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Self-assembled �0.65�BiFeO3– �0.35�CoFe2O4 �BFO-CFO� nanostructures were deposited on
SrTiO3 �001� and �111� substrates by pulsed laser deposition at various temperatures from
500 to 800 °C. The crystal phases and the lattice strain for the two different substrate orientations
have been determined and compared. The films grow epitaxial on both substrates but separation of
the spinel and perovskite crystallites, without parasitic phases, is only obtained for growth
temperatures of around 600–650 °C. The BFO crystallites are out-of-plane expanded on STO�001�,
whereas they are almost relaxed on �111�. In contrast, CFO crystallites grow out-of-plane
compressed on both substrates. The asymmetric behavior of the cell parameters of CFO and BFO
is discussed on the basis of the role of the epitaxial stress caused by the substrate and the
spinel-perovskite interfacial stress. It is concluded that interfacial stress dominates the elastic
properties of CFO crystallites and thus it may play a fundamental on the interface magnetoelectric
coupling in these nanocomposites. © 2008 American Institute of Physics.
�DOI: 10.1063/1.2832346�

I. INTRODUCTION

Multiferroic materials are attractive because they have
two ferroic properties and the interactions between the mag-
netic and electric polarizations lead to additional functional-
ities. However, having multiferroic materials with ferroelec-
tricity and ferromagnetism in a single phase is difficult.1,2

The single phase magnetoelectric materials reported so far
have either too weak coupling at room temperature or cou-
pling occurs at very low temperature.3–5 A self-assembled
nanostructure with ferro�ferri�magnetic nanopillars embed-
ded in a ferroelectric matrix or vice versa and their magne-
toelectric coupling by lattice strain mediation is an appealing
alternative. Zheng et al. reported a model system of
BaTiO3–CoFe2O4 nanostructures which was multiferroic
and showed magnetoelectric coupling.6 Several other combi-
nations with immiscible perovskites �BiFeO3, PbTiO3� and
spinels �NiFe2O4, CoFe2O4� prepared by pulsed laser depo-
sition self-assemble into nanostructures too.7–9 Recently, it
has been reported that by using sputtering as deposition tech-
nique, in which the growth rate is lower, phase separation
can occur at lower temperature.10 Remarkably, Zavaliche et
al.7 demonstrated the electric field induced magnetization re-
versal at room temperature for BiFeO3–CoFe2O4 �BFO-
CFO� nanostructures, creating high interest in this system.

It has been reported that elastic coupling between the
perovskite and spinel system plays a major role in determin-
ing both the epitaxy and the magnetoelectric coupling of
these nanocomposites.11,12 Therefore, the study of the lattice
strain becomes very important to understand the strain me-
diation in these nanostructures. However surprisingly not

much has been reported on the dependence of lattice strain of
the perovskite and spinel system with growth temperature
and on different substrate orientations.

In this paper, we report our experimental results on the
growth of BFO-CFO nanostructures on SrTiO3 �STO� sub-
strates with different orientations, �001� and �111�. The influ-
ence of growth temperature on the crystal phases and their
strain is investigated. Phase separation and magnetic charac-
terization at the nanoscale is also studied by means of mag-
netic force microscopy.

II. EXPERIMENTAL

The BFO-CFO nanocomposite thin films were prepared
on STO �001� and �111� substrates by pulsed laser �KrF ex-
cimer� deposition with a repetition rate of 5 Hz. The target,
with 10% excess of bismuth, was prepared by conventional
solid state reaction. The substrate temperature was varied
from 500 to 800 °C and substrates with different orienta-
tions were placed simultaneously to ensure the same growth
conditions. The oxygen pressure was maintained at 0.1 mbar.
The films have similar thickness of about 100 nm.

The crystal structure of films was analyzed using x-ray
diffraction �XRD� by Cu K� �-2� scans of symmetrical re-
flections and � scans of asymmetrical reflections. Field emis-
sion scanning electron microscopy �FESEM� was used to
investigate the surface morphology. Magnetic force micros-
copy �MFM� with Si tip coated with Co–Cr in the tapping lift
mode was utilized to view the local magnetic domains.

