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ABSTRACT: BiFe1−xCoxO3 and Bi0.9Sm0.1Fe1−xCoxO3 were synthesized under a high
pressure of 4 GPa; 10% Sm substitution for Bi in BiFe1−xCoxO3 (x ≤ 0.20) drastically
destabilized the ferroelectric BiFeO3-type structure and changed it to an antiferroelectric
PbZrO3-type superstructure. In comparison, a ferroelectric BiCoO3-type tetragonal
structure (x ≥ 0.40) was insensitive to the Sm substitution. No decrease in the
ferroelectric Curie temperature (TC) was observed. Weak ferromagnetism with a
spontaneous moment of 0.025 μB/formula unit (f.u.) was observed for BiFe1−xCoxO3 (x
= 0.10 and 0.20) samples, suggesting the change in the spin structure from a cycloidal
one. Because of the coexistence of ferroelectricity and ferromagnetism at room
temperature, this compound is a promising multiferroic material.

■ INTRODUCTION

BiFeO3 (BFO) has recently been actively studied as a
promising candidate for the constitution of a Pb-free ferro-
electric/piezoelectric material.1 BFO is a perovskite-type oxide
with a polar distortion along the [111] direction of the cubic
unit cell below a TC of 850 °C,2 so the crystal symmetry is
rhombohedral with space group R3c and the following lattice
parameters: a = 5.579 Å and c = 13.869 Å (hexagonal setting).3

Although BFO shows a large spontaneous polarization of ∼100
μC/cm2,4 its piezoelectric constant (d33 ∼ 60 pm/V)5 is far
smaller than that of Pb-containing piezoelectric materials like
PbZr1−xTixO3 (PZT). The largest piezoelectric response of
PZT is achieved at the morphotropic phase boundary (MPB)
between the rhombohedral and tetragonal phases at around x =
0.5.6

Some investigations have followed the PZT system, the solid
solutions between rhombohedral BFO and tetragonal Bi based
perovskite with a large c/a ratio, e.g., BiCoO3 (c/a = 1.267)7−15

and BiZn0.5Ti0.5O3 (c/a = 1.211).16,17 These studies are
classified as B-site substitution of the perovskite oxide.
Among them, a MPB with a √2a × √2a × a monoclinic
Cm structure, where a was a lattice constant of a cubic
perovskite that was essentially the same as that of PZT, was
found in BiFe1−xCoxO3 with x ∼ 0.3 synthesized under high
pressure.7,8 In the vicinity of the MPB composition, the
polarization vector of BiFe1−xCoxO3 rotates as a function of
composition and temperature.8 In comparison, the large c/a
ratio of the tetragonal and monoclinic phases hindered the
observation of polarization switching. Another problem is a
high TC of ∼700 °C. It was reported for several systems that a
decrease in TC resulted in an increase in the piezoelectric
coefficient.18−20 Also, the decrease in the c/a ratio is expected

to reduce the potential barrier and may allow the observation of
polarization switching.21

There are several reports on rare earth substitution for Bi3+ in
the A-site of BiFeO3, as well. Thin films of Bi1−xSmxFeO3
fabricated by pulsed laser deposition have maxima in the
dielectric and piezoelectric constants at approximately x =
0.14.22 These enhancements are attributed to a phase transition
from the R3c BiFeO3-type structure to another structure.23−27

We investigated the structural change in Sm-substituted BFO
on phase pure bulk samples prepared by high-pressure
synthesis. Precise structural analysis based on synchrotron X-
ray powder diffraction showed that Bi1−xSmxFeO3 (0.10 ≤ x ≤
0.20) had a PbZrO3-type structure with √2a × 2√2a × 4a
unit cells.28 The antipolar PbZrO3-type structure of
Bi1−xSmxFeO3 changed to a polar BiFeO3-type structure
above 160 °C for x = 0.10 and 230 °C for x = 0.12, and the
polar structure further changed to a nonpolar GdFeO3-type
structure above 506 °C for x = 0.10 and 349 °C for x = 0.12
upon heating, meaning that the Sm substitution markedly
lowered the TC of BFO.

