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Atomic-level study of BiFeO3 under epitaxial strain
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Structural and thermal properties of BiFeO3 under compressive epitaxial strain are investigated using a shell
model fitted to first-principles calculations. We show that a model developed for the bulk describes properly the
behavior of the compound as function of the strain, including the appearance of tetragonallike phase with a large
c/a ratio. The obtained temperature-strain phase diagram reproduces several features observed experimentally
in thin films. Molecular dynamic simulations show that morphotropic phase boundary separating the R-like and
T -like regions is temperature independent but with different phases along the transition region. The microscopic
analysis of the temperature-strain phase diagram emphasizes the relevance of the interplay between polarization,
oxygen octahedron rotations, and strain.
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I. INTRODUCTION

The perovskite BiFeO3 (BFO) is distinguished by its
unique properties and potential applications. The BFO is
the prototypical single compound to understand multiferroic
behavior since it displays simultaneously ferroelectric and
magnetic properties at room temperature [1–3]. In addition,
this material is also under consideration as a lead-free
compound for ferroelectric and piezoelectric applications due
to its large spontaneous polarization (Ps = 100 μC cm−2)
and high Curie temperature (TC = 1083 K). As in many
other pure perovskite ferroelectrics, the room temperature
piezoelectric coefficients of BFO are rather small [4–7], but
the structure can be engineered to enhance its properties.
Values of piezoelectric coefficients comparable to those of
the conventional PbTixZr1−xO3 (PZT) have been reported in
BFO-based solid solutions [8,9] as well as in strained epitaxial
films [10], making the system suitable for high-performance
piezoelectric applications for ecofriendly devices [11]. In fact,
the discovery of a strain-stabilized supertetragonal phase with
a giant c/a ratio has triggered an intense research activity due
to both fundamental interest and the technological importance.

When BFO is epitaxially grown as a thin film onto a
compressive substrate, unexpected results have been observed.
Under moderate levels of compressive strains, for instance, an
anomalous decrease of TC with compressive strains has been
found, which is in contrast to what is commonly observed in
classical ferroelectrics [12,13]. Larger strains induce the abrupt
elongation of the out-of-plane lattice parameter and a strong
increment of the polarization. This polymorphic transition is
also named as a morphotropic phase boundary (MPB) since
it resembles the behavior of the one observed in lead-based
ferroelectrics solid solution like PZT or PbMg1/3Nb2/3O3-
PbTiO3 (PMN-PT) [10]. While the large piezoelectric response
near the MPB is attributed to coexistence of phases in this
region, the structural evolution path as function of the strain
and temperature are still under debate. Structures of various
symmetries and different sequences of phase transitions have
been reported (see Ref. [14] for a review).
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The peculiar behavior of BFO is related with a complex
energy landscape, where a wide variety of metastable phases,
very close in energy, are present [15,16]. The BFO is a highly
distorted perovskite, with the structure dominated by the off-
centering displacements of Bi cations and the rotation of the
oxygen octahedra. The ground state is rhombohedral of R3c

symmetry with two formula units per unit cell, a ferroelectric
polarization along the [111] pseudocubic direction [17], and
an antiphase tilting of oxygen octahedral rotations along
the same direction, a−a−a− in terms of Glazer notation.
At TC , the compound undergoes a first-order transition to
an orthorhombic phase of Pbnm symmetry (formally Pnma)
with four formula units per unit cell and is characterized by
antiphase oxygen rotations around [110] and in-phase rotations
around [001] [18]. This phase is considered as paraelectric,
even though signals related to an antiferroelectric order have
been suggested [16,19–21]. The structural behavior of BFO is
very sensitive to deformation, and the way that strain modifies
the strength of the instabilities is an issue of significant
relevance for understanding of the functional properties of
the compound.

In this paper, we study the effects of the epitaxial strain
imposed by cubic substrates on the structural properties of
BFO by using an atomic-level approach. The model was
obtained from first-principles calculations, and it was recently
used to describe bulk properties, including the phase diagram,
and dielectric and piezoelectric responses as function of
temperature [7,21].

