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Polarization Rotation in the Monoclinic Perovskite BiCo,_,Fe O;**
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Masaki Azuma

A piezoelectric ceramic, Pb(Ti,_,Zr,)O; (PZT), is widely used
for various applications, such as transducers and sensors. PZT
shows a maximum piezoelectric effect with a composition of
about x =0.5, the boundary separating the tetragonal P4mm
(Ti-rich) and the rhombohedral R3m (Zr-rich) phases in the
phase diagram. This boundary is known as a morphotropic
phase boundary (MPB).! Investigation of the structural
evolution at the MPB is indispensable for understanding the
origin of the enhanced piezoelectric property in PZT. In 2000,
Noheda reported the presence of a monoclinic phase at x =
0.50 and 0.52 below 200 and 250 K, respectively, on the basis
of powder synchrotron X-ray diffraction (SXRD) studies.”
The monoclinic phase had a v2a x v2a x a unit cell, where
a was the cubic perovskite lattice parameter and the space
group was Cm. This finding explains the mechanism of the
piezoelectric enhancement as follows. The lack of a symmetry
axis in the monoclinic structure allows the rotation of the
ferroelectric polarization vector between the polar axes of the
tetragonal and rhombohedral phases. This polarization rota-
tion is induced by applying an electric field, leading to the
enhancement of the piezoelectric constant.! Although the
large piezoelectric response of PZT is successfully explained,
the presence of a monoclinic phase in PZT as a distinct phase
is controversial.”) The insufficient difference in the pseudo
cubic unit cell parameters of tetragonal, rhombohedral, and
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monoclinic phases inhibits the structural analysis based on
diffraction studies. The c/a ratio of tetragonal (P4mm)
PbTi 471,505 at 325 K is 1.01, which is quite close to unity,
and the a of rhombohedral (R3m) PbTi 4 Zr,0; at 295 K is
90.45° * that is, almost orthogonal. The monoclinic phase has
an intermediate structure between the tetragonal and the
rhombohedral phases. These three phases are thus so close to
cubic that their diffraction peaks overlap extremely.

Herein, we show the presence of a monoclinic v/2a x
v2axa structure with space group Cm as a single phase
over a wide composition and temperature range in
BiCo,_,Fe,O;. The BiCoO;-BiFeO; system attracts attention
as a candidate for a lead-free piezoelectric material because
of the similarity of the phase diagram to that of PZT.” The
tetragonal and rhombohedral phases are adjacent at high
temperature at around x=0.7, and a monoclinic phase is
found at room temperature in the vicinity of this composition.
However, the space group and the precise crystal structure of
this monoclinic phase remained unclear. The transition from
a tetragonal to a rhombohedral structure was also predicted
by a first-principles calculation by Diéguez et al., while the
monoclinic phase is not stable in this calculation.!’! The
present electron diffraction (ED) and SXRD studies consis-
tently showed the presence of a Cm monoclinic phase as
a single phase. Furthermore, polarization rotations between
[001] and [111] directions of a pseudo cubic cell ([001]. and
[111],, respectively) were found to be functions of composi-
tion and temperature.

The laboratory XRD patterns of BiCo,_,Fe,O; from x =
0.60 to 0.72 are shown in Figure 1. Only the tetragonal phase
was observed at x=0.60, as reported previously. However,
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Figure 1. a) XRD patterns for BiCo,_,Fe,O; (x=0.60, 0.63, 0.67, 0.70,
and 0.72) collected at room temperature with CuKa radiation.

