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The BiFeO3—Pb(Zr 5,Ti( 45)O3 composite film in which BiFeO; nanoparticles are distributed in the
Pb(Zr(, 5,Ti 43)O3 matrix was prepared by electrophoretic deposition method. The microstructural
characterization revealed the structural distortion of the BiFeO; phase, induced by the unique
BiFeO;—Pb(Zr( 5,Tiy43)03 core/shell structure. The composite film exhibited evidence of
ferroelectricity with enhanced ferromagnetism as well as a magnetoelectric effect. The two origins
for the magnetoelectric effect are presented. This present work provides a promising roadmap to
improve the magnetoelectric effect of BiFeOs-based multiferroics for actual applications. © 2008
American Institute of Physics. [DOI: 10.1063/1.3028089]

In the past few decades, there has been an increasing
interest in multiferroic materials due to their attractive physi-
cal properties and potential applications in sensors, data stor-
age devices, transducers, etc.! Up to date, many multiferroic
compounds such as Cr,03, YMnOj3, TbMnO;, etc. have been
found.”™ Unfortunately, for most of them the magnetoelec-
tric effect at room temperature is too small to be utilized for
practical purpose.

Recently, the multiferroic BiFeO; compound (BFO)
(with perovskite ABO; structure) has been drawing much
attention because it exhibits both ferroelectricity and antifer-
romagnetism above room temperature. However, the room-
temperature magnetoelectric effect in pure BFO is still weak
due to its weak magnetism and ferroelectricity as well as
high leakage current. Many attempts have been made to
solve these problems. For example, in order to reduce the
leakage current or enhance the ferroelectricity of BFO, sev-
eral approaches, including the preparation of solid solution
with other ferroelectric materials (e.g., BaTiO;)° and the
fabrication of A-site-ion-doped BFO compounds (e.g.,
Bi;_.Sm,FeO;, Bil_xLaXFeO3),6’7 have been developed. On
the other hand, based on the structure modulation, some
routes have been developed to enhance the magnetism of
BFO, including the preparation of epitaxial BFO films® and
B-site-ion-doped BFO compounds (e.g.,BiFe;_ Mn, O3,
BiFel_,C_yCobeyO3).9’10 In spite of these, up to now there are
few reports on enhancement of both ferroelectric polarization
and magnetization in BFO-based materials, which is impor-
tant for strong magnetoelectric coupling.

In this letter, we report the achievement of simultaneous
enhancement of ferroelectricity and ferromagnetism in a
core-shell BFO—-Pb(Zr 5,Tiy43)O03 (PZT) composite film.
Due to the introduction of highly insulating PZT with good
ferroelectricity, the ferroelectricity and insulating property of
the composite film can be improved. Meanwhile, the good
interfacial coupling between BFO and PZT will lead to the
structure distortion of BFO, which significantly enhances the
magnetization of BFO. Therefore, strong magnetoelectric
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coupling in such composite film can be expected.

We developed an effective method, namely, electro-
phoretic deposition technique, to prepare the BFO-PZT com-
posite film. First, the BFO particles with average diameter of
~50 nm were synthesized via sol-gel method and then dis-
persed into 2-methoxyethanol solution in which polyvi-
nylpyrrolidone (PVP) (K-30) was added to control the vis-
cosity for the formation of the stable suspension solution.
During the electrophoretic deposition, two platinum plates
were used as the cathode and anode. A Pt/ Ti/SiO,/Si wafer
was chosen as the substrate, which was clamped on the cath-
ode. The applied voltage between the electrodes was 350 V.
The electrophoretic deposition lasted 5 min. After that, the
substrate with deposited BFO particles was dried in air for 5
min at 280 °C. Scanning electron microscopy (SEM) (LEO-
1530VP) revealed that most BFO particles were discretely
distributed on the substrate surface [shown in inset (a) of Fig.
1]. Subsequently, based on the sol-gel process, two-layer
PZT gel films were spin coated onto the substrate with BFO
particles to form the composite film. Finally, the composite
film was annealed at 650 °C in a rapid annealing oven for 5

FIG. 1. SEM image of the BFO-PZT composite film. Inset (a) is the SEM
image of the BFO particles on the substrate deposited by electrophoretic
deposition process and inset (b) is the cross-section SEM image of the
composite film.
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FIG. 2. (Color online) XRD patterns of the (a) BFO-PZT composite film
and (b) pure BFO film. The left inset is the magnified XRD patterns in the
vicinity of 26=51° and the right inset is the Raman spectra of the films.

min under the oxygen atmosphere with O, flow of 2 L/min.
The final film thickness is #~200 nm.

