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Combining density-functional calculations and x-ray diffraction experiments, we show that BiFeO3 epitaxially grown under compressive strain on cubic substrates evolves from the monoclinic Cc phase 共resulting from
the strain-induced deformation of the ground-state rhombohedral R3c phase兲 to the monoclinic Cm phase with
increasing misfit, the transition being at about −4.5% / −5.5%. Moreover, the polarization of the Cc phase only
rotates 共instead of increasing兲 for misfit strain ranging from 0% to −4%, due to a strong coupling between polar
displacements and oxygen octahedra tilts. This strong interaction is of interest for multiferroics where usually
both structural degrees of freedom coexist.
DOI: 10.1103/PhysRevB.81.144128

PACS number共s兲: 77.80.⫺e, 68.55.Nq, 61.05.cp, 75.50.Ee

I. INTRODUCTION

Multiferroics are currently gaining more and more attention because they display simultaneously magnetic, polar,
and structural order parameters, whose coupling is at the
origin of their multifunctional properties.1,2 In particular,
much effort is being made toward the control of these properties by means of electric and magnetic fields, allowing to
explore several concepts and devices in the field of spintronic, microwave filters or electromechanical sensors and
actuators.3–5 Furthermore, significant experimental and theoretical efforts are also directed to obtain a better understanding of the coupling mechanisms between the different degrees of freedom, and this challenging area is one of the most
active in the field of material sciences.6–8 BiFeO3 共BFO兲 is
one of the most promising multiferroics for technology applications and fundamental interest9 since the polar and magnetic ordering coexist at room temperature. Below the Curie
temperature TC ⬇ 1100 K, the crystal structure of the polar
phase of BFO bulk is described by the rhombohedral space
group R3c, which allows antiphase octahedral tilting and
ionic displacements from the centrosymmetric positions
about and along a same 具111典C direction 共cubic notation兲. At
room temperature, the bulk polarization reaches
⬇100 C / cm2.10 Although the R3c symmetry allows the
existence of a weak ferromagnetic moment, a cycloid-type
spatial spin modulation, superimposed to the G-type antiferromagnetic spin ordering occurring below the Néel temperature TN of about 640 K,11 prevents the observation of any net
magnetization. When BFO is deposited as a thin film, while
a weak ferromagnetism appears as a result of the annihilation
of the cycloid modulation through the epitaxial strains,12 the
polarization is barely affected whereas one would anticipate
a huge enhancement. Indeed, previous works have already
suggested the possibility of BFO systems having very large
1098-0121/2010/81共14兲/144128共5兲

polarization and axial ratio,13 in particular, an hypothetical
tetragonal P4mm phase, which would exhibit very large
ferroelectric distortions and a very large polarization
⬇150 C / cm2.14,15 Interestingly, starting from this phase
and allowing in-plane polar displacements 共along 关110兴兲, one
obtains a monoclinic phase with Cm symmetry that could be
more stable. Note that such latter monoclinic Cm state has
been reported,16 despite some controversial issues. Actually,
the precise conditions in which such BFO phases might exist
共or more precisely in which they could be thermodynamically more stable than the well-known tilted phases of BFO兲
are not clear. In addition, the possible role played by the
oxygen octahedra tilts—that are rather strong in BFO, as
evidenced by a tilt angle of 13° in the bulk—has been mostly
underestimated. It is worth mentioning that usually, hydrostatic pressure favors oxygen tilts in perovskites, exactly as
seen in BFO bulk, whose high-pressure phase loses its ferroelectricity but still exhibits strong oxygen tilts.17 Moreover,
recent calculations also underlined the key role played by the
oxygen octahedra tiltings in this system, stressing their interplay with the polar displacements18 and the magnetic order
parameter.19
In a previous study,18 we have experimentally shown that
BFO epitaxially grown on 关001兴-oriented LaAlO3 exhibits a
giant tetragonal-like c / a ratio around 1.23, with a nonzero
in-plane and out-of-plane component of the polarization,
which definitely excludes the tetragonal phase and, at that
time, we rather suggested a monoclinic phase with either the
nontilted Cm or the tilted Cc space group.
In this work, we present the results of extended ab initio
density-functional calculations, simulating various BFO
phases under compressive misfit strains, by considering the
two structural degrees of freedom allowed by the perovskite
structure, namely, the polar displacements and the oxygen
octahedra tilts. We show that indeed the most stable phases
are of monoclinic symmetry and, more interestingly, that the
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II. COMPUTATIONAL AND THEORETICAL DETAILS

