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Abstract: The structural and electronic properties of BiCoO3 under high pressure have been investigated.
Synchrotron X-ray and neutron powder diffraction studies show that the structure changes from a polar
PbTiO3 type to a centrosymmetric GdFeO3 type above 3 GPa with a large volume decrease of 13% at
room temperature revealing a spin-state change. The first-order transition is accompanied by a drop of
electrical resistivity. Structural results show that Co3+ is present in the low spin state at high pressures, but
X-ray emission spectra suggest that the intermediate spin state is present. The pressure-temperature
phase diagram of BiCoO3 has been constructed enabling the transition temperature at ambient pressure
to be estimated as 800-900 K.

Introduction

Ferroelectric compounds generally transform to paraelectric
phases at a Curie transition temperature (TC). For example,
PbTiO3 changes from a polar tetragonal structure (space group
P4mm, lattice parameter ratio c/a ) 1.064) with a spontaneous
polarization, PS, of 59 µC/cm2 (calculated with a point charge
model) to the centrosymmetric cubic perovskite structure (space
group Pm3jm) at TC ) 763 K.1 High-pressure (HP) synchrotron
X-ray powder diffraction and Raman-scattering studies found
a sequence of phase transitions from tetragonal to monoclinic
to another monoclinic and to rhombohedral phases with increas-
ing pressure.2,3 The large spontaneous polarization and the high

TC of PbTiO3 result from the stereochemical 6s2 lone pair of
Pb2+ and the covalent Pb-O bonds. Bi-containing perovskites
may also be expected to have distorted polar structures since
Bi3+ is similar to Pb2+.

The perovskite BiCoO3 was recently synthesized at high
pressure4 and is notable as a parent compound for lead-free
piezoceramics.5,6 It is isostructural with PbTiO3, but the polar
structural distortion is more pronounced, with a large displace-
ment of the Co3+ ion from the center of the octahedron leading
to a pyramidal rather than octahedral coordination. This large
distortion leads to a high c/a ratio of 1.267 and a calculated PS

of 120 µC/cm2. According to an empirical relation between TC

and the spontaneous polarization PS (in µC/cm2), TC ) (0.303
( 0.018)PS

2 (eq 1),1 the TC of BiCoO3 is expected to be ∼4500
K. However, the transition of BiCoO3 to a paraelectric phase
has not been observed under atmospheric pressure (AP) because
of sample decomposition at 733 K. Investigation of the structural
transition under high pressure conditions is therefore of par-
ticular interest to enable the TC of BiCoO3 at ambient pressure
to be estimated by extrapolating the phase boundary in the P-T
phase diagram.

Another interest in BiCoO3 is the spin state of the Co3+ ion.
BiCoO3 exhibits C-type antiferromagnetic ordering below the
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Néel temperature (TN) of 420 K at ambient pressure.4 The
ordered magnetic moment at 5 K is 3.24 µB, indicating that Co3+

is in the high-spin (HS) t2g
4eg

2 state. This is in contrast to
LaCoO3 where Co3+ is in the low-spin (LS) state at the lowest
temperature and changes to intermediate spin (IS) and HS states
at higher temperatures.7,8 Recently, we proposed a scenario
where the HS d6 electronic configuration of Co3+ amplifies the
structural distortion of BiCoO3.

9 Assuming five electrons out
of six are distributed to each of the five d orbitals, the tetragonal
distortion is induced so that the last one goes into the
nondegenerate dxy orbital located at the lowest energy. The dxy

orbital is further from the short apical oxide anion, so the energy
of the dxy orbital is lowered more than the degenerate dyz and
dzx ones. Hence, the pyramidal coordination is stabilized in the
HS d6 system to lift the orbital degeneracy. This model is
analogous to the off-center vanadyl distortion commonly
observed in V4+ (d1) oxides and oxo complexes, although it is
less frequently observed in HS Co3+ compounds and appears
to be driven cooperatively by the Bi3+ distortion in BiCoO3. In
this context, a change to either the IS or LS states is expected
in the paraelectric phase. Recent theoretical calculations support
this intuitive expectation. Ravindran predicts LS Co3+ in the
paraelectric cubic phase which is denser than the tetragonal
ambient pressure (AP) phase by 5%.10 Ming proposed a HS-LS
transition driven by a volume compression of 4.87% even
without a paraelectric transition.11

To clarify the structural and electronic changes under high
pressure, we have carried out synchrotron X-ray and neutron
powder diffraction (SXRD and NPD) measurements. The change
of the electronic state during the structural transition was studied
by using a resistivity measurement, and the spin states of Co3+

have been investigated by X-ray emission spectroscopy (XES).

