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Orientational engineered (La, Mn) co-substituted BiFeO3 (LMBFO) thin ﬁlms were epitaxially
grown on CaRuO3 electroded (LaAlO3)0.3(Sr2AlTaO6)0.35 (LSAT) single crystal substrates by pulsed
laser deposition. The experimental results demonstrate that the crystallographic orientation is the
critical dominant of the structural and multiferroic properties of LMBFO thin ﬁlms. Giant remanent
polarization of 65, 92, and 106 lC/cm2 for [001], [110], [111]-oriented ﬁlms, respectively, were
demonstrated at room temperature. Saturated magnetization is also signiﬁcantly dependent on ﬁlm
orientation with the highest value of 12.8 emu/cm3 along [001] direction. The variation in leakage
current density and ferroelectric coercivity were ascribed to the substantially difference of
C 2011 American Institute
ferroelectric domain structures in variously oriented LMBFO thin ﬁlms. V
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I. INTRODUCTION

Currently BiFeO3 (BFO) is the only emerged singlephased multiferroic material with simultaneous ferroelectric
and magnetic orderings at room temperature. It holds the
promise for the applications of new generation memory and
spintronic devices.1,2 In bulk, BFO is a rhombohedrally distorted perovskite (space group R3c) presenting G-type antiferromagnetic structure with spiral spin ordering along [110]
direction. Its Curie temperature Tc and Néel temperature TN
are of 1103 and 643 K, respectively. BFO materials have
been extensively investigated since its large polarization was
reported in strained thin ﬁlms.3 However, high leakage current, high coercive ﬁeld and weak spontaneous magnetization in BFO thin ﬁlms have become major obstacles for
potentially feasible applications.
In general, the multiferroism of BFO thin ﬁlms is dependent on several texture factors, including the crystallographic orientation,4–6 crystallinity,7 nature of the buffer
layer8,9 and substrates10–13 etc. Additionally, many efforts
have been devoted to improve the multiferroic properties of
BFO utilizing cation substitution to introduce chemical pressure into the system. Both Bi- and Fe-site substitutions with a
variety of cations have been attempted in BFO thin ﬁlm.14–21
Nevertheless, ferroelectric and magnetic behaviors of the
substituted BFO thin ﬁlms have great discrepancy across
many research reports. The (La, Mn) co-substituting has been
proposed as a promising strategy to simultaneously optimize
ferroelectric and ferromagnetic properties,22–24 but the cosubstitution effects of La and Mn on BFO so far have only
been examined in form of polycrystalline thin ﬁlms with
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rather scattered physical properties. In order to provide the
information for revealing the intrinsic mechanism underlying
the co-substitution without inﬂuences of extrinsic defects, it
is desirable to investigate co-substitution effect along speciﬁc
crystallographic orientation in epitaxial thin ﬁlms.
High-quality BFO thin ﬁlms have epitaxially grown on
various single crystal substrates, including SrTiO3,3
DyScO3,12 and LaAlO325 with SrRuO3 as conductive buffer
layers. There have very few reports, however, on BFO thin
ﬁlms grown on (LaAlO3)0.3(Sr2AlTaO6)0.35 (LSAT) singlecrystal substrates,9,26 in particular adopting CaRuO3 as
buffer layer. As compared to a 1.4% misﬁt strain of commonly used SrTiO3 (a ¼ 3.905Å) with BFO (a ¼ 3.96 Å),
LSAT (a ¼ 3.868 Å) offers 2.6% misﬁt strain, which would
be more favorable for elucidating the effect of epitaxial
strain on physical properties. Moreover, the orientational dependence of magnetic behaviors in BFO thin ﬁlms has been
rarely reported. In this work, we will take the advantages of
both site engineering and strain effect imposed by the substrate to clarify crystallographic orientation dependence of
multiferroic properties of (La, Mn) co-substituted BFO thin
ﬁlms.
II. EXPERIMENTAL PROCEDURES