Our density-functional calculations20 have been performed using the ab initio total-energy and moleculardynamics program VASP 共Vienna ab initio simulation program兲 developed at the Institut für Materialphysik of the
Universität Wien,21–24 and the SIESTA 共Refs. 25 and 26兲 program, both leading to similar and very consistent results.
They include semicore electrons 共5d10 for Bi and 3p6 for Fe兲
in the valence. We have used the local-density approximation
共LDA兲, with and without the so-called +U 共Hubbard-type兲
correction 关U = 3.87 eV 共Ref. 8兲兴 and the generalized gradient approximation in the form proposed by Perdew, Burke,
and Ernzerhof27 共GGA-PBE兲. We use a 20-atom supercell in
which a G-type antiferromagnetic state is constrained, under
the assumption of colinear magnetism. Preliminary tests performed on bulk R3c BiFeO3 provided results in excellent
agreement with the literature for both approximations 共lattice
constant, atomic positions, magnetic moment, etc.兲.
We simulate bismuth ferrite under 关001兴 epitaxial strain
according to the scheme defined, for instance, in Ref. 28: the
epitaxial strain enforced by a cubic substrate with 关001兴 orientation leads to 1 = 2 =  共in-plane components of the
strain tensor兲, whose value is imposed by the substrate, and
6 = 0. The atomic positions and the other components of the
strain tensor 3, 4, and 5 are allowed to relax until the
atomic forces and the 3, 4, and 5 components of the
stress tensor are zero 共within appropriate numerical criteria兲.
The appropriate thermodynamic potential to describe such
systems at T = 0 K is a mixed strain-stress enthalpy29 that
simply reduces to the energy when the above conditions are
obtained. Thus we just have to compare the total energies of
the optimized configurations to decide whether a phase is
more stable than another. Note that LDA+ U does not provide significant modifications of our results with respect to
LDA.
Periodic boundary conditions are applied along the three
directions. Our theoretical approach to epitaxial strain neither incorporate any surface or interfacial contribution nor
any effect related to depolarizing fields.30,31 In many cases
however, this approach is sufficient to predict accurately the
main physical trends of ferroelectric thin films, that appear as
strongly related to the epitaxial strain.32 Note that we calculate the misfit strain, , for a given in-plane lattice constant a,
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two phases Cm and Cc are both 共meta兲stable under such
mechanical boundary conditions, with the nontilted one
共Cm兲 being favored at very large compressive strain while
the tilted one 共Cc兲 is favored at smaller misfit strains. We
also performed synchrotron x-ray diffraction experiments on
BFO thin films grown on 关001兴-oriented LaAlO3 共LAO兲 and
SrTiO3 共STO兲 substrates, which are consistent with our theoretical findings. Our work also further demonstrates the role
played by the oxygen tilts which are found to compete, and
more precisely, to fight against the polarization. This finding
is in agreement with the rather weak enhancement of the
polarization observed and reported in the literature and
should be taken into account in most multiferroic compounds
since they usually present oxygen tilts.
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FIG. 1. 共Color online兲 Energy versus misfit strain for the different phases studied in this work, in the LDA 共left panel兲 and GGAPBE 共right panel兲. The lines are guide for the eyes.

with respect to the theoretical lattice constant ath of R3c BFO
共−1.4% in LDA, +1.8% in GGA-PBE with respect
to the experimental lattice constant, as expected兲, as
 = 共a − ath兲 / ath. In other words, our zero misfit strain does not
correspond to the experimental lattice constant of BFO. Finally, we have evaluated the polarization from the computed
relaxed atomic displacements and from the Born effective
charges given in Ref. 33 共the values have been confirmed
through Berry-phase calculations on selected configurations兲.
III. COMPUTATIONAL RESULTS

