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We report a triclinic phase in perovskite BiFeO3 共BFO兲 epitaxial thin films grown on 共130兲 and
共120兲 oriented SrTiO3 substrates. The lattice constants of the BFO thin films changed with tilt of the
substrates from 共001兲 toward 共110兲. These lattice parameters result from the epitaxially engineering
of structurally bridging phases of the lowest possible symmetry. © 2009 American Institute of
Physics. 关DOI: 10.1063/1.3110972兴
The perovskite BiFeO3 共BFO兲 is a multiferroic material
which has both ferroelectric and ferromagnetic orders.1–3 Its
Curie temperature is 830 ° C and its Néel temperature is
370 ° C.4–8 At room temperature, bulk BFO single crystals
have a distorted rhombohedral 共R兲 structure with lattice parameters of 共ar , ␣r兲 = 共3.96 Å , 89.4°兲. Along 关111兴, BFO has
a threefold axis, where the Bi3+ and Fe3+ cations are displaced from their symmetric positions.1,9–12 This asymmetry
generates a spontaneous polarization along the 关111兴. In addition, there is an alignment of spins the along 关111兴, whose
moments are slightly canted from this direction resulting in a
weak ferromagnetic moment.
Epitaxial BFO thin layers have also been reported.13
The symmetry of the BFO layers has been shown to be notably distorted from that of the R phase in bulk crystals.14
Investigations by high resolution x-ray diffraction 共XRD兲15,16
have shown that films grown on 共001兲, 共110兲, and 共111兲
SrTiO3 共STO兲 substrates, respectively, have a monoclinic A
共M A兲 structure with lattice parameters of 共aM / 冑2 , b M /
冑2 , cM , ␤兲 = 共3.973 Å , 3.907 Å , 3.997 Å , 89.2°兲, where the
polarization is constrained to the 共001兲 plane; monoclinic B with lattice parameter of 共aM / 冑2 , c M , ␤兲
= 共3.985 Å , 3.888 Å , 89.35°兲, where P is constrained to the
共110兲 plane and rhombohedral 共R兲 with lattice parameters
equivalent to that of bulk crystals, where the polarization is
constrained to the 共111兲 direction.
Monoclinic
domain
engineered
phases
have
previously been reported in perovskite 共1 − x兲Pb
⫻共Mg1/3Nb2/3兲O3-xPbTiO3 共PMN-PT兲 and 共1 − x兲Pb
⫻共Zn1/3Nb2/3兲-xPbTiO3 共PZN-PT兲 single crystals.17–27 Domain engineering was achieved by cooling under electric
fields applied to high symmetry 关i.e., 共001兲, 共110兲, or 共111兲兴
directions, or orientations different than that of the spontaneous polarization Ps in the zero-field-cooled state.26,27 Low
symmetry structurally bridging monoclinic phases have been
shown to be important in enhancing properties in the vicinity
of a morphtropic phase boundary.
Analogously, in perovskite thin layers, low symmetry
structurally bridging phases can be epitaxially engineered by
lattice parameter mismatch and substrate orientation.14 Theoretical investigations have shown that epitaxy can be used
as a thermodynamic variable by which to control phase stability in perovskites. Lattice parameters of films can be altered in perovskites in order to relax epitaxial stress.28 Ala兲
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though the magnitude of the constraint stress can be change
by various method 共such as substrates, buffer layers, or film
thickness兲, a more important factor in the engineering of
phase stability is the direction along which this constraint
stress is applied. Prior investigations have been limited to the
study of higher symmetry 共001兲, 共110兲, and 共111兲 oriented
substrates. The influences of lower symmetry oriented substrates have not yet been investigated on the phase stability
of perovskite layers.
Here, we have investigated a method of epitaxial engineering of the phase stability of low symmetry perovskite by
altering the direction of the constraint stress, via selecting
low symmetry 共or interim兲 orientations of single crystal substrates. For example, by using 共130兲 or 共120兲 oriented STO
substrates, the constraint stress can be controlled to lie between the 共100兲 and 共110兲 directions. By this method, we
have found it possible to control the crystal structure and
lattice parameters in epitaxial films. We have observed a triclinic phase in BFO when deposited on tilted 共001兲 STO
substrates, where the lattice parameter of the films can be
varied from 3.90 to 4.08 Å.
Epitaxial layers of BFO were grown by pulsed laser
deposition on 共100兲, 共130兲, 共120兲, 共110兲, and 共111兲 SrTiO3
substrates that had been ultrasonically cleaned. The layers
were kept to a thickness of ⬃40 nm to prevent relaxation of
the constraint stress. Films were deposited using a KrF laser
共wavelength of 248 nm兲 by a Lambda 305i: using energy
densities of 1.2 J / cm2. The distance between the substrate
and target was 6 cm and the base vacuum of the chamber
was ⬍10−5 Torr. During film deposition, the oxygen pressure was 100 mTorr. The crystal structure of the films was
measured using a Philips X’pert high resolution x-ray diffractometer equipped with a two bounce hybrid monochromator and an open three-circle Eulerian cradle. The analyzer
was a Ge 共220兲 cut crystal which had a -resolution of
0.0068°.
The lattice constants of the variously oriented BiFeO3 in
single unit cell representations are summarized in Table I.
The 共111兲 oriented BFO thin films were rhombohedral 共R兲
with lattice constant of ar = 3.959 Å and ␣r = 89.48°, which
is the same as bulk materials as previously reported.9–12
For 共001兲 and 共110兲 BFO, am = bm ⫽ cm, and ␣ = ␥ = 90° ⫽ ␤.
In this case, the diagonals in the a and b plane are normal
to each other in the unit cell. For 共110兲 BFO, c ⬍ a,
whereas for 共001兲 c ⬎ a. As a consequence, the stable
structures are M B and M A, respectively, with lattice
constant of 共a M / 冑2 = 3.996共7兲 Å , bM / 冑2 = 3.952共8兲 Å , cM
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TABLE I. Lattice constant of BiFeO3 thin films in single unit cell.