Experimental Section

A polycrystalline BiCoO3 sample for the high-pressure SXRD
studies was prepared with a belt-type apparatus from stoichiometric
mixtures of Bi2O3, Co3O4, and KClO3 sealed in a Au capsule at 6
GPa and 1200 °C for 1 h.4 The obtained BiCoO3 was carefully
crushed into a fine powder and put in a symmetric-type diamond
anvil cell (DAC) with a pressure medium (methanol/ethanol/water
) 16:3:1) to provide hydrostatic conditions. The pressure was
determined using the ruby fluorescence method.12 The powder
diffraction data obtained using monochromated X-rays (λ ) 0.32698
Å) were recorded on a flat imaging plate at the beamline BL04B2
of SPring-8 with a sample-to-detector length of 488.814 mm. Details
of the SXRD technique, including the data treatments, are described
elsewhere.13

The BiCoO3 sample for other measurements was prepared with
a cubic anvil-type high-pressure apparatus at 6 GPa and 1000 °C
for 0.5 h. Energy-dispersive SXRD experiments were conducted
for phase identification at HP and high-temperature (HT) conditions
with a cubic anvil-type HP apparatus SMAP-2 installed at BL14B1
of SPring-8. Time-of-flight (TOF) NPD data at HP-HT and low-
temperature (LT) conditions were recorded with the instrument

PEARL/HiPr at the ISIS facility, U.K. About 90 mm3 of the sample
was loaded into a Paris-Edinburgh cell14 with 4:1 methanol-ethanol
as a pressure medium and a small pellet of lead as the pressure
calibrant. Cooling and heating of the sample at pressure were
achieved using the newly commissioned variable-temperature
insert.15 Rietveld profile refinements of the structural models were
performed with the GSAS software.16

An electrical resistance measurement at HP-HT conditions was
performed with a cubic anvil-type high-pressure apparatus by a four-
point probe method. Gold electrodes were deposited on both faces
of a disk-shaped sample (�4 mm × 1.7 mm). The pressure medium
was pyrophyllite.

The XES measurements were performed at the Taiwan IXS
Beamline BL12XU at SPring-8 in Japan. The sample was put in a
symmetric type DAC with Daphne oil 7373 as a pressure medium.
The pressure was determined using the ruby fluorescence method.
A total energy resolution was set to 1.1 eV. The incident beam
was monochromatized by a Si 111 double-crystal monochromator
and was then focused into a spot of 22 (horizontal) × 50 (vertical)
µm2 at the sample position with a Kirkpatrick-Baez (KB) mirror.
The emitted X-rays were analyzed using a Ge 444 spherically bent
analyzer of 1 m radius. The energy spectra were measured by
rotating the analyzer in the Bragg mode, synchronized with the
detector motion so as to maintain the Roland condition. The XES
spectra were finally normalized to the spectral area.

Results and Discussion

The SXRD patterns of BiCoO3 at various pressures below 6
GPa are shown in Figure 1a. A structural transition from the
tetragonal PbTiO3-type (space group P4mm) to the orthorhombic
GdFeO3-type (space group Pbnm) was clearly observed between
2.4 and 4.4 GPa in compression and below 1.8 GPa in
decompression. No further structural transition was observed
up to 10 GPa. The unit cell (a ) 5.2714 Å, b ) 5.3390 Å, and
c ) 7.5049 Å at 8.3 GPa) of the high-pressure phase is a �2
× �2 × 2 superstructure of the cubic perovskite (Pm3jm) cell.
The transition pressure is about 1/3 of that of PbTiO3, which
shows the first transition to a monoclinic phase at 10 GPa.2

