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I
n the past decade there has been signifi-
cant interest in the design and develop-
ment of pillar-and-matrix nanocomposite

oxidematerials for functional applications.1�4

One class of oxide materials where this ap-
proach has been very effective is multiferroic
systems.2,5�7 This is primarily triggered by the
paucity of truly single-phasemultiferroics that
show strong ferroelectric and ferromagnetic
properties simultaneously, particularly at tem-
peratures appealing for devices.8�11 Further-
more such nanocomposite multiferroics
systems allow epitaxial strain and substrate

orientation effects to be exploited in order to
achieve accurate control over shape, density,
and dimensions of the nanopillars.12,13 Com-
binations of ferroelectric (FE) and ferro(i)-
magnetic (FM) oxides in epitaxial nanocom-
posites also allow mutual controllability
through the elastic coupling interactions
across the FE�FM interface.
In systems that have been popular thus

far, the FM material is chosen from the
AB2O4 spinel family (such as CoFe2O4 or
NiFe2O4) and the FE material is chosen from
ABO3 “simple cubic” perovskites (such as

* Address correspondence to
matsumoto@atomol.che.tohoku.ac.jp.

Received for review September 12, 2013
and accepted November 7, 2013.

Published online
10.1021/nn404779x

ABSTRACT

Epitaxial self-assembled ferro(i)magnetic spinel (CoFe2O4 (CFO)) and ferroelectric bismuth layered perovskite (Bi5Ti3FeO15 (BTFO)) pillar�matrix

nanostructures are demonstrated on (001) single-crystalline strontium titanate substrates. The CFO remains embedded in the BTFO matrix as vertical

pillars (∼50 nm in diameter) up to a volume fraction of 50%. Piezoresponse force microscopy experiments evidence a weak out-of-plane and a strong in-

plane ferroelectricity in the BTFO phase, despite previously reported paraelectricity along the c-axis in a pure BTFO film. Phenomenological

Landau�Ginzburg�Devonshire-based thermodynamic computations show that the radial stress induced by the CFO nanopillars can influence these

ferroelectric phases, thus signifying the importance of the nanopillars. The CFO pillars demonstrate robust ferromagnetic hysteresis loops with little

degradation in the saturation magnetization (ca. 4 μB/f.u.). Thus BTFO�CFO nanocomposites show significant promise as a lead-free magnetoelectric

materials system.
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BaTiO3, PbTiO3, and BiFeO3), respectively. The two
constituent materials selected are such that they are
immiscible at the growth temperatures in order to
promote the two-phase nucleation and a clean inter-
face between the pillar and the matrix. For further
development of new multiferroic epitaxial nanocom-
posites bismuth-layer-structured ferroelectrics (BLSFs)
demonstrate significant potential. BLSFs are (i) lead-
free and hence environmentally friendly, (ii) show
robust polarization values commensurate to most lead-
based ferroelectrics, and (iii) have been shown to be
virtually resistant to polarization fatigue.14,15 In addition
to this, since theBLSFmaterials have a stronganisotropy in
the spontaneous polarization, they offer the unique op-
portunity to tailor the ferroelectricpolarizationbymeansof
an epitaxial strain at the two-phase boundary. Despite
these well-known features, BSLFs have not attracted
attention as candidates for such nanocomposite systems.
At the same time there is an unanswered question:

can the strain induced by the pillar phase induce new
types of ferroic order parameters? For example, can the
local radial strain imposed by the nanopillars induce
ferroelectric polarization along crystallographic direc-
tions that would normally not exhibit any polar proper-
ties in the corresponding bulk phase? If this can be
shown, then an entirely unexplored pathway of mak-
ing ferroelectrics, namely, exploiting local strain from
inclusions, can be developed. This would complement
current ideologies, such as either tuning the bulk com-
position or using epitaxial strain, that are commonly
employed to develop new ferroelectrics.