共110兲
共120兲
共130兲
共100兲
共111兲

Phase

Angle from 共100兲
共deg兲

a
共Å兲

b
共Å兲

c
共Å兲

␣
共°兲

␤
共°兲

␥
共°兲

M B in double unit cell
Triclinic
Triclinic
M A in double unit cell
Rhombohedral

Tilted 45
Tilted 26
Tilted 18
Tilted 0
...

3.974共8兲
3.955共5兲
3.926共5兲
3.903共4兲
3.959共2兲

3.974共8兲
4.011共4兲
4.041共9兲
3.903共4兲
3.959共2兲

3.925共3兲
3.912共5兲
3.909共3兲
4.075共6兲
3.959共2兲

89.46
89.52
89.52
89.53
89.48

89.46
89.51
89.51
89.53
89.48

89.37
89.34
89.30
89.53
89.48

= 3.925共3兲 Å , ␤ = 89.24°兲 and 共aM / 冑2 = 3.919共5兲 Å , bM / 冑2
= 3.887共2兲 Å , c M = 4.075共6兲 Å , ␤ = 89.34°兲 in a double unit
cell representation.
However, a triclinic phase was found for 共130兲 and 共120兲
oriented BFO thin films, which were 26° and 18° titled from
the 共100兲. Because BFO is not tetragonal 共T兲, orthorhombic
共O兲, or rhombohedral 共R兲, we must use a parallelogram
model to perform calculations to determine the lattice constants and crystal structure. First, we calculated the gray
plane in Fig. 1共a兲, which is normal to the substrate, as circled
by the blue dashed plane in the figure. From the distances b⬙,
m⬘, and n⬘ that we measured directly, we can calculate a⬘, b⬘,
t, and all angles in this plane 关see Fig. 1共b兲兴. Next, we calculated the gray plane in Figs. 1共c兲 and 1共d兲. From p and q
that were directly measured and n which was calculated
above, we can determine c and r. Accordingly, all the
lattice constants and angles have been so determined. All
the original XRD peaks used in the calculation are
shown in Figs. 1共e兲 and 1共f兲. We then used these lattice constants to build a model, from which we can predict the lattice
constants independently of the first step above. By
comparing all the predicted values to those that were directly
measured, we found a convergence of values. For example,
the predicted values of the interplanar spacings d共111兲
and d共010兲 were 6.832共4兲 and 3.955共1兲 Å for the 共120兲
films, whereas the measured values were 6.831共5兲 and
3.954共3兲 Å: a difference of only 0.01% and 0.02% for
d共111兲 and d共010兲 between prediction and measurement. The
triclinic lattice parameters of 共120兲 and 共130兲 BFO films
are 共at , bt , ct ; ␣t , ␤t , ␥t兲 = 关3.955共5兲 Å , 4.011共4兲 Å , 3.912共5兲
Å , 89.52° , 89.51° , 89.34°兴
and
共at , bt , ct ; ␣t , ␤t , ␥t兲
= 关3.926共5兲 Å , 4.041共9兲 Å , 3.909共3兲 Å , 89.52° , 89.51° ,