Figure 1b shows the pressure dependence of the cell volume
per formula unit of the AP and HP phases. A large volume
drop of 13% was observed at the transition pressure. The
pressure-induced phase transition of BiCoO3 is first order, unlike
that of PbTiO3, which shows a second-order phase transition.2

The unit cell volumes (V) of the two phases as a function of
pressure (P) were fitted with the second order Birch-Murnaghan
equation of state, P ) (3/2)K0[(V0/V)7/3 - (V0/V)5/3], where K0

is the bulk modulus and V0 is the volume at ambient pressure.17

Fitting gives K0 ) 74(3) GPa and V0 ) 65.73(5) Å3 for the AP
phase and K0 ) 104(3) GPa and V0 ) 56.70(5) Å3 for the HP
phase, respectively. This confirms that the HP phase is denser
and less compressible than the AP structure.

The limited number of particles in the small sample space of
DAC resulted in some spotlike reflections influencing the
intensity of the Debye rings. This incomplete powder averaging
prevented accurate atomic coordinates from being obtained from
the SXRD data. Hence, NPD studies were carried out at HP
and HT conditions to determine the atomic positions in the HP
phase and also to construct the P-T phase diagram. Figure 2
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shows the NPD patterns and the crystal structures at AP and at
5.8 GPa. The refined structural parameters and the selected bond
distances and angles for AP and HP phases are summarized in
Tables 1 and 2. The oxygen coordinations of Co3+ ions in the
AP and HP phases are illustrated in Figure 3.

The pyramidal polar coordination of Co3+ in the AP phase
changes to an almost isotropic octahedral coordination in the
HP phase. The large volume change at the structural transition
is mainly owing to the shrinkage of the c axis. The longest
Co-O bond length in the AP phase, 2.977 Å, is 55% longer
than that in the HP phase, while the shortest one, 1.748 Å, is
only 10% shorter than that in the HP phase. These results
indicate that the change from 5-fold to 6-fold coordination is
the origin of the shrinkage of the c axis, which leads to the
large volume change. The splitting of d orbitals into b2g (dxy),
doubly degenerate eg (dxz and dyz), a1g (dz2), and b1g (dx2-y2) levels
in the pyramidal coordination changes to triply degenerate t2g

(dxy, dxz, dyz) and doubly degenerate eg (dz2 and dx2-y2) in the
octahedral cubic coordination. Since the d-level splitting in the
pyramidal coordination in the AP phase is stabilized by the HS
electronic configuration of Co3+, the LS or IS state is expected
for the HP phase with octahedral coordination. The ionic radius
of Co3+ in the HP phase, estimated by subtracting the oxide
radius of 1.40 Å from the average Co-O bond length, is 0.54
Å. This is very close to the value of 0.545 Å for the LS Co3+

ion in octahedral coordination.18 A reliable ionic radius for IS
Co3+ is not available, but an estimate from the average of HS

(18) Shannon, R. D. Acta Crystallogr., Sect. A 1976, 32, 751.

Figure 1. (a) SXRD patterns of BiCoO3 collected at various pressures
during compression (lower patterns) and decompression (upper patterns).
The wavelength was λ ) 0.32698 Å. Tick marks at the bottom of the
patterns at 2.4 and 4.4 GPa denote Bragg reflections of P4mm and Pbnm
perovskites, respectively. (b) Pressure dependence of the cell volume per
formula unit. Solid and open symbols represent the data under compression
and decompression, respectively. The solid curves represent the fit of the
Birch-Murnaghan equation of state as discussed in the text.

