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Abstract
We fabricated epitaxial (1 − x)BiFeO3–xBaTiO3 (x = 0.1–0.7) solid solution films on niobium
doped SrTiO3(001) substrate. The x-ray diffraction analysis of the films indicates
compressively strained growth for the composition x < 0.3 and strain relaxed growth for the
composition x � 0.3. Correspondingly, the films showed a structural change from a
rhombohedral (or modified monoclinic MA) phase to a tetragonal phase near the composition
x ∼ 0.3. Interestingly the ferroelectric measurements showed a distinct difference between the
compositions, with the boundary at x ∼ 0.3, above which the films remain in a highly resistive
state. The magnetic measurements revealed a weak ferromagnetic signature for the films of
composition x � 0.5.

1. Introduction

In recent times, there has been a flurry of research activities on
the multiferroic materials, with the possibility of controlling
the ferroelectric/magnetic property by means of applied
magnetic/electric field [1–6]. Among them, BiFeO3 is a
promising material due to its large reported ferroelectric
polarization in films [5, 7]. Bulk BiFeO3 single crystals
exhibit a ferroelectric transition at ≈1100 K [8], and an
antiferromagnetic Néel temperature at ≈643 K [9]. In the bulk,
BiFeO3 has a distorted perovskite structure with rhombohedral
crystal symmetry (lattice parameter a = 3.958 Å, α =
89.30◦) [10] and the reported saturation polarization (Ps) value
is only 6.1 μC cm−2 at 77 K [11]. However, Wang et al [5]
reported remnant polarization (Pr) values of 50–60 μC cm−2

in BiFeO3 epitaxial films. Although the enhancement was
initially attributed to the tetragonal symmetry and the strain
effect, the first-principles calculations predicted that BiFeO3

crystal in its rhombohedral crystal symmetry could possess a
theoretical Pr value of around 100 μC cm−2 [12, 13].

However, the measurement of polarization in BiFeO3 is
hampered by large leakage current due to deviation from

oxygen stoichiometry and defects. Some workers have even
argued that the enhanced polarization of BiFeO3 in films
reported could be attributed to the extra charge inflow based
on the leakage current [14]. Hence improvement of the
electrical resistivity is essential for successful development of
this material for practical use. Although there were a few
earlier attempts to overcome the leakage current by forming
solid solutions with highly insulating materials, either the
polarization value is small [15] or the characterization is
limited to the bulk [16, 17]. The aim of this study is to
fabricate and investigate a series of solid solution films of
BiFeO3 and an insulating perovskite. We used BaTiO3 as an
insulating perovskite to form solid solutions. The fabricated
(1−x)BiFeO3–xBaTiO3 (x = 0.1–0.7) films are characterized
for their structure, electric and magnetic properties. Our
results demonstrate a structural change from a rhombohedral
(or modified monoclinic MA) phase to a tetragonal phase with a
high polarization value in the former (∼60 μC cm−2 at 150 K)
compared to the latter phase (∼24 μC cm−2 at 300 K). We also
showed that the leakage current is highly reduced in our solid
solution films of composition x > 0.3.
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2. Experimental details

We have fabricated the (1 − x)BiFeO3–xBaTiO3 (x = 0.1–
0.7) solid solution films on (001) oriented conducting Nb–
SrTiO3(001) (Nb–STO) substrates by a pulsed laser deposition
technique (PLD). The targets are made from the powders
of Bi1.1FeO3 and BaTiO3 by mixing them in appropriate
ratios. The mixed powders are subjected to calcinations with
intermediate grindings. Final sintering of the targets is carried
out at temperatures in the range of 850–950 ◦C. The films
are deposited at 720 ◦C by maintaining the PLD chamber at
an oxygen partial pressure of 100 mTorr. We used a KrF
excimer laser (248 nm, Lambda Physik), with laser fluence
and repetition rates of 1.5 J cm−2 and 3 Hz, respectively for
all the depositions. The films are characterized by x-ray
diffraction (XRD) for their structure. We used a Rigaku x-
ray diffractometer for θ–2θ scanning of our films. φ scans and
reciprocal space mapping were recorded using a Bruker X’Pert
four-circle high resolution x-ray diffractometer using Cu Kα

radiation (λ = 0.154 18 nm). For electrical measurement;
gold top-electrodes 100 μm in diameter are deposited using
a shadow mask. The polarization versus electric field (P–E)
hysteresis loops are measured using a low temperature probe
station (Desert Cryogenics) and T –F analyser (aixACCT) at
2 kHz. Magnetic properties are measured using a magnetic
property measurement system (Quantum Design).