III. RESULTS AND DISCUSSION

Figures 1�a� and 1�b� show XRD �-2� scans of the �001�
and �111� samples, respectively. The temperature indicated ina�Electronic mail: mrajaram@icmab.es.
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each �-2� scan corresponds to the film growth temperature
�TS�. We first consider the effects of varying TS on the struc-
ture of films grown on STO �001� �Fig. 1�a��. The most in-
tense peaks around 2�=22.7° and 46.4° correspond to the
�001� and �002� substrate reflections, respectively. The others
are diffraction peaks from the films. In the case of films
deposited at 600 or 650 °C only the �001� and �002� reflec-
tions of BFO and the �004� reflection of CFO are observed.
Vertical dotted lines in Fig. 1�a� indicate the positions of
these reflections as inferred from corresponding bulk cell pa-
rameters �a�BiFeO3�=0.396 nm and a�CoFe2O4�=0.839 nm
�Refs. 13 and 14��. Thus, the films grown on STO �001� at
TS=600–650 °C display the coexistence of the perovskite
phase and spinel phases with out-of-plane cell parameters
close to bulk ones; a clear �00l� texture is observed. On the
other hand, XRD � scans for the samples deposited at
650 °C �not presented here� showed that the two phases
grow epitaxially with �100�BFO�001� � �100�STO�001� and
�100�CFO�001� � �100�STO�001� epitaxial relationships. Im-
portantly, no other reflections are observed in the films
grown at TS=600–650 °C �notice that the intensity is plotted
in logarithmic scale in Fig. 1�. On the other hand, in the
XRD of films grown at lower temperature �TS=550 °C�, al-
though they still show the presence of distinguishable and

c-axis textured CFO and BFO phases, one can also appreci-
ate the existence of a very small reflection at 2��32°, that
can be assigned to Bi2O3�321�. XRD patterns of films grown
at even lower temperature display the progressive appear-
ance, well visible at TS=500 °C of two broad peaks centered
at around 2��19° and 38°. Their positions between those
expected for �111� textured crystallites of CFO and BFO sug-
gests the formation of a solid solution. Films grown at much
higher temperatures �TS=700, 750, and 800 °C� show a pro-
gressive reduction, even suppression, of the intensity of the
BFO reflections and only the spinel CFO �004� peak remains
well visible. It should be also noticed that at about 2�
�49.3°, an incipient reflection indexable as Fe2O3�024� de-
velops. Disappearance of BFO signatures and the accompa-
nying presence of Fe2O3 traces in the XRD pattern would
both result from bismuth evaporation at high temperature. In
earlier works on single phase BiFeO3 thin films,15,16 parasitic
Bi2O3 and Fe2O3 were also reported to appear at low and
high growth temperatures, respectively.

We consider now the films on STO�111� substrates. The
most intense peaks at 2��40° in Fig. 1�b� correspond to the
�111� substrate reflection. The peaks around 2��37° and 39°
correspond to the CFO�222� and BFO�111� reflections, re-
spectively, thus indicating that CFO and BFO grow �111�
textured. Similarly to what was found for films on �001�
substrates, the XRD patterns of films grown at TS

=600–650 °C reveal the presence of fully �111� textured
BFO and CFO phases without any parasitic phase. On the
other hand, XRD � scans for the samples grown at 650 °C
�not presented here� showed that the two phases grow epi-
taxially with �1−10�BFO�111� � �1−10�STO�111� and �01
−1�CFO�111� � �1−10�STO�111� epitaxial relationships. In-
terestingly enough, and in contrast to what was observed on
STO�001� substrates, coexisting BFO and CFO phases are
still well visible in films grown at lower temperature �down
to TS=500 °C� although the presence of segregated Bi2O3 is
revealed by the Bi2O3�310� reflection well visible in the TS

=550 °C pattern at 2�=27.6°. Films grown at higher �TS

�650 °C� also follow the same trend as in the case of �001�
substrate, with only CFO reflections visible likely due to
bismuth volatility. Therefore, the growth temperature win-
dow for impurity-phase free �at XRD sensitivity level� BFO-
CFO nanocomposite growth �001� and �111� STO substrates
is thus found to be similar.

The out-of-plane lattice parameters of CFO and BFO are
depicted against the substrate temperature in Figs. 2�a�–2�d�.

FIG. 1. �Color online� XRD �-2� pattern for the BFO-CFO nanostructures
grown on �a� STO�001� substrates �b� STO�111� substrates at various tem-
peratures. Diffracted intensity is plotted in logarithmic scale. Diffraction
peaks from parasitic phases are marked: �1� Bi2O3�321�, �2� Fe2O3�024�,
and �3� Bi2O3�310�.