Figure 2. Time-of-flight neutron powder diffraction data for BiCoO3 at
300 K. (a) Rietveld fits of the tetragonal structure to ambient pressure (0.1
MPa) data (a ) 3.7310(2) Å, c ) 4.7247(5) Å), fitting residuals; �2 )
1.69, RWP ) 2.48%. (b) Rietveld fits of the orthorhombic structure to high-
pressure (5.8 GPa) data (a ) 5.2963(7) Å, b ) 5.3936 (1) Å, c ) 7.5469(11)
Å), fitting residuals; �2 ) 1.82, RWP ) 2.02%. Observed (points), calculated
(solid line), and difference profiles are shown together with Bragg markers
for BiCoO3. The upper and lower tick marks for AP phase represent the
crystal diffraction and magnetic diffraction, respectively. (The contributions
of Pb as a pressure marker and Ni and WC from the apparatus were also
fitted.) Insets in (a) and (b) show the AP and HP crystal structures,
respectively.

Table 1. Crystallographic Parameters from 300 K NPD
Refinements of BiCoO3 at 0.1 MPa and 5.8 GPa

atom site x y z Uiso (Å2)

0.1 MPaa

Bi 1a 0 0 0 0.0015(7)c

Co 1b 0.5 0.5 0.5699(22) 0.0015(7)c

O1 1b 0.5 0.5 0.2001(13) 0.0114(10)
O2 2c 0.5 0 0.7266(9) 0.0042(8)

5.8 GPab

Bi 4c 0.9960(14) 0.0417(8) 0.25 0.0004(6)d

Co 4a 0 0.5 0 0.0004(6)d

O1 4c 0.0777(15) 0.4844(12) 0.25 0.0038(13)
O2 8d 0.7067(10) 0.2906(9) 0.0404(7) 0.0054(10)

a Space group P4mm, a ) 3.7310(2) Å, c ) 4.7247(5) Å, mz (Co) )
3.08(9) µB, Z ) 1, �2 ) 1.69, RWP ) 2.48%. b Space group Pbnm, a )
5.2963(7) Å, b ) 5.3936(6) Å, c ) 7.5469(11) Å, Z ) 4, �2 ) 1.82,
RWP ) 2.02%. c The isotropic thermal parameters of Bi and Co are
constrained to be equal. d The isotropic thermal parameters of Bi and Co
are constrained to be equal.
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and LS radii is 0.58 Å. The distribution of the bond lengths in
the HP phase is less than 0.5%, indicating the absence of
Jahn-Teller distortion, which is expected for the IS Co3+.8,19,20

These results suggest that a HS to LS state change accompanies
the pressure-induced ferroelectric to paraelectric structural
transition as theoretically predicted.10

Figure 4a shows the P-T phase diagram for BiCoO3

determined by our SXRD and NPD studies. The data points
collected on pressurizing or on heating are plotted. BiCoO3

keeps the tetragonal structure up to the decomposition temper-
ature of 733 K at ambient pressure. However, a temperature-
induced transition is observed by heating at a moderate pressure,
and the temperature dependence of the unit cell at around 2.4
GPa is shown in Figure 4b. BiCoO3 undergoes a first-order
transition from the tetragonal phase at AP-LT conditions to
the orthorhombic phase at HP-HT through a two-phase region.
The average volumes decreases on heating across a wide
temperature range of 200-350 K, and the phase boundary is
shaded in the phase diagram. The structural transition temper-
ature at AP was estimated to be 800-900 K by extrapolating
the boundary to 0.1 MPa. This value is only about 1/5 of the
4500 K estimated from eq 1.1 BiFeO3 is also known to possess
a large spontaneous polarization of 90-100 µC/cm2,21 however,
the TC of BiFeO3 is 1100 K,22 which is 1/3 of the value estimated
from eq 1. Hence this equation is not reliable for BiMO3-type
ferroelectrics with magnetic ions in the B-sites. It is also
interesting to point out the similarities of the high pressure
phases of BiMO3. BiScO3,

23 BiCrO3,
23 BiFeO3,

24,25 BiMnO3,
23

and BiNiO3
26 are all known to change to GdFeO3-type structures

under HP conditions as does BiCoO3 despite the variety of
structural distortions at AP.