b) Closer view of the XRD patterns. The suffixes R, T, and M after the
indices represent rhombohedral, tetragonal, and monoclinic phases,
respectively.
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the increase in BiFeO; content lead to the division of a 101
reflection into two. These peaks can be indexed as —111 and
111 reflections of the monoclinic phase with a v/2a x v/2axa
unit cell. The structural change from the tetragonal P4mm to
the monoclinic phase occurred gradually in a second-order
manner. Further substitution led to the appearance of the
rhombohedral R3¢ phase above x=0.70. The single mono-
clinic phase was observed for the x=0.63 and 0.67 samples.
The structural transition from the monoclinic to the rhombo-
hedral phases was first-order in accordance with the 9% gap
in the pseudo cubic unit-cell volume. These behaviors are
different from that of PZT, where the structural transition
from the tetragonal P4mm to the rhombohedral R3m via
monoclinic Cm phases occurs continuously. Another differ-
ence from PZT is that the rhombohedral phase of
BiCo,_,Fe,O; has the space group R3c, which is present in
PZT as the low temperature phase of R3m phase.”’ The
transition from R3m to R3c originates from the tilting of the
(Zn,Ti)Og octahedra, leading to the doubling in the c axis.
The ED patterns shown in Figure 2 confirmed the v/2a x
v/2a x a unit cell and Cm space group of the monoclinic phase.
The composition dependence of the lattice parameters of the
monoclinic Cm phase is shown in Figure 3. The lattice
parameters increased gradually as Fe content increased
owing to the larger ionic radius of Fe compared to that of
Co (Co® 0.61 A, Fe** 0.65 A)."® The monoclinic angle j also
increased with x. It appears strange that the changes in lattice
parameters continued after the separation into monoclinic
and rhombohedral phases took place, which is probably
because both the monoclinic and the rhombohedral phases
had the same GdFeOj;-type high-pressure structure.”) When
the sample was prepared under high-pressure conditions, only
a GdFeO;-type structure was present, which transformed into
monoclinic and rhombohedral phases when the pressure was
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Figure 2. a) [100], b) [010], c) [001], and d) [-110] zone-axis selected-
area electron diffraction patterns obtained for BiFe,;,Co, ;005 at 298 K.
The electron diffraction spots are indexed on the cubic perovskite
structure. The monoclinic angle 8 can be estimated to be approxi-
mately 91.4° in the reciprocal lattice space. The space group is
deduced to be Cm from the analysis of various ED patterns. The unit
cell is v2ax+/2axa, where a represents the lattice parameter of the
cubic perovskite structure.
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Figure 3. The composition dependence of the lattice parameters of
monoclinic BiCo,_,Fe,O; (0.60 <x<0.73).

reduced. In this room-temperature process, no ionic diffusion
that causes the compositional phase separation took place.
We note that such coexistence of two phases with the same
composition is often found in oxides."”!

For further investigation, we performed a Rietveld anal-
ysis of the SXRD patterns of x =0.63, 0.70, and 0.72 samples.
The fittings successfully converged, assuming the mixing of
monoclinic and rhombohedral phases, and the results are
summarized in Figure 4 and the Supporting Information,
Table S1. The refined crystal structure of monoclinic
BiCo,_,Fe,O; (x=0.63, 0.70, and 0.72) was closely related
with its parent compound, tetragonal BiCoQO;, where the
ordering of the d,, orbital lead to the CoOs pyramidal
coordination and a large spontaneous polarization of
120 uCem 2 was calculated by assuming a point-charge
model.”’’ Monoclinic BiCo,_,Fe,O; preserved the large polar
distortion, and the spontaneous polarizations calculated were
121 pCem™ for x=0.63, 117 uCem™ for x=0.70, and
117 pCem™ for x =0.72, which are about twice as large as
that reported for PbZr, s, Tij 4505 at 20 K (54 pCcm ™). The
polarization vector of the tetragonal P4mm phase pointed
toward the [001], direction, and that of the rhombohedral
R3m phase pointed toward the [111], direction. We denote
[001], as the direction perpendicular to the (001), plane. The
polarization in the monoclinic Crm phase was in a (110), plane,
between the [001], and [111], directions. Doubling of the unit
cell, v/2a x v/2a x a as shown in Figure 4b), was required to tilt
the polarization direction from the [001]. direction to the
[111]. direction. The polarization direction reported for
PbZr, 5, Tiy 4505 at 20 K tilted 24° from the [001], direction.*"!
In monoclinic BiCo,_,Fe, O, the tilting angles were 2° for x =
0.63, 12° for x=0.70, and 17° for x=0.72 (Figure 5). Note
that the polarization tilts in the opposite direction to the
monoclinic distortion. The tilting angles from the monoclinic
[001],, directions were 2.9° for x =0.63, 13.4° for x =0.70, and
18.5° for x=0.72. Owing to the large distortion along the
[001]. direction, the directions of the polarization were closer
to the [001], direction compared with that of PZT. The angle
from the [001]. direction increased as the Fe content
increased, indicting the continuous change of the polarization
direction. It should be noted that this is the first observation
of the polarization rotation predicted for a monoclinic
perovskite.
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The thermal stability of the monoclinic phase was also
investigated. Figure 6 shows the temperature dependence of
the SXRD pattern of BiCoj;,Co,;0s;. A second-order
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Figure 4. a) SXRD patterns of BiCo,_,Fe,CoO; at room temperature
and the results of Rietveld fits. The wave lengths 1 are 0.42335 A,
0.42290 A, and 0.42309 A for x=0.63, 0.70, and 0.72, respectively.
Observed (red, +), calculated (black line), and difference profiles (blue
line) are shown together with Bragg marks (green) for the monoclinic
(upper) and rhombohedral (lower) phases. b) The crystal structure of
monoclinic BiCoy 3oFe, ;0C00;. Broken and solid lines represent the
monoclinic and pseudo cubic unit cells, respectively.