Orientation engineered (La, Mn) co-substituted BFO
thin ﬁlms have been epitaxially deposited on CaRuO3 coated
single-crystal LSAT, [001], [011], and [111] substrates,
respectively, by pulsed laser deposition (PLD). The conducting perovskite oxide CaRuO3 was chosen as bottom electrode material because (1) high lattice similarity with LSAT
and BFO, as CaRuO3 can be interpreted as a pseudocubic
perovskite structure (a  3.85 Å) under constrained environment of epitaxial growth on a cubic substrate,27 and (2) high
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electrical conductivity and paramagnetic nature in whole
temperature range in comparison with widely used
SrRuO3.28 A 10% Bi-enriched (Bi0.90La0.10)(Fe0.95Mn0.05)O3
(LMBFO) target was ablated by using a KrF excimer laser
(Lambda Physik COMPex 205, k ¼ 248 nm) with an energy
density of 2 J/cm2 and a repetition rate of 10 Hz. The distance between the target and the substrate was ﬁxed at 5 cm,
while the oxygen ambient pressure and substrate temperature
was maintained at 35 Pa and 630 C, respectively, during
laser ablation. A polycrystalline LMBFO thin ﬁlm was deposited on Pt/Ti/SiO2/Si(001) under the same conditions for
supplementary studies. All ﬁlms were grown to a thickness
of 180 nm to minimize ﬁlm thickness effects. After deposition, the as-grown thin ﬁlms were in situ annealed at 630 C
under 1 atm pure oxygen for 20 min, and then gradually
cooled down to room temperature.
X-ray diffraction (XRD, Bruker AXS D8 Discover,
four-circle diffractometer) with Cu Ka radiation and
4-bounce Ge(220) monochromator, and high resolution
transmission electron microscopy (HRTEM, JEOL 3000FX
operating at 300 kV) were used for interface analysis of thin
ﬁlms in atomic scale. Circular Au top electrodes with diameter of 250 lm were prepared by rf magnetron sputtering
through a shadow mask, prior to the measurement of electrical properties. Ferroelectric property measurements were
conducted on TF Analyzer 2000 equipped with a FE-Module
(aixACCT, Germany) by a 1 kHz triangular voltage at room
temperature. Ferroelectric domain structures were imaged
using a piezoresponse force microscopy (PFM, Digital
Instruments, NanoScope IV). The leakage currents through
the LMBFO thin ﬁlm capacitors were measured using a
Keithley 6517 A programmable electrometer. Magnetic
properties of the thin ﬁlms were studied by vibrating sample
magnetometer (VSM, LakeShore 7400, Westerville, OH) at
room temperature.
III. RESULTS AND DISCUSSION

Figure 1 shows the XRD h-2h spectra of [001], [110],
and [111]-oriented LMBFO thin ﬁlms deposited on CaRuO3coated LSAT, [001], [110], and [111] substrates, respectively, and a randomly oriented LMBFO thin ﬁlm deposited
on Pt/Ti/SiO2/Si(100) substrate. All the ﬁlms grew in singlephase perovskite structure with no detectable impurity or
other phases. The weak peaks for very thin CaRuO3 layer
(40 nm) were not resolved from the strong LSAT reﬂections. It is believed the good lattice match with the (CaRuO3)c/LSAT substrate promoted the growth of LMBFO
phase and prevented other phases from nucleation.
The full width at half maximum (FWHM) of the x-ray
rocking curves (x scan) for the LMBFO, [001], [011], and
[111] peaks of the, [001], [011], and [111]-oriented ﬁlms are
0.73o, 0.31o, and 0.17o, respectively, implying that the crystallites of all three ﬁlms are fairly well ordered. The in-plane
texturing of the LMBFO thin ﬁlms with respect to the major
axes of the LSAT substrates was conﬁrmed by the XRD /
scan of the LMBFO (110), (010), and (100) reﬂections of the
[001], [011], and [111]-oriented thin ﬁlms, respectively. The
peaks from LMBFO ﬁlms coincide in position well with
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FIG. 1. (Color online) XRD h-2h scans of LMBFO thin ﬁlms with different
orientations: (a) [001], (b) [110], (c) [111], and (d) random orientations.