FIG. 2. Temperature dependence of out-of-plane lattice parameter for �a�
CFO�001�, �b� BFO�001�, �c� CFO�111�, and �d� BFO�111�. Dashed lines
indicate the bulk values.
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Figures 2�b� and 2�d� reveal that the BFO�001� crystallites
are highly strained, with an out-of-plane strain of �1%, the
BFO�111� crystals are almost relaxed �the strain is lower
than �0.1%�. The BFO out-of-plane strain corresponds to an
expansion, as expected as there is an in-plane compressive
epitaxial stress �bulk BFO lattice parameter is longer
�0.396 nm� than that of STO �0.3905 nm��. Therefore, al-
though the lattice mismatch parameter between the STO sub-
strate and the BFO structure in the �001� and �111� textures is
identical, the subsequent elastic deformation of BFO is radi-
cally different.

On the other hand, CFO crystallites appear to be simi-
larly strained on both substrates; the out-of-plane parameter
of CFO is found to be somewhat smaller than that of bulk
CFO: around −0.4% and −0.6% for �001� and �111� crystals,
respectively. However, the strain corresponds to a compres-
sion; we emphasize that according to the bulk cell param-
eters of CFO and STO and assuming the most common sce-
nario of elastic epitaxy-induced deformation of lattices, in-
plane epitaxial compression, and subsequent out-of-plane
expansion should be expected. A similar effect on another
nanocomposite �BaTiO3–CoFe2O4� was reported recently
and it was suggested that the unexpected CFO lattice strain
could be due to the stress caused by the ferroelectric BaTiO3

matrix rather than the substrate.10,17 Therefore, we should
conclude that stress caused by the substrate is not the driving
force for the observed strain in CFO but the interface BFO/
CFO should play a major role and considering the dissimilar
strains observed in the BFO grown on STO�001� and �111�
substrates, the corresponding interfaces should be markedly
different.

It is clear from the FESEM images, in agreement with
earlier reports,18 that the microstructure of BFO/CFO nano-
composites on �001� and �111� STO substrates drastically
differ: whereas nanopillars of CFO in a BFO matrix are
formed on �001� STO, nanopillars of BFO in a CFO matrix
are obtained on �111�STO and subsequently, different inter-
faces are formed. In Figs. 3�a� and 3�b�, the FESEM images
of the films grown at 650 °C on �001� and STO �111� are
shown.

The ferromagnetic character of the nanopillars formed
on �001� has been monitored by comparing the topographic
and magnetic force images �Figs. 3�c� and 3�d�, respectively�
collected with the MFM microscope on the film deposited on
STO�001� at 650 °C. The topographic image confirms the
expected very rough surface, with height variations up to
80 nm. First the as-grown sample without any magnetic
treatment was viewed to know the initial magnetic state and
dark and bright structures were clearly observed �not shown
here� indicating that the sample has both up and down mag-
netic domains coinciding with the pillars observed in the
topographic image. Later, the sample was measured after
magnetizing it under 1 T. The phase image, shown in Fig.
3�d�, clearly shows that most of the domains are oriented in
one direction; they appear black implying repulsive forces
between the tip and the nanodomains. This was confirmed by
reversing the magnetization of the tip and subsequent con-
trast switching.

In summary CFO-BFO nanostructures on STO�001� and

�111� substrates were prepared at various temperatures. It
was found that the window to obtain CFO-BFO phase sepa-
ration without any parasitic phase is quite narrow
�600–650 °C� and similar for both substrates. The analysis
of the lattice strain on the resulting CFO-BFO nanocompos-
ites allows us to conclude that CFO-BFO interface strain
appears to overcome the epitaxial stress caused by the sub-
strate and dominates the elastic response of CFO crystallites.
This observation may have impact on understanding the mi-
croscopic nature of the reported magnetoelectric coupling in
similar nanocomposites.
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FIG. 3. �Color online� ��a� and �b�� FESEM images for films grown at
650 °C on STO�001� and �111�, respectively. ��c� and �d�� MFM topo-
graphic and phase images, respectively, from a sample grown on STO�001�
at 650 °C. The scan was done after magnetizing the sample with 1 T.
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