In this study we report the synthesis of a new lead-
free multiferroic nanocomposite. The matrix is com-
posed of a BSLF FE material, bismuth iron titanate with
the chemical formula Bi5Ti3FeO15 (BTFO), and the
pillars are the FM component composed of the well-
known ferromagnetic spinel cobalt ferrite (CoFe2O4:
CFO). The nanocomposite is synthesized on (001)
oriented SrTiO3 single-crystal substrates via a combi-
natorial pulsed laser deposition technique. It is shown
that the density of the pillars can be systematically
controlled by the volume fraction of CFO deposited.
The radial stress induced by the CFO nanopillars is
found to be sufficient to induce a weak out-of-plane
polarization in the BTFO matrix and a very strong in-
plane polarization component, as detected by piezo-
response force microscopy. This is distinctly absent in
BTFO thin films of comparable thickness, thus signify-
ing the importance of the nanopillars. The magnetic
measurements for BTFO and BTFO/CFO nanocompo-
site films show that most magnetization arises from
CFO nanopillars with little degradation of the satura-
tion magnetization.

RESULTS AND DISCUSSION

Figure 1a is a typical set of X-ray diffraction (XRD)
patterns of the BIT�CFO nanocomposite films ob-
tained either by depositing BIT and CFO simultaneously
froma singlemixed target of BIT�CFO (30 vol %CFO) or
by alternating pure BIT and CFO targets such that the
nominal CFO compositionwas 40 vol%. These twoXRD
patterns are almost identical to each other. They both

Figure 1. (a) XRDpatterns of BTFO�CFO thin films via simultaneous deposition (red) and alternating deposition (blue). (b and
c) SEM images showing that CFO is well dispersed in the BTFOmatrix throughout the entire sample. (d and e) BFTEM images
showing that the nanopillars grow vertically to the bottom of thematrix. (f) EDS revealing the elemental composition of both
nanopillars and matrix.
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indicate the presence of the CFO phase growing with
(001) out-of-plane orientation. Most interestingly they
confirm the formation of a new single phase different
from BIT. This is identified to be Bi5Ti3FeO15 (BTFO)
growing with (001) out-of-plane orientation. Scanning
electron microscopy (SEM) analysis (Figure 1b) con-
firms the pillar�matrix nanocomposite to grow over
the entire sample surface area. Figure 1c is a high-
magnification SEM image that reveals the nanopillars
(∼50 nm in average width) as dark areas embedded in
a bright(er) matrix phase. The morphology is very
similar to previously reported vertical nanopillar nano-
composites structures.1,16,17 Bright-field transmission
electron microscope (TEM) images (Figure 1d and e)
clearly confirm that the nanopillars run right to the
substrate, although the walls are not perfectly vertical.
To identify the chemical composition of the nanopillars
vis-à-vis the matrix, cross-section TEM-EDX (energy-
dispersive X-ray spectroscopy) analysis was carried
out. The chemical EDS analysis maps (Figure 1f) reveal
the nanopillars are CFO and the matrix is BTFO.
The results from the structural characterization ex-

periments reveal that some of Fe atoms from the CFO
phase get incorporated into the BIT lattice to form the
BTFO phase. This happens irrespective of the manner

of deposition (i.e., either co-deposition of CFO and BIT
or alternate deposition of each component) on Nb:
STO. However, it is noted that this is not a stoichio-
metric reaction, and hence some excess Co and/or
Ti atoms as the result of the BTFO phase formation
must be precipitated. In fact, some precipitates were
indeed found on the surface, as shown in SEM images
of Figure 1b and c, although no impurity phase was
detected by either XRD or TEM. Nevertheless, the
nanocomposite structure can be controlled. For exam-
ple, the density of the CFO pillars increases linearly as
the starting ratio of CFO increases up to 50 vol % with
the size of nanopillars remaining unchanged (Figure S1).
Note that the same BTFO�CFO nanopillar�matrix
structure could be also obtained even starting from
BTFO and CFO targets, which indicates that the nano-
pillar composite structure is the most stable phase
under the presented growth conditions.
High-resolution TEM (HRTEM) was then carried out

to investigate the nature of the interface separating the
two phases as well as identify the epitaxial relation-
ships of the two-phase sample. The selective area
electron diffraction (SAED) patterns of BTFO and CFO
(see Figure 2a insets) from Figure 2a show the crystal-
lography of BTFO and CFO, respectively. They agree