29 Motivated by this finding, we studied
the effect of Sm substitution on the structural evolution of
BiFe1−xCoxO3.
Another interesting facet of BFO is its magnetism. It is an

antiferromagnet with a TN of 370 °C, well above room
temperature.30 A cycloidal space-modulated spin structure with
a periodicity of 62 nm is superimposed on the G-type
antiferromagnetic structure. This spin structure is the same as
that of TbMnO3, where electric polarization induced by
magnetic ordering was first found.31,32 Indeed, a sharp change
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in electric polarization is observed in a magnetic field of 18 T
for a single-domain crystal of BiFeO3

33 because of the change in
the spin structure to a collinear one.34 A recent polarized small-
angle neutron scattering study revealed the presence of local
magnetization of 0.06 μB/Fe due to spin canting.35 However,
the presence of a spin density wave resulting from cycloidal
ordering prohibits the appearance of net ferromagnetic
magnetization and a linear magnetoelectric effect. Modifying
the spin structure is therefore the key goal for realizing BiFeO3-
based ferromagnetic ferroelectrics. For BiFe1−xMnxO3 synthe-
sized under high pressure, a structural change from a BiFeO3-
type to an antiferroelectric PbZrO3-type structure with √2a ×
2√2a × 4a unit cells and the appearance of a net ferromagnetic
moment due to spin canting were reported.36−38

In this paper, we report the structural and magnetic
evolutions of Sm- and Co-cosubstituted BFO bulk ceramics.
Although it was reported that Sm- and Co-substituted BFO
prepared at ambient pressure had a considerable amount of
impurity phases over a wide range of calcination temper-
atures,39 a series of high-pressure syntheses at 4 GPa allowed us
to obtain phase pure samples with various Co compositions.
For the purpose of discussion, the Sm ratio was fixed at 0 and
10%, and their structural phase transitions as a function of
composition and temperature and their magnetic property at
room temperature (RT) were investigated.

■ EXPERIMENTAL SECTION
BiFe1−xCoxO3 (x = 0, 0.10, 0.20, 0.30, 0.50, and 0.60) and
Bi0.9Sm0.1Fe1−xCoxO3 (x = 0, 0.05, 0.10, 0.20, 0.30, 0.35, 0.40, 0.45,
0.50, and 0.60) samples were prepared from Bi2O3, Sm2O3, Fe2O3, and
Co3O4. The bismuth oxide reagent was prebaked overnight at 300 °C.
The stoichiometric mixtures were charged in gold capsules 3.6 mm in
diameter and 5 mm in height and were compressed to 3 GPa (BFO)
or 4 GPa followed by heat treatment at 1000 °C for BiFe1−xCoxO3 and
850 °C for Sm-substituted samples for 30 min in a cubic anvil-type
high-pressure apparatus. Ten milligrams of oxidizing agent KClO4 was
added to the top and bottom of the capsule in a separate manner. XRD
data were collected at RT on a Bruker D8 Advance diffractometer by
using Cu Kα radiation (2θ range of 5−80°, step width of 0.02°,
counting time of 0.5 s/step). Synchrotron X-ray powder diffraction
(SXRD) data were recorded on a large Debye−Scherrer camera
installed at the BL02B2 beamline of SPring-8 in a temperature range of
25−650 °C for precise phase identification and for structural analysis.
The incident beam from a bending magnet was monochromatized to a
λ of 0.41918 Å. The SXRD data were recorded on an imaging plate
with a step interval of 0.01°. The software Rietan-FP was used in the
structure refinement.40 Isothermal magnetization measurements were
performed from 50 to −50 kOe and from −50 to 50 kOe at RT with a
Quantum Design MPMS XL SQUID magnetometer.