3. Results and discussion

3.1. Structural properties

The films with x = 0.1–0.7 were grown epitaxially with
their c-axes perpendicular to the plane of the substrate. As
an example, in figure 1(a) we show the XRD θ–2θ pattern of
the x = 0.5 film. In the XRD pattern, we see only the (00l)
peaks along with substrate peaks. No other impurity peaks are
seen in the pattern, confirming single-phase formation of the
film. For clarity, in the inset of figure 1(a), we show rocking
curve scans of the (001) plane for x = 0, 0.2 and 0.5 films.
The inset shows that the full width at half-maximum values
of the rocking curves are <0.1◦, confirming good crystalline
quality of the films. In figure 1(b), the XRD θ–2θ patterns
around the (001) reflection for the films with x = 0.1–0.7
along with the pure BiFeO3 film are shown. Interestingly,
the solid solution films with initial BaTiO3 concentrations of
x = 0.1 and 0.2 display a large shift in (00l) reflections
towards lower angle, indicating enlarged out-of-plane lattice
parameter (c) as compared to the parent BiFeO3 film. Note
that the BiFeO3 (a = 3.952 Å) is expected to form under
compressive strain on Nb–STO (a = 3.905 Å) [5]. Since
the lattice parameter of BaTiO3 (4.2 Å) is larger than that of
BiFeO3, the enlarged c parameter of the solid solution films
could be the result of clamping of the in-plane parameter (a)
with the substrate lattice due to compressive strain. To confirm
the epitaxy of these films, we have done off axis φ scans
along the (102) direction for both the films and the substrate.
Four distinct peaks separated by 90◦ (not shown in the figure)
observed in both cases clearly indicate fourfold symmetry with
in-plane coherence of these heterostructures. All the films on

Figure 1. (a) θ–2θ XRD scan of 0.5BiFeO3–0.5BaTiO3 solid
solution film on Nb–STO substrate. The inset shows the rocking
curve for (001) film peaks for the compositions x = 0, 0.2 and 0.5.
(b) θ–2θ XRD scans around Nb–STO(001) peaks for the
compositions x = 0, 0.1, 0.2, 0.3, 0.4, 0.5, and 0.7.

Nb–STO(001) substrate have in-plane [100] ‖ [100] epitaxial
relationships. However, large changes in the c lattice parameter
near the composition x = 0.3 suggest a possible structural
transition.

To get further insight, we obtained x-ray reciprocal
space maps (RSMs) around the asymmetric (103) reflection.
Figures 2(a), (b), (c), (d), (e), and (f) show the RSMs of
x = 0, 0.1, 0.2, 0.3, 0.4, and 0.5 films on Nb–STO substrate,
respectively, in reciprocal lattice units (rlu). These RSMs show
clear (103) reflections of the film and the Nb–STO substrate in
the H 0L scattering plane. Note that film and substrate peaks in
figures 2(a), (b) and (c) are on the same H -value line (indicated
by the dotted line), indicating that the x = 0 and 0.1 films
are grown coherently on Nb–STO substrate. However, the
peaks of x = 0.3, 0.4 and 0.5 films shown in figures 2(d),
(e), and (f), respectively, are deviated from the substrate peak,
indicating the strain relaxed growth. Also both x = 0 and 0.1
films are grown under compressive strained conditions with the
same in-plane lattice as the substrate. This is further inferred
from figure 3 where the lattice parameters calculated from
the mapping data are plotted. The BiFeO3 film with in-plane
and out-of-plane lattice parameters of 3.905 Å and 4.043 Å,
respectively differs greatly from the rhombohedral bulk lattice
(3.96 Å). Upon doping, the BiFeO3 shows 6% increase in the
out-of-plane lattice parameter with 10% BaTiO3. However,
the in-plane lattice parameter a is nearly matched with the
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Figure 2. X-ray reciprocal space mapping around the asymmetric
(103) reflections of (1 − x)BiFeO3–xBaTiO3 solid solution films:
(a) x = 0, (b) x = 0.1, (c) x = 0.2, (d) x = 0.3, (e) x = 0.4, and
(f) x = 0.5.