II. MODEL AND COMPUTATIONAL DETAILS

The shell model has been extensively used to study finite
temperature properties in ferroelectric compounds [22–25]. In
this approach, each atom is described as two charged and
coupled particles: a core and a shell. The model includes
electrostatic interactions among cores and shells of different
atoms and short-range interactions between shells. The model
potential of BFO used in this paper was fitted to reproduce first-
principles results. Since the input data correspond to results
obtained within the local density approximation (LDA+U),
lattice parameters and related properties are underestimated
with respect to experimental values. The model was able
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to correctly reproduce the direct transition from the low-
temperature R3c ferroelectric phase to the Pbnm orthorhombic
phase of the bulk, as well as microscopic characteristics of both
phases [7,21].

We use this model to determine relaxed structures and
finite temperature properties of BFO as a function of a com-
pressive epitaxial strain. The strain, which is incorporated in
the ferroelectric material due to the lattice mismatch with
the substrate, is taken into account in the simulations by
fixing the in-plane lattice parameters, while the length of
the simulation cell in the z direction was allowed to expand
or contract to reach zero stress. The misfit strain is defined
as ε = (a − a0)/a0, where a is the imposed in-plane lattice
parameter and a0 is the pseudocubic lattice parameter of the
unstrained R3c phase obtained with the model. The molecular
dynamic (MD) simulations were carried out with DL-POLY
code [26] in a supercell size of 12 × 12 × 12 5-atom unit
cells (8640 atoms) with periodic boundary conditions. The
relaxed structures were determined as zero-temperature limit
MD simulations. In order to avoid high-energy metastable
states, successive heating and quenching were performed until

the forces on individual ions were lower than 0.01 eV Å
−1

.
The runs were made at temperature intervals of 50 K and
with a time step of 0.4 fs. Each MD run consists of at least
40 000 time steps for data collection after 20 000 time steps for
thermalization.

III. RESULTS AND DISCUSSION

A. Zero-temperature evolution

We first investigate the relative stability of possible BFO
structures as function of the misfit strain. Figure 1 shows
the behavior of the energy for the relevant phases obtained
with the model at zero temperature. The two-dimensional (2D)
clamping imposed by the substrate breaks the symmetry of the
bulk, and the obtained phases are distorted versions of the ones
observed in bulk. The phases denoted as R′ and O ′ correspond
to distorted versions of the parent rhombohedral R3c and
orthorhombic Pbnm structures. We note that there are two

FIG. 1. Total energy as a function of the misfit strain for R′, O ′,
and T ′ phases of BiFeO3.

possible Pbnm-distorted phases. In one of the structures, the
in-phase rotation component is along the epitaxial direction,
and the rotational order is represented as (a−a−b+). In the
second one, the in-phase rotation component lies along one
of the axes parallel to the substrate, i.e., the y axis, and
the order is represented as (a−b+c−). The structure referred
here as O ′ corresponds to the second configuration since it is
energetically favorable. As it is observed in the figure, the R′
phase is the most stable at low levels of compressive strains,
which is in concordance with theoretical and experimental
evidence [27,28]. The energy of the O ′ phase decreases until
the in-plane lattice parameter reaches the value corresponding
to the unstrained parent Pbnm structure. At that strain, the
energies of O ′ and R′ phases are very close, and both curves
nearly overlap for strains larger than −1.3%. While a Pbnm
phase has been observed under hydrostatic [29] and chemical
[9] pressure, there is no experimental evidence of the presence
of an O ′ type phase in strained films of pure BFO. This
discrepancy may be related with the small energy difference
between the parent structures and the complex energy behavior
of BFO. In the model, the Pbnm phase is only 17 meV f.u.−1

above the R3c ground state, which is close to the LDA+U
value of 14 meV f.u.−1 used to fit the model. We note that this
energy difference is very sensitive to the election of exchange-
correlation functional, and values up to 60 meV f.u.−1 have
been reported [15,16]. Despite the energy competition between
the R′ and O ′ phases, the model is able to account for the
presence of the called supertetragonal (T ′) phase, in agreement
with experimental observations and theoretical results [10,27].
According to our model, the T ′ structure becomes stable for
misfit strains higher than −3.7%, while the critical strain is
∼ −4.5% in experiments [10], and first-principles values vary
between −2.3% and −4.5% [16,30].