■ RESULTS AND DISCUSSION
The composition dependencies of the XRD patterns of
BiFe1−xCoxO3 (x = 0, 0.10, 0.20, 0.30, 0.50, and 0.60) and
Bi0.9Sm0.1Fe1−xCoxO3 (x = 0, 0.05, 0.10, 0.20, 0.30, 0.35, 0.40,
0.45, 0.50, and 0.60) at RT are shown in panels a and b of
Figure 1, respectively. The compositional phase transition of
BiFe1−xCoxO3 from a rhombohedral BiFeO3-type structure (0
≤ x ≤ 0.20) to a monoclinic one (x = 0.30) and eventually to a
tetragonal BiCoO3-type structure (0.50 ≤ x ≤ 0.60) was
observed as the Co content increased in agreement with the
previous studies.7,8 Bi0.9Sm0.1FeO3 (x = 0) had a PbZrO3-type
Pnam √2a × 2√2a × 4a structure.28,29,41 Co-containing
samples (Bi0.9Sm0.1Fe1−xCoxO3 for which 0.05 ≤ x ≤ 0.35) had
a BiFeO3-type phase as a minor phase identified by the Rietveld
refinement as described below, although their main phase

remained the PbZrO3-type structure. In comparison, the
samples for which 0.45 ≤ x ≤ 0.60 had a BiCoO3-type
tetragonal structure like that of Co-rich BiFe1−xCoxO3. Both the
PbZrO3- and BiCoO3-type phases coexisted at the phase
boundary (x = 0.40). No monoclinic Cm phase was found for
the Sm-substituted samples.
To further clarify the phases contained in the mixed phase

sample, Rietveld analysis was performed on the SXRD pattern
of Bi0.9Sm0.1Fe0.8Co0.2O3 at RT. As shown in Figure 2, the
SXRD pattern was successfully fitted by assuming a mixture of
the Pnam PbZrO3-type phase (67%) and the R3c phase (33%),
just like Mn-substituted BFO.38 The refined Pnam structure is
shown in Figure 3 with the structural parameters summarized

Figure 1. Powder X-ray diffraction patterns of (a) BiFe1−xCoxO3 (x =
0, 0.10, 0.20, 0.30, 0.50, and 0.60) and (b) Bi0.9Sm0.1Fe1−xCoxO3 (x =
0, 0.05, 0.10, 0.20, 0.30, 0.35, 0.40, 0.45, 0.50, and 0.60) at room
temperature. For the BiFeO3-type phase, the Miller index of the
hexagonal system is noted.
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in Table 1. The isotropic atomic displacement parameters for
oxygen sites were fixed at B = 1 during the refinement. PbZrO3
has a Pbam √2a × 2√2a × 2a structure where Pb and Zr ions
shift in the a-direction in an antiferroelectric manner, leading to
the doubling of the b-axis. The present √2a × 2√2a × 4a
structure had further doubling of the unit cells along the c-
direction. The lattice parameters of the Pnam phase were as
follows: a = 5.5280(4) Å, b = 11.1335(6) Å, and c = 15.5243(6)
Å (all smaller than those of Bi0.9Sm0.1FeO3,

28,29 attributed to B-
site substitution). The lattice parameters of the R3c phase were

as follows: a = 5.5354(1) Å and c = 13.6585(3) Å (also smaller
than those of BFO).3

The lattice parameters of Bi0.9Sm0.1Fe1−xCoxO3 refined by
Rietveld analysis of the SXRD data (x = 0, 0.20, and 0.30) and
the laboratory XRD data (x = 0.45, 0.50, and 0.60) are
summarized in Figure 4 with the c/a ratio (only for the

tetragonal phase) and unit cell volume. All error bars are
hidden behind the corresponding symbols. For comparison, the
lattice parameters of the PbZrO3- and BiFeO3-type unit cells
were reduced to those of perovskite unit cells. Two sets of data
are plotted for x = 0.20 and 0.30 because of the coexistence of
PbZrO3- and BiFeO3-type phases. It is shown that the lattice
parameters of the PbZrO3- and BiFeO3-type phase decreased as

Figure 2. Observed, calculated, and difference synchrotron X-ray
powder diffraction (SXRD) patterns of Bi0.9Sm0.1Fe0.8Co0.2O3 at room
temperature. The wavelength (λ) was 0.41918 Å. Bars mark reflection
positions (from top to bottom) for R3c and Pnam phases.

Figure 3. Refined crystal structure of the Pnam phase of
Bi0.9Sm0.1Fe0.8Co0.2O3.