The structural transition in BiCoO3 is coupled to a change of
electronic properties. Figure 5a shows the pressure dependence
of the electrical resistivity for BiCoO3. The resistivity decreases
by 3 orders of magnitude at the structural transition pressure of
2-3 GPa. The resistivity of the HP phase measured at 6 GPa
shown in Figure 5b, however, decreases with increasing
temperature, indicating that this phase is semiconducting. The

(19) Korotin, M. A.; Ezhov, S. Y.; Solovyev, I. V.; Anisimov, V. I.;
Khomskii, D. I.; Sawatzky, G. A. Phys. ReV. B 1996, 54, 5309.
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60, 7309.

(21) Neaton, J. B.; Ederer, C.; Waghmare, U. V.; Spaldin, N. A.; Rabe,
K. M. Phys. ReV. B 2005, 71, 014113.

(22) Teague, J. R.; Gerson, R.; James, W. J. Solid State Commun. 1970, 8,
1073.

(23) Belik, A. A.; Yusa, H.; Hirao, N.; Ohishi, Y.; Takayama-Muromachi,
E. Inorg. Chem. 2009, 48, 1000.
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E. Chem. Mater. 2009, 21, 3400.

(25) Haumont, R.; Bouvier, P.; Pashkin, A.; Rabia, K.; Frank, S.; Dkhil,
B.; Crichton, W. A.; Kuntscher, C. A.; Kreisel, J. Phys. ReV. B 2009,
79, 184110.

(26) Azuma, M.; Carlsson, S.; Rodgers, J.; Tucker, M. G.; Tsujimoto, M.;
Ishiwata, S.; Isoda, S.; Shimakawa, Y.; Takano, M.; Attfield, J. P.
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Table 2. Selected Bond Distances (Å) and Angles (deg) for BiCoO3 at 0.1 MPa and 5.8 GPa from the Refinements in Table 1

0.1 MPa 5.8 GPa

Bi-O1 (×4) 2.802(3) Bi-O1 2.423(8) Co-O1 (×2) 1.933(1)
Bi-O2 (×4) 2.268(3) Bi-O1 2.278(8) Co-O2 (×2) 1.938(5)
Bi-O2 (×4) 3.909(4) Bi-O1 3.056(8) Co-O2 (×2) 1.942(5)
Bi-O (avg) 2.993 Bi-O1 3.041(8) Co-O (avg, 6-fold) 1.938
Co-O1 1.748(13) Bi-O2 (×2) 2.580(8) Co1-O1-Co1 154.8(3)
Co-O1 2.977(13) Bi-O2 (×2) 2.345(8) Co1-O2-Co1 153.9(3)
Co-O2 (×4) 2.008(4) Bi-O2 (×2) 2.617(8)
Co-O (avg, 5-fold) 1.956 Bi-O2 (×2) 3.239(8)
Co1-O2-Co1 136.6(3) Bi-O (avg) 2.697

Figure 3. Illustrations of the coordination environments of Co3+ in the
AP and HP phases of BiCoO3.

Figure 4. (a) Pressure-temperature diagram for BiCoO3 determined by
the angle-dispersive (AD) XRD (triangles), energy-dispersive (ED) XRD
(squares), and NPD (circles) experiments. The filled and open symbols
represent the AP-LT and HP-HT phases, respectively. The shaded region
indicates the phase boundary. (b) Temperature dependence of the cell
volume per formula unit and the mass fraction of AP phase at 2.4 GPa.

J. AM. CHEM. SOC. 9 VOL. 132, NO. 27, 2010 9441

Spin-State Transition in BiCoO3 A R T I C L E S



metallicity predicted for the cubic HP phase by Ravindran10

and the semimetallicity for the tetragonal phase with reduced
c/a by Ming11 were not observed. This disagreement is probably
because of the heavily buckled Co-O-Co bonds in the
GdFeO3-type structure of the HP phase. A band calculation
based on the GdFeO3-type orthorhombic structure determined
in this study will be useful to resolve these issues.