substrate lattice (indicated by the dotted line in figure 3). In
solid solution films the A-site Bi3+ will be replaced by Ba2+
and the B-site Fe3+ will be replaced by Ti4+. The ionic radii
of Bi3+, Fe3+, Ba2+ and Ti4+ are 1.03 Å, 0.64 Å, 1.42 Å and
0.605 Å, respectively. So the substitution of the smaller ion
Bi3+ by larger ion Ba2+ will increase the overall volume of the
unit cell. As a result the (1 − x)BiFeO3–xBaTiO3 films should
show increase in volume with x . Hence the enhancement in
the c lattice parameter of our x = 0.1 film is a manifestation
of increase in volume and clamping of the in-plane lattice with
the substrate. With increase in doping, at x = 0.2, figure 2(c)
shows that the film starts relaxing. The calculated volume of
the solid solution film did not show systematic increase with
increase in x . One reason could be the following. Although A-
site substitution by Ba2+ will increase the unit cell volume, this
is reversed for the Ti4+ substitution on site B. So the doping of
BaTiO3 should be responsible for the fluctuation of the unit
cell volume. However, other possible reasons could not be
overlooked.

Upon further increase in x above 0.3, the films are
relaxed from the substrate induced strain and the lattice
parameters show nearly linear variation with the concentration
x . Note that in the bulk the parent BiFeO3 and BaTiO3

exist in rhombohedral and tetragonal perovskite structure,
respectively. Although epitaxial BiFeO3 film is reported to
form in tetragonal structure [5], recent synchrotron x-ray
diffraction studies reveal that it could be in the rhombohedral

Figure 3. In-plane and out-of-plane lattice parameter variation with
respect to the BaTiO3 composition.

(or modified monoclinic MA) phase instead of the tetragonal
one [18]. Also, the bulk (1 − x)BiFeO3–xBaTiO3 solid
solution undergoes a phase transition from rhombohedral to
cubic structure near the composition x ∼ 0.4 [16, 17]. So the
change in lattice parameters of our films near the composition
x ∼ 0.3 could be attributed to a structural transition from a
rhombohedral to a tetragonal phase.

To verify this further we have obtained reciprocal space
maps of the films around the (113) reflection at different
azimuthal angles (φ). Figures 4(a) and (b) show reciprocal
space maps of the films with x = 0.1 and x = 0.2 at φ = 45◦
and φ = 225◦, respectively. The RSM of the film with x = 0.2
shows peak splitting due to the existence of two domains.
Also upon 180◦ azimuthal rotation, the RSM of the film with
x = 0.2 reveals a change in peak splitting along the [00L]
direction, indicating planes with different d spacings [19],
whereas the x = 0.3 film shows no such peak splitting. These
findings confirm that the crystal structure of the x = 0.2 film is
rhombohedral (or modified monoclinic MA) while that of the
x = 0.3 film is tetragonal. Hence the HRXRD RSM confirm
that the (1 − x)BiFeO3–xBaTiO3 solid solution films undergo
a structural transition from a modified monoclinic MA phase to
a tetragonal phase with a phase boundary at x = 0.3.

3.2. Leakage current

For the leakage current, we measured the current versus
electric field for all the compositions, and the resultant curves
for the x = 0.1, 0.2, 0.4 and 0.5 films at 300 K are shown in
figure 5. At room temperature, the films with x = 0.1 and 0.2
show high leakage current, indicating their low resistive state.
On the other hand, with increase in BaTiO3 concentration,
i.e. when x � 0.3, the films show a leakage current nearly three
orders of magnitude lower as compared to the films with x =
0.1–0.2. With this improvement of electrical resistivity, the
films of composition x > 0.3 are expected to show polarization
at room temperature.
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Figure 4. X-ray reciprocal space mapping around (113) reflections of (1 − x)BiFeO3–xBaTiO3 solid solution films: (a) x = 0 and
(b) x = 0.3 at φ = 45◦ and 225◦.

Figure 5. Leakage current versus electric field curves for the solid
solution films.