Table 1. Structural Parameters for Bi0.9Sm0.1Fe0.8Co0.2O3 Refined by Rietveld Analysis of SXRD Patterns Collected at Room
Temperature

phase model cell (Å) atom Wyck x y z B R factor (%)

67% Pnam a = 5.5280(4) Bi/Sm1 8d 0.2437(11) 0.8704(9) 0.0091(2) 1.22(2) Rwp = 6.370
b = 11.1335(6) Bi/Sm2 4c 0.2699(28) 0.3766(11) 0.25 1.22(2) RB = 2.249
c = 15.5243(6) Bi/Sm3 4c 0.2127(24) 0.8791(11) 0.25 1.22(2)

Fe1/Co1 8d 0.2197(42) 0.6147(26) 0.1272(13) 0.49(7)
Fe2/Co2 8d 0.2486(64) 0.6263(33) 0.6190(13) 0.49(7)
O1 8d 0.2772(146) 0.5811(54) 0.9959(11) 1
O2 4c 0.8118(257) 0.3642(123) 0.25 1
O3 8d 0.4455(155) 0.9854(91) 0.1439(63) 1
O4 8d 0.5421(130) 0.5357(41) 0.1299(73) 1
O5 4c 0.3016(238) 0.6920(62) 0.25 1
O6 8d 0.0370(132) 0.7872(43) 0.6162(70) 1
O7 8d 0.9263(115) 0.7360(71) 0.1045(53) 1

33% R3c a = 5.5354(1) Bi/Sm 6a 0 0 0 1.22(2) RB = 1.953
c = 13.6585(3) Fe 6a 0 0 0.2219(7) 0.49(7)

O 18b 0.4500(66) 0.0034(50) 0.9643(17) 1

Figure 4. Composition dependence of the lattice parameters, c/a ratio,
and unit cell volume of Bi0.9Sm0.1Fe1−xCoxO3 at room temperature.
Green, red, and blue symbols represent data for PbZrO3-, BiFeO3-, and
BiCoO3-type structures, respectively. Lattice parameters of PbZrO3-
and BiFeO3-type phases are reduced to those of cubic perovskite unit
cells.
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x increased, and the c/a ratio of the tetragonal cell increased as
x increased. These tendencies are the same as those of the
rhombohedral (x ≤ 0.2) and tetragonal (x ≥ 0.4)
BiFe1−xCoxO3.

7 Interestingly, the lattice parameters and the
c/a ratio were less sensitive to the Sm substitution for Bi. This
behavior is quite different from that of Sr-substituted PbTiO3,
where Sr substitution substantially decreased the c/a ratio.42

F igure 5 shows the SXRD pat te rns fo r the
Bi0.9Sm0.1Fe1−xCoxO3 (x = 0.10, 0.30, and 0.50) samples at
elevated temperatures. The x = 0 sample had an antipolar
PbZrO3-type structure at room temperature. It changed to the
ferroelectric BiFeO3-type structure and finally to the para-
electric GdFeO3-type structure upon heating, as previously
reported.28,29 In comparison, the BiFeO3-type phase was not
present as a single phase for the x = 0.10 sample at any
temperature studied. Both PbZrO3- and BiFeO3-type phases
coexisted at RT. A GdFeO3-type structure appeared at around
200 °C and coexisted with the PbZrO3-type phase below 300
°C. An orthorhombic GdFeO3-type phase is commonly found
as a paraelectric phase of BiMO3 (M is a 3d transition metal)
under a high-temperature or high-pressure condition.43 For the
x = 0.50 sample, only the tetragonal BiCoO3-type phases were
present below the decomposition temperature of 650 °C. At
the intermediate composition (x = 0.30), a tetragonal BiCoO3-
type structure appeared at around 200 °C and coexisted with
the GdFeO3-type phase.
To investigate the effect of Sm substitution on the structure

of BiCoO3-type tetragonal phase, Rietveld analyses were
performed on the SXRD patterns of BiFe0.5Co0.5O3 and
Bi0.9Sm0.1Fe0.5Co0.5O3 at RT. As shown in Figure 6, both
patterns were fit well for a polar P4mm model with large c/a
ratios of 1.2614(1) and 1.2612(1) for BiFe0.5Co0.5O3 and
Bi0.9Sm0.1Fe0.5Co0.5O3, respectively. Their spontaneous polar-
ization calculated on the basis of structural parameters
summarized in Table 2 by assuming a point-charge model
were 128 and 122 μC/cm, respectively. Sm substitution on the