Figure 2. (a) HRTEM image of the CFO pillar in BTFOmatrix with SAED of BTFOmatrix (inset bottom left) and CFO pillar (inset
top right) showing the crystallography and the epitaxial relationship between BTFO and CFO. (b) HRTEM image (obtained
fromadifferent region frompart a) showing the interface betweenBTFOandCFO. The insets show the FFT images fromBTFO,
the interface, and CFO, respectively. (c) GPA of the HRTEM image in part b. (d) Schematic explaining how the radial stresses
induce the coupling.
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with the fast Fourier transform (FFT) images (inset to
Figure 2b) obtained from local regions via ImageJ
software, thus confirming that the SAED patterns
capture the local lattice arrangements without com-
plications arising from multiple layers or neighboring
phases. Distinct and clear diffraction spot reflections
are observed for both SAED patterns, confirming that
the BTFO and CFO are both single crystalline. As a [001]
oriented STO substrate was used, the epitaxial relation-
ship between the thin film and the substrate can be
determined by indexing the SAED patterns. The epi-
taxial relationships of BTFO andCFOwith respect to the
STO substrate are as follows:

BTFO[110]==STO[100]([010])
CFO[100]==STO[100]([010])

Figure 2b is a high-resolution image of the BTFO�
CFO interface. The long stacking structure of the
layered perovskite of BTFO along the c-axis can be
clearly observed from this image. The c-axis lattice
parameter of BTFO measured from HRTEM is approxi-
mately 4.11 ( 0.1 nm, in good agreement with JCPDS
(082-0063) data. Reciprocal space mapping of the
BTFO�CFO composite film (not shown) revealed that
the lattice constants, both in-plane and out-of-plane, of
the matrix (0.385 nm in pseudocubic (pc) notation and
4.11 nm) andpillars (0.418 nm in pc notation) are nearly
relaxed and close to those of the corresponding bulk.
The latticemismatch between BTFO andCFO for the in-
plane (8.15%) and the out-of-plane (1.93%) is large
enough to drive the nucleation of many misfit disloca-
tions along the tubular interface, as is confirmed by
TEM, discussed next.
In order to further understand the nature of the

interface as well as map the local strain between the
BTFO matrix and CFO nanopillars, geometric phase
analysis (GPA)18 was carried out. Full details are given
in Supporting Information S2. The GPA analysis for
a typical CFO�BTFO interface is shown in Figure 2c.
The scale bar shows changes in the lattice spacing
measured relative to the CFO pc a-axis parameter
(0.418 nm). It reveals that the CFO�BTFO interface is

inhomogenously strained. However further away from
the interface the BTFO relaxes to its bulk lattice param-
eter. GPA analysis of the BTFO/STO interface revealed
that the BTFO is fully relaxed (Supporting Information S2)
along the substrate interface. The inhomogenous
strain close to the nanopillars along with the decay of
strain from the tubular interface is one of the crucial
features of this system. As will be discussed in the
theory section, the local strain that stems from CFO
nanopillars has significant influence on the stability of
the ferroelectric polarization states. A schematic of this
system is given in Figure 2d and further explained
within the context of the pillar density dependence
(Figure 4) and the theoretical model (Figure 5).
Piezoresponse forcemicroscopywas then employed

to investigate the ferroelectric domain and polariza-
tion switching properties of the film. Figure 3 shows
the topography (a), out-of-plane piezoresponse (OPP)
(b), and in-plane piezoresponse (IPP) images (1 �
1 μm2 area) acquired simultaneously for a nanocom-
posite film with 23 vol % CFO. The nanopillars appear
as white oval-shaped features in the topography im-
age. Comparing the OPP and IPP images to the topo-
graphy, we find that the nanopillars (marked by blue
circles in the piezoresponse images) show zero (weak)
signal. This reconfirms our assignation of the individual
phases of the nanocomposite. CFO is a nonpolar
material19 and hence should appear as zero signal
regions. On the other hand, the BTFO matrix shows
(weak) OPP and (strong) IPP contrast. Nakashima et al.
have investigated the ferroelectric D�E hysteresis
loops of epitaxial BTFO films with different orienta-
tions.20 They show that since BTFO is essentially a
derivative of bismuth titanate (which has a layered
ferroelectric structure), the polarization must primarily
lie along the a�b plane and it is paraelectric along the
c-axis. Indeed, when a pure BTFO filmwas examined by
piezoresponse force microscopy (PFM), the ferroelec-
tric domain structure was observed to lie purely in-
plane along the a-axis and the OPP response showed
zero signal (Figure S3). In contrast, for the BFTO�CFO
nanocomposite in Figure 3 there is a clear OPP signal,
although it is muchweaker than the corresponding IPP