3.3. Ferroelectric properties

Although the high leakage current in some of our samples
could prevent polarization measurement at room temperature,
their magnitude could be minimized at low temperatures.
Hence to investigate the ferroelectric properties, we carried out
P–E measurement from 70 to 300 K and the results are shown
in figure 6 at selected temperatures. As expected, we were able

to measure the P–E hysteresis loops for the films with x = 0.1
and 0.2 up to the temperatures 125 and 150 K, respectively
and the respective graphs are shown in figures 6(a) and (b).
The graphs indicate that the films do indeed show ferroelectric
properties with high polarization value. For example, the films
with x = 0.2 exhibit good P–E loops with a maximum Pr
value of ∼60 μC cm−2 and the coercive field of 0.7 MV cm−1.
These are comparable to the reported room temperature values
for BiFeO3 films [5]. However, at higher BaTiO3 composition,
x , we were successfully able to measure the P–E loops at
300 K and the results for the compositions x = 0.3, 0.4,
0.5 and 0.7 are shown in figures 6(c)–(f), respectively. From
figure 6, the Pr values for the films with x = 0.4, 0.5,
and 0.7 were calculated to be 14, 24 and 12 μC cm−2 at
1.5 MV cm−1 applied field, respectively. Note that the high
polarization values are obtained only for films which are in
the rhombohedral phase, and the films grown in the tetragonal
phase display reduced polarization. However, the polarization
values are higher than the value of 2.5 μC cm−2 reported for
epitaxial solid solution film [15]. Our results show that the
leakage currents are reduced in the solid solution films and the
films are showing reasonable polarization values compared to
the parent BiFeO3 film [5].

3.4. Magnetic properties

The magnetic measurements reveal weak ferromagnetic
signatures at 300 K for all the films except the one at the
composition x = 0.7, which shows a paramagnetic signature.
Figure 7 shows the magnetization versus magnetic field

4



J. Phys.: Condens. Matter 20 (2008) 415208 P Murugavel et al

Figure 6. Polarization versus electric field hysteresis curves of the films: (a) x = 0.1 at 125 K, (b) x = 0.2 at 150 K, (c) x = 0.3 at 300 K,
(d) x = 0.4 at 300 K, (e) x = 0.5 at 300 K, and (f) x = 0.7 at 300 K.

Figure 7. Magnetization versus magnetic field for the films with
x = 0, 0.2 and 0.3 composition measured at 300 K by applying the
field along the out-of-plane direction.

(M–H ) curves measured by applying the field parallel to the c-
axis. The weak magnetic signal makes the data look noisy. For
clarity, we show the M–H curves of the samples with x = 0.1,
0.2 and 0.5. Although the samples are not showing complete
saturation, the magnetization value of the film with x = 0.1
at 0.25 T is around 0.05 μB per unit cell (∼8 emu cm−3).
This is of the same order of magnitude as the bulk [20] and
the density functional calculations for an unstrained film [12]
of BiFeO3. However, the films show an initial decrease
followed by an increase in magnetization with x . The increase
in magnetization above x = 0.2 could be due to the bulk
magnetization originating from the statistical distribution of
Fe3+ and Ti4+ ions in the perovskite octahedra [21]. However,
the unsaturated M–H curve even at high applied magnetic field
(not shown in the figure) indicates the basic antiferromagnetic
nature of the samples.

4. Conclusions

In conclusion, we have deposited epitaxial (1 − x)BiFeO3–
xBaTiO3 solid solution films on Nb–SrTiO3 substrates by a
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pulsed laser deposition technique. The x-ray diffraction anal-
ysis shows a structural phase transition from a rhombohedral
(or modified monoclinic) phase to a tetragonal phase near the
composition x = 0.3. In the rhombohedral phase the films
exhibit the polarization value of ∼60 μC cm−2 at 150 K with
leakage currents dominating as we increase the temperature.
However, the ferroelectric measurement on (1 − x)BiFeO3–
xBaTiO3 films demonstrates that the leakage current could be
reduced above the composition x = 0.3. Also, these films
display reasonable polarization values with maximum remnant
polarization of 24 μC cm−2 at 300 K for x = 0.5, indicat-
ing its possibility for suitable practical applications. Although
the films exhibit weak ferromagnetic signatures, further inves-
tigations are still needed in order to understand its magnetic
ordering. It would be interesting to see magnetoelectric mea-
surements on these solid solution films.
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