The surface and cross-section SEM images of the com-
posite film were then examined, as shown in Fig. 1. The
composite film exhibits the mixed connective types. That is,
the film consists of the upper PZT thin layer and the bottom
composite layer (2-2 type) and in the bottom layer the BFO
particles are uniformly distributed in the PZT matrix (0-3
type). The volume fraction of the BFO particles in the com-
posite film, which is calculated using the energy dispersive
x-ray spectrum, is ~0.22. In addition, one observes that each
BFO particle is closely wrapped by an outer PZT layer and a
core/shell structure is formed. The formation of such core/
shell structure should be attributed to the PVP, which acts as
a soft template to induce the nucleation and growth of the
PZT layer on the surface of BFO particles.”

In each core/shell structure, since there exists the lattice
mismatch between BFO and PZT (PZT has tetragonal struc-
ture with a=b=4.036 A and c=4.146 A, while BFO is of
rhombohedral structure with a=b=c=5.63 A), a stress in-
side BFO particles will be generated, which results in the
crystal lattice distortion of BFO. In order to confirm this, we
analyzed the x-ray diffraction (XRD) spectrum of the film, as
shown in Fig. 2, spectrum (a). Two evident sets of diffraction
peaks were observed. Apart from these reflections from BFO
and PZT, there exist no additional or intermediate phase
peaks. In addition, from the magnified patterns in the vicinity
of 26=51° (shown in the left inset of Fig. 2), two neighbor-
ing BFO diffraction peaks of (116) and (122) tend to merge
into a single broad peak [Contrastively, in the pure BFO film
prepared by a sol-gel process, these two peaks are clearly
separate, as shown in Fig. 2, spectrum (b)]. This indicates
that the structure of BFO in the composite film is signifi-
cantly distorted, giving rise to the transition from the rhom-
bohedral structure to tetragonal one.'? Furthermore, we per-
formed the microarea Raman spectra analysis (Ntegra
Spectra Nanolaboratory, NT-MDT Co.) on the samples. The
data are presented in the right inset of Fig. 2. For pure BFO
film, the Raman peaks at ~160 and ~200 cm™, respec-
tively, correspond to the A,;(2TO) and A,(3TO) phonon
modes associated with the Bi—O bond. Comparatively, for
the BFO-PZT composite film, the corresponding peaks have
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FIG. 3. (Color online) Magnetic hysteresis loop measured at room tempera-
ture for the (a) BFO-PZT composite film, (b) pure BFO film, and (c) BFO
nanoparticles. Inset is the XPS spectrum of the composite film.

an evident redshift and broadening, which implies that there
exists internal stress in the BFO phase.13

Figure 3(a) presents the field dependent in-plane magne-
tization of the composite film measured at room temperature
by a superconducting quantum interference device magneto-
meter. The composite film exhibits evident ferromagnetic
characteristic (The out-plane magnetization loop is almost
the same as the in-plane one, not shown here). The saturation
magnetization is as high as M~ 14 emu/cc, much larger
than that of the BFO film [~3 emu/cc, as shown in Fig.
3(b)] and the BFO nanoparticles [~1 emu/cc, as shown in
Fig. 3(c)]. According to previous investigations, the ferro-
magnetism enhancement in our composite film may be at-
tributed to two reasons. One is the formation of Fe?* ions in
BFO,14 and the other is the internal stress in BFO.® In order
to examine whether there are Fe?* ions in our composite
film, we further performed the x-ray photoemission spectros-
copy (XPS) measurement, as shown in inset of Fig. 3. It is
well known that Fe 2p core level splits into 2p,,, and 2ps),
components. The binding energy of Fe 2p5,, is expected to
be 710.7 eV for the Fe** while 709.3 eV for the Fe?*. From
the XPS spectrum, we observe that the peak of Fe 2p;, is
exactly located at 710.8 eV. Moreover, its satellite peak is
closer to the side of the Fe 2p,,, peak. These two character-
istics indicate that the Fe valence in the composite film
should be Fe3* and there is no Fe?* ions."”> Accordingly, we
confirm that the ferromagnetism enhancement in the com-
posite film should be mainly caused by the internal stress in
BFO.