those from LSAT substrates (ﬁgures not shown here), which
suggests a nonlattice–rotated epitaxial growth of all the asdeposited LMBFO ﬁlms. It is interesting to note that the
[111]-oriented ﬁlm was rhombohedral with lattice constant
of ar ¼ 3.977(3) Å and ar ¼ 89.31o, which are similar as bulk
material. For [110]-oriented ﬁlm, c < a [c ¼ 3.990(1) Å,
a ¼ 4.002(6) Å], whereas for [001]-oriented ﬁlm, c > a
[c ¼ 3.951(7) Å, a ¼ 3.940(9) Å], indicating the ﬁlms are
likely to undergo either monoclinically or tetragonally distortion. These results are in good agreement with previously
reported data in pure BFO thin ﬁlms.4,29 The lattice distortion can be interpreted as a consequence of a compressive
stress imposed by the CaRuO3 electrode, which has a smaller
in-plane lattice parameter than that of LMBFO.
The structural quality of the heterostructures was further
probed by electron transmission microscopy (TEM). Figures
2(a) and 2(b) show the low-magniﬁcation bright ﬁeld and
high resolution TEM images of LMBFO/CaRuO3/LSAT
[001] heterostructure, respectively. The ﬁlm is uniform over
a large area and the interfaces of LMBFO/CaRuO3 and
CaRuO3/LSAT are sharp and smooth in the magniﬁcation of
observation. The high resolution image conﬁrmed high-quality and atomically coherent interface between LMBFO thin
ﬁlm and the bottom electrode material CaRuO3. Two set of
diffraction patterns with the same zone axis of the ﬁlms
shown in Fig. 2(c) demonstrate the epitaxial relationship of
LMBFO/CaRuO3 heterostructure. In addition, atomic defects
including dislocation and stacking faults etc. [as arrowed in
Fig. 2(b)] are also observed in the area near the interface. It
is believe that the formation of atomic defects may be associated with adjustment of lattice mismatching, which is critical
to ensure the growth of LMBFO epitaxial ﬁlm.
The ferroelectric properties of LMBFO thin ﬁlms were
evaluated by a polarization-electric ﬁeld (P-E) hysteresis
loop as shown in Figs. 3(a)3(d). For both epitaxial and randomly oriented ﬁlms, well-deﬁned and squarelike P-E loops
for a ferroelectric were observed with giant remanent polarization Pr of 65, 92, 106, and 83 lC/cm2 for [001], [110],
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FIG. 2. (Color online) (a) Low resolution, (b) high resolution transmission
electron microscopy images, and (c)
selected area electron diffraction
(SAED) pattern of LMBFO/CaRuO3/
LSAT (001) heterostructure.

[111], and randomly oriented ﬁlms, respectively. Figures
3(a)3(c) demonstrate the good saturation characteristics of
Pr and coercive ﬁeld Ec of orientation engineered LMBFO
thin ﬁlms as a function of electric ﬁeld. The P-E loops illustrate two important insights. The ﬁrst is that Pr is highly orientation dependent with a descending order of
[111] > [110] > [100] whereas Pr for randomly oriented ﬁlm
is somewhere in between [110] and [111] values. It should
be noted that the remanent polarization ratio of Pr [111]: Pr
[110]: Pr [001] is 1.63: 1.41: 1 and close to H3 : H2 : 1. This
relationship is equivalent to that predicted by crystallographic considerations in rhombohedral BiFeO3 crystal,
where the easy axis of spontaneous polarization lies along
[111] direction when Bi, Fe, and O are displaced relative to
one another along this threefold axis.1,4 The Pr values measured along [110] and [001] are simply projections of [111]
onto these orientations. Polycrystalline LMBFO thin ﬁlm
grown on Pt/Ti/SiO2/Si involves great deviation from the
polarization maximum direction of [111], resulting in a
weakened Pr as compared to that along [111] direction. The
second ﬁnding is the Pr value of LMBFO thin ﬁlms are quite
comparable to that observed in BiFeO3 single crystal (Pr
60 lC/cm2 in [001]c direction),30 indicating the extremely
high quality of our epitaxial LMBFO thin ﬁlms. It is proposed that the enhancement in remanent polarization in comparison with pure BiFeO3 thin ﬁlms grown on SrRuO3/
SrTiO3 (001)3 is mainly due to the higher degree of insulating and structural distortion caused by the dopants and substantially larger epitaxial strain imposed by CaRuO3/LSAT.
It is rather difﬁcult to obtain well established P-E loops for
the BFO thin ﬁlms at low frequency of 1 kHz and RT,
because of the high leakage current in association with various defects. High leakage current in BFO thin ﬁlms is primarily due to the occurrence of a small amount of Fe2þ ions,
oxygen vacancies and conductive Bi2O3 phase rather than
the intrinsic property of BFO.31 The rare-earth La substitution for volatile Bi in BFO can suppress the formation of oxygen vacancies. Mn is able to effectively suppress the