Now we analyze in more detail the structural behavior of
the compound as a function of the epitaxial strain. We focus in
the evolution from the R′ to the T ′ phase. Figure 2 shows the
significant magnitudes that characterize the structural behavior
of the system: tetragonal distortion c/a and in-plane stress (a),
polarization P (b) and oxygen octahedron rotation patterns (c).
As expected, c/a increases, and P rotates toward the z axis
with the increment of the compressive strain. At ε = − 1.5%,
which corresponds to a thin film deposited on SrTiO3, the
model gives c/a = 1.04 and Pz = 48 μC cm−2. These values
are comparable with 1.04 and 58 μC cm−2 obtained from
LDA+U calculations [31]. Concomitant with this, there is an
enhancement of the antiphase oxygen-octahedra rotation angle
around the epitaxial axis (ωz), while other components (ωx,ωy)
decrease. As a result, the structure becomes monoclinic of
MA type (Px = Py < Pz) with space group symmetry Cc.
The transition to the T ′ phase involves a sudden increase
in c/a and out-of-plane polarization. At the transition, c/a

increases from 1.09 to 1.22, while Pz jumps from 63 μC cm−2

to 100 μC cm−2, values in close agreement with experiments
and first-principles calculations [10,30]. The in-plane polar
components are barely affected, but the in-plane stress condi-
tion changes from compressive to tensile. The strain-induced
transition is also accompanied by a marked reduction in the
values of the oxygen octahedra rotations, being the most
pronounced the change along z direction. Nevertheless, ωz

does not vanish, in contrast to first-principles results [30].
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FIG. 2. Evolution of (a) tetragonal distortion and in-plane stress,
(b) polarizations, and (c) antiphase oxygen octahedron rotations as a
function of the misfit strain in BiFeO3.

The symmetry of this T ′ does not change at the transition.
We denote as T ′(MA1) this MA phase with CC symmetry.
The T ′(MA1) phase remains stable for strains up to −5.1%,
where a second transition is observed. In this polymorphic, the
rotation of the oxygen octahedra completely vanishes, while
the other magnitudes (energy, tetragonal distortion, and net
polarization) do not display noticeable anomalies. However,
an additional difference between the two T ′ phases is observed
in the in-plane local polarization pattern. While in the first
phase, the local polarizations are slightly canted respect to the
[110]pc direction forming a zigzag arrangement [Fig. 3(a)],
the second phase displays the formation of a periodic domain
structure with in-plane polarizations alternately pointing along
x and y direction in a head-to-tail periodic arrangement
[Fig. 3(b)]. In each domain, P is pointing alternatively along
[101]pc and [011]pc directions. Each domain has a MC type of
symmetry with space group Pm, and the structure is denoted
as T ′(MC). This configuration is consistent with periodic
nanodomain patterns observed in BFO thin films grown on
LaAlO3(ε = − 4.8%) [32].

FIG. 3. In-plane local polarization pattern for the (a) T ′(MA1)
and (b) T ′(MC) structures at zero temperature.

The macroscopic evolution as a function of the compressive
strain is microscopically connected with changes in the
atomic positions. In fact, the abrupt changes in the tetragonal
distortion and Pz arise from large atomic displacements along
z direction, mainly of Bi and Fe atoms with respect to the
oxygen. As shown in Fig. 4, Fe ions are shifted by 0.58 Å from
the average Ox − Oy plane, modifying the bond distance with
Oz. In particular, the long bond displays an abrupt elongation,
from 2.13 Å in the R′ phase to 2.78 Å in the T ′ phase. The short
bond, however, just experiments a small contraction, from
1.91 Å to 1.88 Å. In the case of Bi atoms, they move ∼0.95 Å
toward one of the Ox − Oy planes, forming two groups of
Bi-O bonds, short and large. Model values of 2.31 Å and
3.82 Å are in agreement with experimental estimations of
2.33 Å and 3.78 Å, respectively [33].

B. Strain-temperature phase diagram

The strain-temperature phase diagram of BFO obtained
from the simulations is displayed in Fig. 5. The reported
data do not include any kind of correction or rescaling. The
epitaxial strain refers to the lattice parameters at 0 K. The phase
diagram shows two markedly different zones corresponding
to the bulk or R-like (right side) and tetragonal or T -like (left

FIG. 4. Evolution of atomic displacements as a function of the
epitaxial deformation at T = 0 K.
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FIG. 5. Temperature-misfit strain phase diagram for BiFeO3

obtained by the shell model simulations.

side) regions. Both regions are separated by a nearly vertical
line, which represents the MPB.

