 20 = 29° and 34°) was also detected. The layer
exhibited a highly (11 1) preferred orientation when first
pyrolyzed at 450 °C, and then annealed by the two-step process,
of which the orientation controlling is the same as the single
phase PMN-PT films. CoFe,O, phases are polycrystalline
structures and have no evident preferential crystallographic
orientations. It was reported that the (1 1 1)-oriented PMN film
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Fig. 1. XRD patterns of CFO/PMN-PT nanocomposite thin films.

was preferentially formed due to low interfacial energy, which
resulted from the fact that the lattice parameters of Pt (11 1)
crystal plane matched closely with those of PMN (1 1 1) [13].
The bottom PMN-PT layer of composite films has been
completely crystallized before deposited the top CFO layer.
Thus, the PMN-PT keeps the (1 1 1) preferential orientation
unchanged after annealing at 750 °C for 10 min.

Fig. 2 shows cross-sectional bright-field TEM (a) and
HAADF-STEM (b) images of the CFO/PMN-PT nanocompo-
site films grown on the Pt/Ti/SiO,/Si substrate. The micro-
structure of different layers is obvious as well as the substrate.
The interfaces between two layers are indicated by arrows. The
tungsten (W) layer was coated to protect sample surface during
FIB processing. These images clearly show that each layer was
almost uniform in thickness and that all the interfaces were
smooth. As shown in Fig. 2(a) and (b), the cross-sectional
images clearly display the bilayered nanostructures, with a total
thickness of ~325 nm. The bottom PMN-PT layer with (1 1 1)

-

Fig. 2. Cross-sectional bright-field TEM (a) and HAADF-STEM (b) images of the CFO/PMN-PT nanocomposite films grown on the Pt/Ti/SiO,/Si substrate. The

interfaces between two layers are indicated by arrows.



M. Feng et al./Ceramics International 37 (2011) 3045-3048 3047
120 500
r 10 Volt b —¢— CFO/PMN-PT (out)
400 | —-— CFO/PMN-PT (in) et
90| 15 Volt L . _cFo (out) e
— N gﬁﬁfw
r— 20 Volt & 300 —-—CFO (in)
«— 60 25 Volt 5 I
2 200}
§ L ——— 30 Volt 2 [
o 30 35 Volt o 100}
= L L
~ g 0
g Or k=
= | ©
& N 100 -
= 30 |7}
3 L 5 200}
©
[« T -
60 = 300}
90 | -400 |
120 L— 1 L 1 L 1 L 1 1 1 L 1 L -500 *
-1200 -800  -400 0 400 800 1200 -20 15 20

Electric Field (kV/cm)

Fig. 3. Polarization vs. electric field (P-E) hysteresis loops for CFO/PMN-PT
nanocomposite thin films with different applied voltages.

preferential orientation has a thickness of ~250 nm, while the
CFO layer has a thickness of ~75 nm. The average atomic
number of PMN-PT is larger than that of CFO, and thus in the
HAADF-STEM images the PMN-PT layer appears lighter in
contract than that of the CFO layer.

The polarization versus electric field (P—E) hysteresis loops
under the applied voltage in the range of 10-35 V are shown in
Fig. 3. The well-defined ferroelectric loops were observed in the
nanocomposite thin films. The polarization and coercive field
increase with increasing applied voltage. The remnant polariza-
tion P, and saturated polarization P are 22.6 and 37.1 wC/cm? at
an applied voltage of 10 V, respectively, for the nanocomposite
thin film. Compared to the pure PMN-PT films described in Ref.
[12], the composite films have higher coercivity (E. = 80.8 kV/
cm) because of the clamping effect resulted from the top CFO
layer and the substrate during the switching of ferroelectric
domains. Secondly, the CFO layer would cause lower effective
voltage drop in the PMN-PT than the applied one, since the CFO
layer of lower resistance also consumes some voltage [14].
Therefore, the coercivity of composite thin films is higher than

that of the pure PMN-PT films. 1.0
Fig. 4 shows the typical magnetic hysteresis loops of the
nanocomposite films which were measured with fields up to o8 L *

15 kOe by applying magnetic fields parallel to the film plane (in
plane) and perpendicular to the film plane (out of plane). The
nanocomposite thin films demonstrated a much lower satura-
tion magnetization (M) and coercivity (H,) than the pure CFO
thin film as shown in Fig. 4. Both the in-plane and out-of-plane
loops have similar shapes, and the saturation magnetization of
the in-plane and out-of-plane loops shows 293 and 236 emu/
cm’, respectively, which are lower than that of the pure
CoFe,0,4 films (Mg=416 and 311 emu/cm3). On the other
hand, the coercivity H. of the composite thin film is about
785 Oe and 860 Oe for both the in-plane and out-of-plane
loops, much lower than that of the pure CoFe,O, films
(H. =927 and 1145 Oe). The in plane H. is slightly smaller
than the out of plane H. while M is in reverse, which means the
spins in-plane rotate relatively easily but are harder to saturate.

Magnetic field (kOe)

Fig. 4. In-plane and out-of plane magnetic hysteresis loops of the CFO/PMN-
PT nanocomposite thin films. The hysteresis loops of the pure CFO thin films
are also shown for comparison.

This illustrates that the magnetic anisotropy in the composite
thin film is evident. This shape anisotropy of the magnetic
behavior is undoubtedly related to the CFO nanosheet structure
that is oriented along in-plane directions. The saturation
magnetizations are smaller than that of the pure CFO film,
which should be ascribed to the compressive strains in the CFO
phase caused by the lattice mismatch between the CFO and
PMN-PT phases, leading to this easier magnetization char-
acteristic due to the piezomagnetic effect [15].

The ME measurements were carried out by applying both
constant (Hy.) and alternating (§y) magnetic fields parallel to
the film plane. The change in the voltage increment 6V induced
by the in-plane dc bias magnetic field Hy. in the CFO/PMN-PT
bilayered films is shown in Fig. 5. The ME response presents
the trend of increases to its maximum at about 550 Oe and
then decreases with increasing dc magnetic field Hy.. Our
observation is in agreement with the bulk composite ceramics.
The maximal ME coupling coefficient, defined as ag = §V/5Ht
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Fig. 5. Magnetically induced voltage increment §V as a function of dc bias
magnetic field Hy. at 1 kHz for the CFO/PMN-PT bilayered thin films.
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(¢ being the total thickness of the bilayered thin films), reaches
up to about 25 mV/cm Oe, higher than that of the CFO/PZT
bilayered films [14]. This result indicates that the CFO/PMN-
PT nanocomposite film is a good candidate as a working
material for ME random access memories and ME microsensor.

4. Conclusions

In summary, we have measured the ferroelectric and
ferromagnetic response of CFO/PMN-PT nanocomposite thin
films grown on Pt/Ti/SiO,/Si substrate. X-ray diffraction
analysis shows that all the peaks corresponding to CFO and
PMN-PT compositional phases without the appearance of any
additional or intermediate phase peaks. The PMN-PT phase in
the multiferroic thin films was preferably oriented in the (1 1 1)
orientation. HAADF-STEM image clearly shows that each
layer was almost uniform in thickness and that all the interfaces
were smooth. The nanocomposite thin films present strong
coexistence of ferroelectric and ferromagnetic properties. The
magnetically induced voltage increases to its maximum at
about 550 Oe and then decreases with increasing dc bias
magnetic field Hy.
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