formation of Fe2þ cations, as Mn can act as an acceptor to
compensate the charge of Fe2þ ions at the Fe site of the BFO
cells. Therefore, it is quite reasonable that our LMBFO thin
ﬁlms possess excellent ferroelectric properties at room temperature and a relatively low leakage current as expected.
The leakage current densities of [111] and [001]oriented ﬁlms show considerably higher than that of [110]oriented ﬁlm, as shown in Fig. 4. The thin ﬁlm deposited on
the Pt/Ti/SiO2/Si substrate exhibits much higher leakage current than those of the ﬁlms deposited on the LSAT substrates. This may be attributed to high densities of defects
and oxygen vacancies, and different electrodeﬁlm interfaces in the polycrystalline ﬁlm as compared with epitaxial
ﬁlms. Although oxygen vacancies are the most likely mobile
charges and often play crucial role in the conduction of oxide
ferroelectric thin ﬁlms, it is believed that the magnitude of
leakage currents across epitaxial LMBFO ﬁlms are closely
correlated with their domain wall morphology.
Figure 5 shows the ferroelectric domain structures of
differently oriented LMBFO thin ﬁlms imaged by piezoelectric force microscopy. It is revealed that [111] oriented ﬁlm
exhibits a mosaiclike domain structure, while striplike structure is the dominant domain morphology in [110]-oriented
ﬁlm. The [001]-oriented ﬁlm shows a mixed mosaic and
stripelike domain structure. Stripelike structure corresponds
to arrays of 71 domain walls while the mosaiclike structure
is comprised of a mixture of all possible domain wall types,
particularly, large fractions of 109 domain walls and
smaller fractions of 71 and 180 walls.32 It has been
reported that 71 domain has much lower electrostatic potential step and hence lower conductivity than 109 and 180
domains.33 Consequently, it is plausible that [110]-oriented
LMBFO thin ﬁlm demonstrates a much lower leakage current density than ﬁlms grown in other orientations.
On the other hand, as one of the most important consequences of the orientation engineering approach in our
LMBFO thin ﬁlms, the signiﬁcant difference in ferroelectric
domain structure is also responsible for the difference of
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FIG. 3. (Color online) P-E hysteresis loops of (a) [001], (b) [110], (c) [111]-oriented LMBFO thin ﬁlms, and (d) comparison of differently oriented ﬁlms.

FIG. 4. (Color online) Leakage current density as a function of electric ﬁeld
for LMBFO thin ﬁlms with various orientations.

coercive ﬁeld in ferroelectric hysteresis loops. The average
domain size d is determined to be d [110] > d [111] > d
[001], indicating the highest domain wall density in [001]oriented ﬁlm. Previous research pointed out that the domain
wall can be a possible scenario for low nucleation voltage in
BFO thin ﬁlms and a higher domain wall density leads to a
lower coercive ﬁeld.16 This provides a good explanation to
the fact that [001]-oriented ﬁlm possesses the lowest coercive ﬁeld, while Ec of the [110]-oriented ﬁlm is the highest,
as shown in Fig. 3(d).
The magnetization characteristics of all thin ﬁlms were
measured at a maximum magnetic ﬁeld of 10 000 Oe applied
either parallel or perpendicular to the substrate surface at
room temperature as shown in Fig. 6. Before taking magnetic
measurements, silver dag on the sides and undersides of the
substrates were ground away to eliminate spurious magnetic
signals from substances originating on the PLD heater block.
The magnetic properties of LSAT substrate and CasRuO3
were measured and the results demonstrate that the
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FIG. 5. (Color online) Piezoelectric
force microscopy images of (a) [001],
(b) [110], (c) [111]-oriented LMBFO
thin ﬁlms.