At low strain levels in the R-like region, the temperature
evolution resembles the behavior of the bulk. The simulations
show that strained BFO undergoes a temperature-induced first-
order transition from the R′ (R3c-like) phase to the O ′ (Pbnm-
like) phase. The transition is evidenced by the contraction
of the out-of-plane lattice parameter, the absence of a net
polarization (Px = Py = Pz = 0), and changes in the oxygen
octahedra rotation pattern (Fig. 6). In this case, the rotation
becomes in phase along y direction (ωM

y �= 0), while the
out-of-phase order remains in the other two directions (ωR

x �=
0; ωR

z �= 0). The cell contraction at TC is in agreement with the
experimental observations [12,13], although the model shows
that the high-temperature phase is antiferroelectric rather than
paraelectric. The phase displays antipolar xz planes with
polarizations along the [101]pc direction (P AF

x ,0, P AF
z ) that is

consistent with the MC type of monoclinic distortion suggested
in Ref. [34]. Regarding the behavior of TC under strain, the
simulation indicates that the transition temperature decreases
with the application of strain, in agreement with experimental
observations [12,13]. As shown in Fig. 1, the strain reduces
the energy difference between R′ and O ′, producing the
downward shift in TC . We note that the rate of change of
TC is overestimated in comparison with experiments, and the
transition temperature vanishes at ε = − 1.7%. As shown in
Fig. 1, R′ and O ′ phases have similar energies for −3.7% <ε <

−1.7%. Both phases remain (meta)stable at finite temperature,
and it is not possible to elucidate clearly the phase stability
between them. This coexistence phase region is indicated in
Fig. 5 by dotted lines.

The phases observed in the left region of the diagram
are all ferroelectric with a strong polar component along
the z direction and a large tetragonal distortion. The two
zero-temperature phases, T ′(MA1) and T ′(MC), obtained as
function of the epitaxial strain, display a first transition to a
common T ′(MA2) phase. In this phase, Px = Py < Pz and
the oxygen octahedra do not rotate. The most noticeable
feature of T ′(MA1) − T ′(MA2) transition is the change in

FIG. 6. Evolution of (a) c-lattice parameter, (b) FE and AFE po-
larizations, and (c) oxygen-octahedron rotation angles as a functions
of temperature for ε = − 1.5%.

the oxygen rotational pattern, which completely disappears
above the transition (see Fig. 7). In addition, there is a subtle
change in the slope of the out-of-plane lattice parameter,
while P is barely affected. The transition temperature to the
T ′(MA2) phase decreases as strain increases. On the other
hand, the T ′(MC) − T ′(MA2) transition is related with the
local polarization pattern in the xy plane. The domains pattern
of the T ′(MC) [see Fig. 3(b)] disappear at the transition, and
local polarizations are all pointing along the same direction
in the T ′(MA2) phase. Changes in the total polarization and
lattice constant are not detected at the transition. Neither
of the T ′(MC) and T ′(MA2) phases displays rotation of
the oxygen octahedra, and the temperature transition is
practically independent of the strain. When the temperature
increases, the T ′(MA2) displays a transition to a true tetragonal
phase T ′(T ) where the in-plane polar components vanish
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FIG. 7. Evolution of (a) c-lattice parameter, (b) polarizations, and
(c) oxygen-octahedron rotation angles as functions of temperature for
ε = − 4.7%.

(Px = Py = 0,Pz > 0). The strain favors the stability of
T ′(T ) phase producing the reduction of the T ′(MA2) − T ′(T )
transition temperature. The four different phases obtained
in the T region captures essential features experimentally
observed in strained BFO films. In particular, the phase
transition sequence T ′(MC) − T ′(MA) − T ′(T ) as function of
the temperature at high level of strains is in coincidence with
the experimental reports in films deposited on LaAlO3 and
YAlO3 substrates [35,36]. In addition, our description supports
the presence of a second MA type of structure, which is stable
at low temperatures near the MPB.