Figure 5. The polarization vectors of the monoclinic Cm phase of
BiCo,_,Fe,O; (x=0.63, 0.70, and 0.72) at 300 K and PbZrqs,Tiy4O; at
20 K. The indices [001],, [100]., [110]., and [111]. are based on the
pseudo cubic unit cell.
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Figure 6. a) SXRD patterns of BiCo,3oFe,70; at elevated temperatures
(A =0.4229 A). b) The temperature dependence of the lattice parame-
ters of monoclinic BiCog3oFey700;. ¢) Temperature dependence of the
monoclinic distortion angle . The inset illustrates the polarization
vector, which indicates the temperature-induced polarization rotation.

structural transition from monoclinic Cm to tetragonal
P4mm structures at high-temperature, as reported for
PZT,™ was observed. This behavior also suggests that the
monoclinic Cm phase was derived from the tetragonal P4mm
phase, not from the rhombohedral R3¢ phase. The monoclinic
distortion angle 8 decreased gradually during heating and
settled at 90° above 673 K, indicating the completion of the
structural transition. Further heating led to the decomposi-
tion of the sample above 973 K. The tilting angles from the
[001]. direction were 12° at 300 K, 6° at 373 K, 2° at 423 K, and
0° at 673 K. The above result clearly shows that the polar-
ization rotation also took place during heating.

In conclusion, the present study indicates that polarization
rotates as functions of composition and temperature. An
enhancement of piezoelectric property is expected if such
rotation is induced by applying an electric field, as suggested
for PZT. Unfortunately, no monoclinic BiCo,_,Fe O; sample
resistive enough for the piezoelectric measurement has been
prepared, either in bulk or thin film forms. However, similar
monoclinic phases were recently found in other bismuth-
containing perovskite systems, such as BiAly;5Gag,sO5.M
Both structural and electrical investigations of these materials
will experimentally clarify the relationship between the
crystal structure and the piezoelectric properties.
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Experimental Section

Polycrystalline BiCo,_,Fe,O; samples were prepared with a cubic
anvil-type high-pressure apparatus. Stoichiometric mixtures of Bi,Os,
Co;0,, and Fe,O; were sealed in an Au capsule with 10 mg of KCIO,
and treated at 4 GPa and 1000°C for 30 min. The obtained powder
was washed with distilled water to remove the residual KCI. The
XRD patterns were collected with a Bruker D8 ADVANCE
diffractometer for phase identification and refinement of the lattice
parameters. The data were analyzed by the Rietveld method with the
software TOPAS (Bruker AXS, Karlsruhe, Germany). ED experi-
ments were carried out at 298 K by using JEOL JEM-2010 trans-
mission electron microscopy (TEM) equipped with a double-tilting
holder. The space group of the monoclinic phase was deduced by
obtaining various electron diffractions at 298 K. The SXRD patterns
were collected with a large Debye-Scherrer camera installed at the
BL02B2 beam line of SPring-8!"” and analyzed by using RIETAN-
200013 programs.
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