Figure 3. Simultaneously acquired PFM images of BTFO�CFO (23 vol%CFO) sample (1� 1 μm2 area). (a) Topography images
withnanopillars shown inwhite color. (b)OPP image showingweak signals for both nanopillars (markedby yellowcircles) and
matrix. (c) IPP image showing zero contrast for the nanopillars (marked by yellow circles) and strong contrast for the matrix.
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signal. The nanocomposite can be imagined to be
equivalent to a BTFO film, which is penetrated by
several CFO nanopillars. As already mentioned above,
the lattice constants measured by XRD for both phases
are almost relaxed, but the careful strain mapping by
TEM indicates an inhomogeneous strain exists at the
interface. This is the key part of the interaction me-
chanism: CFO nanopillars impose a local radial stress
(see schematic of Figure 2d) that influences the ferro-
electric domain switching behavior.
This is further explored in Figure 4a�d. We present

IPP PFM images for four compositions where the
volume fraction of the CFO is systematically increased
(a, 5%; b, 20%; c, 35%; and d, 45%). The square box
domain pattern was written by scanning the PFM tip
withþ6 V bias over a 3� 3 μm2 area followed by 1.5�
1.5 μm2 area scan with the probe biased at �6 V. The
corresponding OPP images are given in Figure S4, and
we find that there is an increasing (but still weak)
OPP signal with increase in the nanopillar volume frac-
tion. Most distinctly, as the volume fraction of the CFO
pillars increases, the IPP signal as well as the contrast
achieved becomes stronger, saturating at the 35%
composition. For compositions with CFO greater than
this volume fraction, the PFM signal deteriorated con-
siderably, as now the CFO becomes the matrix and
the BTFO constituent may begin to take the shape of
nanopillars. This means that the phase stability of the
polarization is affecteddramatically around thenanopillars.
To understand how the presence of the nanopillars

can create new polar phases with a polarization
component along the a- and c-axes, thermodynamic
Landau�Ginzburg�Devonshire (LGD) computations
were carried out. LGD allows us to focus on the
thermodynamic stability of local observations of ferro-
electric nanodomain structures for both out-of-plane
and in-plane polarization directions and their aniso-
tropic behavior. The possibility to observe out-of-plane
polarization direction in the BTFO matrix strained
by CFO inclusions is revealed from a BTFO phase
diagram, which is plotted in the coordinates of applied
stress vs the favorable polarization direction. In actu-
ality, quasi-cylindrical CFO inclusions primarily create

inhomogeneous in-plane radial stresses (σ11 = σ22 =
σFF) inside the BTFO matrix. Approximate analytical
expressions for inhomogeneous radial strains in the
BTFOmatrix due to the difference in thermal expansion
coefficients (σFF

t ) of cylindrical CFO inclusions of radius
R and electrostriction effect in BTFO (σFF

Q ) are fully
developed in Supporting Information S5. It is very
important that the stresses' decay obeys the power
law outside the CFO inclusions, F g R,

σFF(F) ¼ σt
FF(F)þ σQ

FF(F)� (R=F)2 (1)

That is, they must be long-range (see Figure 5a) and
can create the stress-induced transition in the BTFO
matrix. Quantitatively the stresses given by eq 1 readily
reach relatively high values (up to several GPa). De-
pending on the sign of the stress and CFO inclusions
concentration (volume fraction), the regions near the
inclusions (or even far enough from the inclusions for
larger volume fractions) can be under either compres-
sive or tensile strain. As a result, either the in-plane (aa-
phase, tensile strain) or out-of-plane (c-phase, com-
pressive strain) polarization direction can become
more favorable. Also the in-plane and out-of-plane
aac-phase (mixed phase) can be favorable. One can
expect that the polarization direction can be changed
more strongly in the immediate vicinity of the inclu-
sions, where the stress field changes are the highest.
Analytical calculations of the BTFO phase diagram
were performed within the Landau theory with ma-
terial parameters listed in Supporting Information S5.
As all Landau parameters for BTFO are unavailable, the
simulations were performed using some of the materi-
al parameters corresponding to the Auruvilius com-
pound of bismuth titanate (Bi4Ti3O12, BIT), while other
parameters were defined exactly for BTFO by fitting to
available experimental results. In particular, the values
of electrostriction Qij for BTFO were determined from
the lattice constants' temperature dependences, namely,
a(T) = a0(1 þ Q11P1S

2 (T)), b(T) = b0(1 þ Q21P1S
2 (T)), and

c(T) = c0(1 þ Q31P1S
2 (T)) available from refs 21 and 20.