BiCoO3-type structure showed little impact on the BiCoO3-
type tetragonal structure.
On the basis of the high-temperature XRD results, we

constructed a tentative phase diagram, shown in Figure 7, with
that for BiFe1−xCoxO3 for comparison as an inset. The Sm
substitution lowered the TC of the BiFeO3-type ferroelectric
phase for x = 0. However, at the same time, the stable region of
the BiFeO3-type phase in the composition−temperature phase
diagram drastically shrunk. The phases observed for the Co-
substituted samples (0.05 ≤ x ≤ 0.35) at RT were the mixture
of the BiFeO3-type and antiferroelectric PbZrO3-type phases.

Figure 5. Temperature dependence of SXRD patterns of (a) Bi0.9Sm0.1Fe0.9Co0.1O3, (b) Bi0.9Sm0.1Fe0.7Co0.3O3, and (c) Bi0.9Sm0.1Fe0.5Co0.5O3. The
wavelength (λ) was 0.41918 Å. Green, red, purple, and blue notations represent Miller indices of PbZrO3-type orthorhombic, BiFeO3-type
rhombohedral, GdFeO3-type orthorhombic, and BiCoO3-type tetragonal phases, respectively.

Figure 6. Observed, calculated, and difference synchrotron X-ray
powder diffraction (SXRD) patterns and crystal structures of (a)
BiFe0.5Co0.5O3 and (b) Bi0.9Sm0.1Fe0.5Co0.5O3 at room temperature.
The wavelengths (λ) were (a) 0.42274 and (b) 0.42006 Å.
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Contrary to our expectations, the tetragonal BiCoO3-type phase
was so stable that no reduction of TC was observed.
Furthermore, the monoclinic Cm phase disappeared. These
results support our scenario in which the large tetragonal
distortion of the BiCoO3-containing phase was due to the
Jahn−Teller distortion of a high-spin t2g

4eg
2 electronic

configuration of Co3+.43 The tetragonal structure was stable
because the Sm substitution for Bi did not affect the electronic
state of the B-site cations. This is in contrast to the BiFeO3-type
structure destabilized by the substitution of Bi with Sm.
However, it was insensitive to the B-site substitution, remaining
unchanged by the replacement of Fe with Al.44

Let us move on to the magnetic property. Panels a and b of
Figure 8 show the magnetization curves of BiFe1−xCoxO3 (x =
0, 0.10, 0.20, 0.30, and 0.50) and Bi0.9Sm0.1Fe1−xCoxO3 (x = 0,
0.10, 0.20, 0.30, and 0.50) at RT, respectively. Ferromagnetic
behaviors were observed for the R3c ferroelectric phase with
substitution of Fe with Co (BiFe1−xCoxO3 with x = 0.10 and
0.20). The spontaneous magnetization of 0.025 μB/f.u. was
significantly large compared with that of Mn-substituted
BFO.36,38 Interestingly, the spontaneous moments were almost
identical for the x = 0.10 and 0.20 samples. This suggests that
the ferromagnetic moment was not coming from the
ferrimagnetism or double-exchange mechanism but that the
cycloidal spin structure of BiFeO3 changed to another one that
allows canted weak ferromagnetism. Indeed, a recent neutron

powder diffraction study revealed that the magnetic structure of
BiFe0.8Co0.2O3 was collinear at room temperature.45 On the
other hand, no spontaneous magnetization was found for the
samples with monoclinic (x = 0.30) and tetragonal (x = 0.50)
structures. Assuming that their spin structures were C-type, the
same as those of BiCoO3, it is reasonable to assume that the
magnetic moment pointing in the c-direction did not have a
canting angle. The ferroelectricity and piezoelectricity of this
composition were confirmed by our thin film studies.14,46 The
results described above indicate that Co-substituted rhombohe-
dral BiFeO3 is promising as a multiferroic material. In
comparison, the PbZrO3-type sample, Bi0.9Sm0.1FeO3, showed
a spontaneous moment without Co substitution, as previously
reported.47,48 It showed a relatively large coercive field, and the
profile remained unaltered in the PbZrO3-type and BiFeO3-
type mixed structure (Bi0.9Sm0.1Fe1−xCoxO3 for which 0.10 ≤ x
≤ 0.30). This is attributed to the Pnam structure, quite different
from the R3c structure, rather than the magnetic property of