As the structural analysis suggested the presence of a
pressure-induced spin state change, the spin state of Co3+ was
further investigated by Co K� XES measurements. Figure 6
shows the XES spectra at room temperature and at 0.1 MPa
and at 4.8 GPa along with their difference. The Co K�1,3

emission line with a low energy satellite K�′ was clearly

observed at 0.1 MPa. However, the K�′ is less pronounced in
the spectrum at 4.8 GPa which indicates a decrease of the
magnetic moment, and this is also reported for LaCoO3 across
the temperature and pressure induced HS to LS change.27,28

Although the XES spectra are made up by contributions from
numerous terms, it is known that the change in the spin number,
∆S, is proportional to the integrated absolute value of the
difference (IAD) spectra,27-30 IAD ) 0.049 for ∆S ) 1, 0.084
for ∆S ) 3/2 and ) 0.12 for ∆S ) 2. We calculated the IAD
value according to refs 27 and 28 using Σ|IAP - IHP| in the energy
range of 7615-7670 eV, where IAP and IHP are the normalized
intensities of XES spectra for the AP and HP phases, respec-
tively, and obtained an IAD value ) 0.041 for BiCoO3. This
suggests ∆S ) 1, i.e., an IS state for the Co3+ in the HP phase.
This result is in contrast to the result of our structural analysis
suggesting the LS state for the HP phase. The reason for this
discrepancy is not clear at this stage. Several possibilities such
as fluctuating orbital ordering without Jahn-Teller distortion
or underestimation of ∆S because of the influence of the drastic
local structural distortion on the XES spectra can be proposed.
If Co3+ is in the IS state with S ) 1, then the HP phase should
be magnetic and antiferromagnetic ordering might be expected
for the HP phase, analogous to the G-type spin order observed
in the insulating phase of BiNiO3.

26 Our HP neutron data do
not extend to sufficiently long d-spacings to allow magnetic
order to be observed so this possibility is not confirmed or
excluded. The magnetism and spin state of the HP phase of
BiCoO3 will require further studies such as by NMR.

Finally, we compare the spin-state change in BiCoO3 to that
observed in LaCoO3. The spin-state change in LaCoO3 results
from the competition between the crystal field energy and the
intra-atomic (Hund) exchange energy.7,19,31,32 The LS Co3+ state
of LaCoO3 achieved under HP or LT conditions is attributed to
the increase of the crystal field energy owing to the thermal
contraction of the Co-O bonds.7,28,33-35 In contrast, BiCoO3

keeps the HS Co3+ state down to the lowest temperatures. The
present study revealed that Co3+ in the paraelectric phase above
3 GPa at 300 K is in either the IS or the LS state. For both
LaCoO3 and BiCoO3, application of pressure stabilizes phases
with reduced magnetic moments.

Conclusions

We have investigated the structural transition of BiCoO3 under
high pressure by powder synchrotron X-ray and neutron
diffraction studies. BiCoO3 changes from a PbTiO3-type tet-
ragonal structure to a GdFeO3-type orthorhombic structure above
3 GPa with a large volume change of 13%. The same structural
change takes place when BiCoO3 is heated at moderate

(27) Vanko, G.; Rueff, J. P.; Mattila, A.; Nemeth, Z.; Shukla, A. Phys.
ReV. B 2006, 73, 024424.
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Elmeguid, M. M. Phys. ReV. B 2007, 75, 180401.
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Figure 5. (a) Pressure dependence of the resistivity at 300 K and (b)
temperature dependence of the resistivity at 6 GPa of BiCoO3.

Figure 6. Co K� X-ray emission spectra (XES) of the AP-LT and HP-HT
phases of BiCoO3. The spectra at 0.1 MPa (broken line) and at 4.8 GPa
(solid line) are shown. Both spectra were normalized to have integrated
intensity ) 1.0 in the energy range of 7615-7670 eV. ∆ is the difference
of normalized intensity, IAP - IHP.
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pressures. The structural data show that Co3+ is present in the
low spin state at high pressures, but Co K� XES spectra suggest
that the intermediate spin state is present at the transition. The
ferroelectric TC of BiCoO3 was estimated to be 800-900 K by
extrapolating the phase boundary in the P-T phase diagram to
ambient pressure.
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