We have first tested several possible solutions having polar displacements and/or oxygen octahedra tilts. However,
the lowest energies were obtained for monoclinic symmetries. In Fig. 1, we plot the total energy of Cc, Cm, and
P4mm phases as a function of the misfit . The state obtained
for a zero misfit 共very close to the R3c phase兲 serves as
reference 共zero of the energies兲 for each exchangecorrelation functional used 共LDA, LDA+ U, and GGA兲. As
one may expect by growing a bulklike R3c phase onto a
关001兴-oriented substrate, Cc has its minimum for  = 0. Its
energy increases with 兩兩 and crosses that of Cm for a critical
misfit c that depends on the approximation used 共⬇−5.5%
in LDA versus −4.5% in GGA-PBE兲. Cm and P4mm have
their minimum 共Cm and  P4mm兲 for  ⬍ 0, as already reported
in the litterature,15 and Cm is more stable than P4mm in all
cases. Nevertheless for very large 共negative兲 misfits, the inplane component of the polarization in Cm is suppressed so
that P4mm and Cm become identical, i.e., P4mm can be
favored. Thus for  ⬍ c, the monoclinic nontilted phase Cm
is more stable than Cc whereas for  ⬎ c, the monoclinic
tilted phase Cc is the lowest-energy phase. These results suggest that, provided that a coherent epitaxy can be realized for
very large compressive misfits  ⬍ c, a nontilted phase of
BFO with Cm symmetry is likely to appear in BFO thin
films. For these negative misfits, the Cc phase is of course
under compressive stress but we point out that paradoxically,
for Cm ⬍  ⬍ c, the BFO films, with Cm phase, exhibit a
tensile 共rather than compressive兲 stress.
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FIG. 2. 共Color online兲 c / a ratio as a function of the misfit strain
for the Cc, Cm, and P4mm phases, as obtained from the LDA and
LDA+ U 共left panel兲 and from the GGA 共right panel兲. The lines are
guide for the eyes.

The nontilted Cm phase is rather similar to the tetragonal
P4mm phase, in the sense that it exhibits giant polar out-ofplane displacements that lead to a very large out-of-plane
component of the polarization. For example, at ⬇−4.4.%
共roughly the misfit on LAO, see hereafter兲, the alternating
Fe-O distances along z are 2.92 and 1.88 Å 共GGA values兲
while the in-plane Fe-O distances are 2.00 and 2.04 Å 共this
ជ 兲.
slight difference reflects the small in-plane component of P
This makes the Fe atoms to be located inside very distorted
oxygen octahedra, with one of the oxygen atom among the
six forming the octahedron not in the first-neighbor Fe coordination sphere any more. We note that for this misfit, the
LDA, unlike the GGA, predicts the Cc phase as the most
stable while below ⬇−5.5%, Cm becomes more stable but
quasi-identical to P4mm in this approximation. The monoclinic angle is smaller than 1° for Cc 共LDA and GGA兲. For
Cm, it is about 1 ° – 2° 共LDA兲 and a bit more in the GGA
共2 ° – 3°兲.
The c / a ratio increases with 兩兩 as expected with compressive in-plane strains 共Fig. 2兲. Its evolution is roughly linear
for both phases, with c / a for Cm and P4mm much larger
than that of Cc by about 0.06. The most striking feature is
that the amplitude of the polarization in the Cc phase remains approximately constant 共⬇80– 90 C / cm2兲 between
 = 0% and −4% 共Fig. 3兲 which is in good agreement with
Ref. 16. As indicated by Fig. 3, between these two strain
ជ simply rotates, with its out-of-plane component P⬜
values, P
becoming progressively higher than its in-plane component
ជ starts to increase
P储. Above  = −4%, the total amplitute of P
slowly to reach a value of ⬇95 C / cm2 for  = −6%. In
contrast, the variation in the polarization in Cm is much
more sensitive to the misfit strain since already at  = −2%,
the polarization has a value of ⬇115 C / cm2. This result
reveals the strong impact of the presence of the oxygen tilts
which fight against the natural enhancement of the out-ofplane polarization because of the compressive in-plane
strain. The P⬜ component of Cm is much higher than its P储
and increases with 兩兩 共from ⬇100 C / cm2 up to
⬇140 C / cm2 for  = −6%兲 while the in-plane component
of Cm progressively decreases to zero giving rise to a
tetragonal-like total polarization.