Table 2. Structural Parameters for BiFe0.5Co0.5O3 and Bi0.9Sm0.1Fe0.5Co0.5O3 Refined by Rietveld Analysis of SXRD Patterns
Collected at Room Temperature

Sm cell (Å) atom Wyck x y z B R factor (%)

0% a = 3.7403(1) Bi 1a 0 0 0 0.88(2) Rwp = 6.158
c = 4.7179(1) Fe/Co 1b 0.5 0.5 0.5730(6) 0.73(6) RB = 1.333

O1 1b 0.5 0.5 0.2018(26) 1.61(20)
O2 2c 0.5 0 0.7345(19) 1.61(20)

10% a = 3.7432(1) Bi/Sm 1a 0 0 0 0.96(2) Rwp = 4.620
c = 4.7207(1) Fe/Co 1b 0.5 0.5 0.5747(5) 0.45(5) RB = 2.553

O1 1b 0.5 0.5 0.1858(23) 1.19(17)
O2 2c 0.5 0 0.7297(16) 1.19(17)

Figure 7. Composition−temperature phase diagram for the
Bi0.9Sm0.1Fe1−xCoxO3 system. Empty symbols represent measurement
points. FE, AFE, and PE stand for ferroelectric, antiferroelectric, and
paraelectric phases, respectively. BF, GF, PZ, and BC stand for the
BiFeO3-type rhombohedral, GdFeO3-type orthorhombic, PbZrO3-type
orthorhombic, and BiCoO3-type tetragonal phases, respectively. The
diagram for the BiFe1−xCoxO3 system6 is shown as an inset for
comparison. A monoclinic phase is stable in the shaded area.

Figure 8. Field dependence of magnetization obtained for (a)
BiFe1−xCoxO3 (x = 0, 0.10, 0.20, 0.30, and 0.50) and (b)
Bi0.9Sm0.1Fe1−xCoxO3 (x = 0, 0.10, 0.20, 0.30, and 0.50) at room
temperature. BF, BC, PZ, and MPB stand for BiFeO3-type
rhombohedral, BiCoO3-type tetragonal, PbZrO3-type orthorhombic,
and monoclinic phases, respectively.
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Sm atoms because Sm substitution had no impact on the
paramagnetic behavior of the tetragonal structure.

■ CONCLUSION
The structure and magnetic properties of BiFe1−xCoxO3 and
Bi0.9Sm0.1Fe1−xCoxO3 synthesized under high pressure were
investigated. BiFe1−xCoxO3 samples showed a compositional
phase transition from a rhombohedral BiFeO3-type structure (0
≤ x ≤ 0.20) to a monoclinic structure (x = 0.30) and to a
tetragonal BiCoO3-type structure (0.50 ≤ x ≤ 0.60), while a
mixture of a PbZrO3-type structure with a √2a × 2√2a × 4a
and BiFeO3-type structure of Bi0.9Sm0.1Fe1−xCoxO3 (0.05 ≤ x ≤
0.35) directly transformed to a BiCoO3-type structure (0.45 ≤
x ≤ 0.60) via their mixed phase rather than a monoclinic phase.
Ferroelectric BiFe1−xCoxO3 (x = 0.10 and 0.20) and antiferro-
electric Bi0.9Sm0.1Fe1−xCoxO3 (x = 0, 0.10, 0.20, and 0.30) were
found to possess spontaneous magnetic moments at room
temperature. Co-substituted rhombohedral BiFeO3, the ferroe-
lectricity of which was confirmed for thin film samples, is
promising as a multiferroic material.
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