contribution of these components to the magnetic performance of the as-deposited LMBFO is very limited and can be
ignored. Figure 6 show the magnetic hysteresis loops of the
as-deposited ﬁlms and it was found that the magnetic behavior is strongly orientation dependent. For instance, as shown
in Fig. 6(a), the in-plane saturated magnetization Ms and coercive ﬁeld Hc are 12.8 emu/cm3 and 219 Oe for the [001]
oriented ﬁlm, 8.7 emu/cm3 and 228 Oe for [110] ﬁlm, 5.3
emu/cm3, and 156 Oe for [111] ﬁlm, and 6.1 emu/cm3 and
189 Oe for the randomly oriented ﬁlms, respectively. In
addition, the net magnetization is enhanced by (La, Mn) cosubstitution in contrast to pure BFO [001] thin ﬁlms (Ms  7
emu/cm3),34 yielding saturation moment values in the range
of 9.1–12.8 emu/cm3 at a similar thickness. Bulk BFO is
known to have very weak spontaneous magnetization due to
its antiferromagnetic nature. Several possible considerations
that are responsible for the observed magnetization in BFO
thin ﬁlms have been proposed:34–36 The formation of parasitic phase of c-Fe2O3, canting of the antiferromagnetically
ordered spins through the rotation of FeO6 octahedron, may
suppress the inhomogeneous magnetic structure etc. We
could preclude the effects of parasitic phase because our
ﬁlms were grown and post-annealed in sufﬁcient oxidizing
environment to restrict the formation of c-Fe2O3. This is

evidenced that no reﬂection peaks of c-Fe2O3 were
observed in XRD patterns. Therefore, the enhancement of
magnetization is presumably a consequence of the increased
spin canting angle in connection with La and Mn doping
and a more homogeneous antiferromagnetic state, as the
epitaxial constraint imposed by CaRuO3/LSAT is substantially sufﬁcient to break the spiral spin ordering and thus
the latent magnetization locked by the spiral is released.
Neither strain nor symmetry variation would modify the
type of magnetic order except for destroying the spiral modulation. In BFO thin ﬁlms with absence of long-wavelength
spiral spin structure, the preferred orientation of the antiferromagnetic magnetic moment should be always in the (111)
plane perpendicular to the ferroelectric polarization direction, provided the ﬁlm has rhombohedral symmetry.37 In
case of monoclinic structure, an orientation of the antiferromagnetic axis parallel to the ½110 direction is preferred,
that is, perpendicular to the [111] axis but simultaneously
parallel to the (001) plane.1 Nevertheless, none of these scenarios could completely explain the observed anisotropy of
magnetization in our LMBFO thin ﬁlms. More work, such
as x-ray magnetic linear dichroism, is needed to fully understand the spin structure and magnetic behaviors of LMBFO
thin ﬁlms.

FIG. 6. (Color online) Magnetic hysteresis loops of LMBFO thin ﬁlms various orientations (a) in-plane and (b) out-of-plane.
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IV. CONCLUSIONS

In summary, this study investigated multiferroic properties of the (La, Mn) co-substituted BiFeO3 thin ﬁlms that
were epitaxially grown on CaRuO3 coated single-crystal
LSAT substrates with various orientations by pulsed laser
deposition. Both ferroelectric and magnetic behaviors are
strongly dependent on the ﬁlm orientation. The easy axis of
spontaneous polarization lies close to [111] orientation with
remanent polarization of 106 lC/cm2, whereas the highest
saturated magnetization was conﬁrmed in [001]-oriented
ﬁlm with Ms ¼ 12.8 emu/cm3 at room temperature. The morphology and structures of the ferroelectric domains are also
considerably different in our LMBFO thin ﬁlms. The change
of ferroelectric domain structures with thin ﬁlm orientation
is most likely responsible for the variation in leakage current
and ferroelectric coercivity.
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