P1S is the spontaneous polarization component. Below
we also compare the results for BTFO and BIT.

Figure 4. (a�d) IPP piezoresponse force microscopy (PFM) images for four compositions where the volume fraction of the
CFO is systematically increased (a, 5%; b, 20%; c, 35%; and d, 45%). The square box domain pattern was written by scanning
the PFM tipwithþ6 V bias over a 3� 3 μm2 area followed by 1.5� 1.5 μm2 area scanwith the probe biased at�6 V. The panel
confirms that the IPP PFM signal, as well as the contrast achieved, becomes stronger with increasing CFO pillar density,
saturating at the 35% composition.
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The form of the LGD potential for both BTFO and BIT
is given by

FR=R�1(P21 þ P22)þR�3P23 þR�33P43
þR�13(P21 þ P22)P

2
3 þR�12P21P22 þR�11(P41 þ P42)

þR111(P
6
1 þ P62)þR333P

6
3 þR3333P

8
3 (2)

Here we suppose 4/mmm symmetry of the paraelectric
phase of the bulk material. Coefficients R1

* = R1(T) �
(Q11 þ Q12)σFF, R3

* = R3(T) � 2Q13σFF are renormalized
due to the in-plane stress σFF.

22 This renormalization
primarily shifts the transition temperature between
different ferroelectric phases, since Ri(T) = Ri

T(T �
TCi
bulk).23 The higher order LGD expansion coefficients
for thin epitaxial films clamped on a rigid substrate are
renormalized by electrostriction coupling as R11

* = R11
σ þ

((Q11
2 þQ12

2 )s11� 2Q11Q12s12)/(2(s11
2 � s12

2 )),R13
* = R13

σ þ
Q13(Q11 þ Q12)/(s11 þ s12), R33

* = R33
σ þ Q13

2 /(s11 þ s12),
and R12

* = R12
σ � ((Q11

2 þ Q12
2 )s12 � 2Q11Q12s11)/

(s11
2 � s12

2 ) þ Q66
2 /(2s66). For the thick freestanding slab

the coefficients are R11
* = R11

σ , R33
* = R33

σ , R12
* = R12

σ , and
R13
* = R13

σ .
The calculated phase diagram in the coordinates of

temperature vs radial stress σFF is shown in Figure 5b
for the films clamped on a rigid substrate and Figure 5c

for the freestanding BIT slabs. Dependencies of in-
plane (P1,2) and out-of-plane (P3) polarization compo-
nents on in-plane stress σFF in BIT are shown in
Figure 5d. As it follows from Figure 5d, in-plane polar-
ization is evidently stronger than the out-of-plane
component, and a tensile stress of more than þ2 GPa
is required to destroy P3. Note that we see rather weak
differences between the phase diagram and polariza-
tion values at temperatures lower than 500 �C for the
freestanding slabs and clamped films. This is impor-
tant; it is critical evidence that all observed effects
originate from radial stresses imposed by the CFO
inclusions, while the substrate influence is negligible.
We also note that the vertical boundary between FEC
and PE phases on the temperature�stress phase dia-
gram is related to the independence of R3 on tem-
perature for the case of BIT, as obtained by Cross and
Pohanka.24 Using the BIT parameters as a guide, we
calculated the BTFO phase diagram in coordinates of
temperature vs radial stress σFF and estimated the
critical compressive stress σcr required for the appear-
ance and stabilization of the out-of-plane polarization
component in BTFO at room temperature as �0.2 GPa
from Figure 5e. Since CFO inclusions are much stiffer
than the BTFO matrix, it is natural to assume that they