C. The strain-induced MPB

The phase diagram of Fig. 5 shows different adjacent phases
at the both sides of the MPB, offering the possibility of
different strain-driven phase transitions. We first analyze the

situation that represents the room temperature experimental
observations, that is, R′ is the stable phase at the right side
of the MPB. In this case the application of strain induces
a R′ − T ′(MA1) transition. We first note that the transition
is isosymmetric and that it does not require changes in the
polar and rotational order. Second, both phases are connected
through a low energy barrier. Figure 1 shows that both
structures are (meta)stable for strains near the MPB. We
observe that the R′ phase loses its stability when compressive
strains increase slightly above this critical region, and it
naturally evolves to the T ′(MA1) structure. In a similar way,
the T ′(MA1) structure becomes unstable for strain slightly
below that region, and it goes into R′ structure. Finally,
both structures are under opposite strain conditions in the
MPB region. Figure 2(a) indicates that the R′ phase is under
compression while T ′ phase is under expansion. Therefore,
simulation results are in concordance with the model for
coexistence of phases proposed in Ref. [30]. Even more, the
description is also consistent with the experimentally observed
stability of the intermediate S ′ phase [36,37], which can be
described as an average of the R′ and T ′(MA1) phases.

A reversible transition between R and T regions occurs
only at temperatures where T ′(MA1) is stable. We do not
observe such a behavior at temperatures where the T ′(MA2)
is stabilized. We attribute this fact to the different rotational
order of the phases at both sides of the MPB. The change
of the oxygen octahedral rotation patterns requires passing
through higher energy barriers. This nonreversible behavior
is also observed at higher temperatures for the O ′ − T ′(T )
transition. This temperature-dependent behavior is consistent
with the changes in the piezoelectric switching observed in
highly strained film [36], and it highlights the relevance of the
rotational degrees of freedom in the behavior of the compound
across the MPB.

D. Origin of the super tetragonal phase

To gain insight into the physical origin of the strain-induced
tetragonal phase in BFO, we explore the behavior of the
compound under hydrostatic pressure. Figure 8 displays the
results for the enthalpy H = E + P (V − V0) as function of
the pressure P , where E and V correspond to the energy
and the volume of the particular structure and V0 is the
volume of ground state. The model displays a pressure
induced transition from the ferroelectric R3c phase to the
orthorhombic Pbnm structure. The transition pressure of
1.3 GPa is slightly underestimated with respect to the LDA
value of 2 GPa [16]. In addition, our simulations show that
a negative pressure of −1.27 GPa stabilizes a monoclinic
MA phase with space group symmetry Cm. This tetragonally
distorted phase displays a c/a = 1.31 and a volume increment
of ∼7.6% at the transition phase. The polarization of the phases
is Px = Py = 28.7 μC cm−2 and Pz = 118 μC cm−2, while
oxygen octahedra are not rotated. The presence in BFO of
a supertetragonal phase induced by strain or under negative
pressure has similar characteristics to those seen in other
perovskites, such as PbTiO3 or BaTiO3 [38,39]. In all cases,
the T ′ phase was achieved by an effective elongation of the cell
along z direction, regardless of whether the effect is obtained
by compressive in-plane strain (or stress), tensile stress along
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FIG. 8. Enthalpy H of different metastable phases of BiFeO3

under hydrostatic pressure as computed by the shell model.

z direction or negative pressure. Then, our results support the
hypothesis that the appearance of a highly elongated phase is a
common feature of the ferroelectric perovskites. It was argued
that the microscopic origin may be related to the breaking of
bonds along the tetragonal axis. We want to stress that the
shell model does not include electronic degrees of freedom
explicitly; however, it is able to reproduce the strain-induced
supertetragonal phase in agreement with experiments. The
occurrence of the T ′ phase with our model is not fortuitous.
We verify that a model for PbTiO3 [40] is also able to account

the anomalous enhancement of the tetragonality reported from
first-principles calculations [38].

IV. CONCLUSIONS

The behavior of BFO under epitaxial strain has been
explored with a first-principles based atomistic model. We
find that the interatomic potential developed for the bulk
is able to account for the marked structural changes that
occurs at the strain-induced R′ − T ′ transition. The simulated
phase diagram shows that the MPB is nearly independent of
the temperature and displays the main phases experimentally
observed in strained BFO films as function of the temperature.
The paper reveals that order parameters related to the polar-
ization and the rotation of the oxygen octahedra are required
to describe such a complex the phase diagram. Finally, the
induced supertetragonal phase in BFO is analogous to that
observed in other perovskites, supporting the common origin
of them.
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