-6

-4
-2
Misfit (%)

0

0
-10

-8

-4
-6
Misfit (%)

-2

0

FIG. 3. 共Color online兲 In-plane component, out-of-plane component, and total amplitude of the polarization as a function of
misfit for Cc and Cm phases. LDA results 共the GGA curves look
very similar兲.
IV. EXPERIMENTAL RESULTS

Our theoretical investigation thus reveals that two monoclinic phases might exist in BFO films depending on the
value of the misfit strain: Cm at strong misfit and Cc at small
misfit. To confirm such unexpected results, we decided to
undertake an experimental work with two substrates that
could correspond to these different conditions, namely,
LAO共001兲 共LAO = −4.8%兲 and STO共001兲 共STO = −1.4%兲.
The samples have been epitaxially grown by pulsed laser
deposition on these two substrates and exhibit a monoclinic
symmetry as already reported.18 The c / a ratio measured, i.e.,
1.23 and 1.04 for the LAO and STO substrates, respectively,
are reported in Fig. 2: a perfect agreement with the theoretical results is obtained with the Cc and Cm states for STO
and LAO substrates, respectively, which therefore suggests
the existence of a different monoclinic phase for each
sample. Note that on the LAO substrate, we found that different phases states can be obtained depending on the growth
process, as the related misfit strain is at the boundary between the Cc and Cm phases. As a result, different values of
the polarization can be experimentally obtained using such a
substrate.18
The Cm and the Cc phases distinguish themselves by the
absence versus presence of oxygen octahedra tilts, respectively. Interestingly, these oxygen octahedra can be revealed
by the presence of superstructure peaks using diffraction
techniques. Whereas neutron diffraction appears to be the
most appropriate tool because of its sensitivity to light oxygen atoms, it has the default to be also sensitive to the magnetic order, which in BFO gives rise to superstructure peaks
at the same positions to those associated with the tilts. Therefore, we rather performed an x-ray diffraction study using a
synchrotron radiation, which is insensitive to the magnetic
order and powerful enough to detect oxygen tilt superstructure peaks, if they exist. The x-ray diffraction experiment
was carried out on the six-circle diffractometer of the CRISTAL beamline at SOLEIL 共France兲 at room temperature, using a 8 keV 共 = 1.54059 Å兲 radiation. While several super-
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V. CONCLUSION

FIG. 4. 共Color online兲 XRD pattern of 1/2, 1/2, and 5/2 superstructure peaks on STO and LAO. The intensity of the LAO 1/2,
1/2, and 5/2 confirms that epitaxially grown BFO on LAO has no
antiferrodistortion along 1/2, 1/2, and 1/2 direction.

structure peaks compatible with a Cc phase have been
evidenced for BFO onto STO, none was detected for BFO
onto LAO. As an illustration, we plotted on Fig. 4 the
共 21 , 21 , 25 兲 superstructure peak detected for BFO onto STO and
the intensity measured, in the same experimental conditions
共time of exposure, beam size, etc., …兲 for BFO onto LAO,
for which no peak can be obviously observed. From the comparison, we draw the conclusion that the octahedral tilts in
BFO on LAO are absent or too weak to be detected. These
experimental results therefore strongly support our theoretical predictions that, for the misfit LAO = −4.8%, the phase
has the nontilted Cm space group while the tilted Cc phase
describes the structure associated with STO = −1.4%.
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