Figure 5. (a) Radial stress of BTFO matrix in dependence on the distance from the CFO inclusion. Inset: Scheme of CFO
inclusion that “pushes away” the BTFO matrix in the radial direction, creating its compression, and (b) phase diagram of BIT
film clamped on a rigid substrate calculated in coordinates of temperature and in-plane stress σFF. (c) Phase diagram of a
freestanding BIT slab calculated in coordinates of temperature and in-plane stress σFF. PE is for paraelectric phase; FE is for
ferroelectric phases with different polarization orientations (a, in plane; c, out of plane).Q13 =�0.1 m4/C2. (d) Dependence of
in-plane (P1,2) and out-of-plane (P3) polarization components on in-plane stressσFF for freestanding BIT slab (solid curves) and
the film clamped on a rigid substrate (dashed curves). Temperature T = 25 �C. (e) BTFO phase diagram in coordinates of
temperature�stress calculated for Q13 = þ0.3 m4/C2. (f) Dependence of in-plane (P1,2) and out-of-plane (P3) polarization
components on in-plane stress σFF for BTFO film clamped on a rigid substrate (solid curves) and freestanding slab (dashed
curves) calculated for T = 25 �C and Q13 = þ0.3 m4/C2 (b).
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indeed compress the matrix up to such (enough
moderate) values. Overall Figure 5e for BTFO resembles
BIT diagrams from Figure 5d, only shifted along the
x-axis to negative (compressive) stresses. But in con-
trast to BIT, a compressive in-plane radial strain is
critical for the stabilization of a weak out-of-plane
polarization component (the aac-phase) in BTFO. De-
pendencies of in-plane (P1,2) and out-of-plane (P3)
polarization components on in-plane stress σFF in BTFO
are shown in Figure 5f. As it follows from Figure 5f, out-
of-plane polarization is evidently stronger than the
in-plane component, at a compressive stress of more
than�0.2 GPa. A tensile stress is required to destroyP3
and stabilize the in-plane component P1,2.
Having demonstrated polarization switching prop-

erties, attention is now paid to themagnetization behav-
ior of this nanocomposite system. Figure 6 shows a set
of in-planeM�H curves measured at 10 K for BTFO and

BTFO/CFO nanocomposite films. The BTFO/CFO nano-
composite exhibited a strong magnetization with a
hysteresis loop that would originate from the ferro(i)-
magnetic nature of the nanocomposite, while almost
no magnetization was observed for pure BTFO, al-
though there are some claims of its having ferro(i)-
magnetism as well as ferroelectricity. Therefore most of
magnetization of the nanocomposite film should arise
from the CFO nanopillars; in fact, the saturation magne-
tization value is found to be very close to that of the pure
CFO film, ca. 4 μB/f.u., estimated by considering the
volume fractionofCFO in thecomposite (inset inFigure6),
and thus none of the CFO nanopillars embedded in BTFO
were degraded in themagnetic property. The concurrent
emergence of the out-of plane polarization of BTFO
coupledwith strongmagnetic properties shownby the
CFO indicates that the elastic coupling at the interface
between CFO and BTFO could be systematically ex-
ploited to realize direction-dependent multiferroic
properties. This is currently the focus of ongoing
research and will be reported in the near future.

CONCLUSION

In summary we have shown a new bismuth-layered
ferroelectric-spinel ferrite nanocomposite, namely,
BTFO�CFO, grown epitaxially on (001) STO substrates.
The CFO phase forms vertical nanopillars about 50 nm
in diameter, irrespective of the volume fraction of CFO.
HRTEM analyses show that the tubular interface be-
tween the nanopillars and thematrix is heavily strained
and that the pillars are not perfectly vertical. This gives
rise to a local shear, which is predicted to induce
sufficient radial stresses that stabilize a weak out-of-
plane and strong in-plane ferroelectric phase in the
BTFO matrix. The saturation magnetization value is
found to be very close to that of the pure CFO film,
ca. 4 μB/f.u., estimated by considering the volume
fraction of CFO in the composite, and thus no degrada-
tion in the magnetization values is observed.

METHODS
Bi4Ti3O12 and CFO were selected as the starting materials.

They were either simultaneously or alternatively deposited on
0.5 wt % Nb-doped SrTiO3 (001) (Nb:STO) by pulsed laser
deposition with total film thicknesses of 100 to 200 nm. The laser
fluence and repetition ratewere 2 J/cm2 and 4�15Hzdepending
on the deposition rate. The growth temperature was between
650 and 700 �C, and the oxygen partial pressure was 500 mTorr.
The phase identification was made by X-ray diffraction and
transmission electron microscopy with energy-dispersive X-ray
spectroscopy analysis. The surface morphology of the films was
observed by scanning electron microscopy and atomic force
microscopy. The ferroelectric domain structure and polarization
switching properties of the nanocomposite films were investi-
gated using piezoresponse force microscopy. Details of the tip
and imaging conditions are described in an earlier paper.25 A
superconductingquantum interferencedevice (SQUID)was used
to examine the magnetic property of the films.
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Figure 6. Set of in-plane M�H curves measured at 10 K for
BTFO and BTFO/CFO nanocomposite (30 vol % CFO). A
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