89.30°兴, respectively. The 共130兲 and 共120兲 BFO films can
only be described as by a single cell triclinic structure, which
cannot fit to any higher symmetry multicell structural representation.
The 共100兲, 共130兲, 共120兲, and 共110兲 oriented BFO films
were deposited on STO single crystal substrates, which were
0°, 18°, 26°, and 45° titled from the 共100兲 plane. Figure 2
shows the lattice parameters of these various oriented BFO
layers as a function of the tilt angle from the 共100兲 toward
the 共110兲. The blue dashed line represents the lattice constant
of the STO substrate, which was ac = 3.90 Å. The lattice parameters from left to right are for 共100兲, 共130兲, 共120兲, and
共110兲 oriented BFO films. The angles between the lattice and
substrate are marked in bold on top of the points. As the
angle between the lattice and substrate was increased from 0°
共in plane兲 to 45° 共out of plane兲, the lattice parameters of BFO
increased gradually from 3.90 to 3.97 Å; whereas the c lattice parameter decreased from 4.08 to 3.97 Å. The relationship between the tilt and the BFO lattice parameters are
nearly linear, indicating that elastic constraint is an important
factor. With increasing tilt, the in-plane lattice parameters
gradually increased as the compressive stress was increased,
whereas the out-of-plane parameter gradually decreased.
In addition, we found when the substrate was changed
from 共100兲 to 共110兲 that the in-plane lattice constants were
also slightly increased with respect to those out of plane
from 3.90 to 3.92 Å. The cause for this is the anisotropic
nature of the constraint stress along the in-plane directions.
For 共100兲 BFO films, the compressive stress from the substrate was isotropic. However, for 共130兲, 共120兲, and 共110兲
BFO films, the in-plane compressive stress becomes increasingly anisotropic with increasing tilt angle away from the

FIG. 1. 共Color online兲 关共a兲–共d兲兴 Illustration of the planes in the unit cell
which were used to calculate the triclinic lattice constants and tilt angles
for BiFeO3. 关共e兲–共f兲兴 X-ray results of
BFO peaks which are used in the
calculation.
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FIG. 2. 共Color online兲 Lattice constants of 共100兲, 共130兲, 共120兲, and 共110兲
oriented BiFeO3 thin films as a function of tilt angle, demonstrating the
relationship between the lattice constants of BiFeO3 and the angle between
the film and substrate. Insert shows that M A, triclinic, triclinic, and M B are
the results of the combination of the constraint stress from the 共100兲, 共130兲,
共120兲, and 共110兲 substrates and the stable R phase of BFO, respectively.

共001兲. In the case of 共110兲, the compressive stress along the
具001典 is lower than that along 具11̄0典: this make the lattice
parameter for 共110兲 layers larger than that of 共001兲.
The insert of Fig. 2 can be used to explain the formation
of structurally bridging triclinic and monoclinic phases in
BFO films. Bulk BFO has a rhombohedral structure which is
distorted from cubic along the 关111兴. Epitaxial stress applied
by the substrate along 关100兴, 关110兴, 关120兴, and 关130兴 tends to
compress the epitaxial thin films to T, O, M A and M C structures, respectively. The combination of the constraint stress
from the substrate and the stable R phase of BFO results in
net symmetries of M A, M B, triclinic, and triclinic, respectively. Using the understanding of our approach, we can
predict/design crystal structures for other oriented epitaxial
films. For example, if a R phase is deposited on 共110兲, 共113兲,
共112兲, 共223兲, 共111兲, and 共221兲 oriented substrates, a stable M B
structure can be expected, where the lattice parameter cm will
increase gradually on going from 共110兲, 共113兲, 共112兲, to
共223兲 orientations. However, 共111兲 films will remain R with
c = a = b; and 共221兲 layers will be M A with cm ⬎ am = bm.
In summary, we report a method by which to epitaxial
engineer low symmetry phases in ferroelectric perovskites:
the selection of tilted 共001兲 single crystal substrates. Using
this approach, we have developed triclinic BFO layers grown
on 共130兲 and 共120兲 STO substrates that structurally bridge
M A and M B monoclinic phases, where the lattice parameters
can be varied from 3.90 to 4.08 Å.
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