For the ferroelectric measurement, Au electrodes with
diameter of 0.2 mm were deposited onto the film surface.
Figure 4 presents the ferroelectric polarization of the com-
posite film as function of electric field measured by a RT-
66A ferroelectric measuring unit. The measurement fre-
quency is 500 Hz and the applied voltage is in the range of
2—-10 V. The composite film exhibits evidence of ferroelec-
tricity. The remanent polarization reaches 2P,=39 uC/cm?
at 50 MV/m, which is better than that of pure BFO ceramics
and most BFO films,'®!” and comparable to those ion-doped
BFO films.*” We notice that at high electric field the ferro-
electric loop of the film somewhat shows the rounded char-
acteristic of leakage. In order to understand this further, we
subsequently carried out the steady-state leakage current
measurement, as shown in the upper inset of Fig. 4. The
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FIG. 4. (Color online) Polarization as function of electric field in the BFO-
PZT composite film. Upper inset is the leakage current as function of elec-
tric field. Bottom inset is the variation in the increment in ap with Hy;,
measured at f=1 kHz.

voltage was stepped at 20 mV/step with duty cycle of 100%
and integrate time of 320 ms. It is seen that the leakage
current in the film is ~2.7X 107% A at 50 MV/m. In spite of
this, the leakage under low electric field is too small to be
ignored, which does not influence the magnetoelectric effect.

We finally measured the magnetoelectric effect of the
composite film. A small alternating magnetic field H (5 Oe,
generated by a pair of Helmholtz coils) together with a par-
allel magnetic bias H,;, (generated by an electromagnet)
were applied along the film plane. The induced voltage V
was measured using a lock-in amplifier (SRS Inc., SR830).
During the measurement, the system was well electric-
shielded and the interfering signal caused by the electromag-
netic induction of the system was carefully eliminated. The
magnetoelectric effect was characterized by the magneto-
electric voltage coefficient az=d(V/t)/dH. The bottom inset
of Fig. 4 presents the increment in az(Aag) as function of
H,;,, at fixed alternating magnetic frequency f=1 kHz. A
strong magnetoelectric coupling in the composite film was
observed. The Aayp value increases with the increasing
Hy;,s until it reaches the maximum at Hy;,,~5.1 kOe, and
then drops. The maximum Aqy value is as high as
~300 mV/cm Oe, much larger than previously reported
values in the other BFO-based materials. ™

We then discuss the origin of magnetoelectric effect in
the composite film. First and importantly, BFO plays a key
role in the magnetoelectric coupling process. Some previous
investigations revealed that in an analogous multiferroic
compound any reversal of the ferroelectric order parameter
was accompanied by a simultaneous reversal of the magnetic
order parameter.20 In detail, the spontaneous electric polar-
ization in BFO is directed along the [111] axes, while the
preferred orientation of the magnetic moments is in the
(111) plane.?' Thus it is expected that the ferroelectric
switching leads to the reorientation of the ferromagnetic or-
der, consequently leading to a magnetoelectric coupling in
BFO. Another non-negligible origin should be attributed to
the product property, namely, the magnetomechanical-
electric transformation through the stress-mediated transfer
on the interface between the ferromagnetism of BFO and
ferroelectricity of PZT."" We notice that our composite film
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is composed of enormous number of core/shell BFO-PZT
particles. Although these particles are randomly aligned
along various orientations, each core/shell structure is well-
defined with good interface, which is even analogous to a
heteroepitaxial structure. Therefore, the interaction between
BFO and PZT in each core/shell particle is greatly efficient,
consequently results in the strong magnetoelectric coupling
in whole composite film. We believe that the above two mag-
netoelectric coupling processes as well as their cooperative
effect are all crucial for the magnetoelectric effect in the
composite film.

In summary, the core/shell BFO-PZT composite film
was prepared by electrophoretic deposition technique com-
bined with sol-gel process. Due to the unique core/shell
structure, the composite film exhibits evidence of ferroelec-
tricity with enhanced ferromagnetism as well as a magneto-
electric effect. The two origins, namely, direct coupling
between ferroelectric and ferromagnetic orders in BFO
and ferroelectric-ferromagnetic coupling between BFO and
PZT, are responsible for the magnetoelectric effect in the
composite film.
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