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Using first-principles density functional theory based calculations, carried out on the recently measured crystal
structure data [K. Oka et al. J. Am. Chem. Soc. 132, 9438 (2010)], we study the changes in the electronic structure
of BiCoO3 between the ambient-pressure condition and the high-pressure condition. Our study shows that the
application of high pressure drives the high-spin-to-low-spin transition at the Co site. We find that the finite
mixing of a Bi lone pair with O p drives the GdFeO3 type of orthorhombic distortion at high pressure, as opposed
to previously predicted cubic or tetragonal symmetry of the high-pressure phase. This orthorhombic distortion
gives rise to semiconducting behavior in contrast to previously predicted metallic or semimetallic behavior. Our
study provides justification for the drop in resistivity on increasing pressure, as observed experimentally.

I. INTRODUCTION

Multiferroic compounds with coexisting magnetic and
ferroelectric orders1 are the focus of current research due to
their potential technological applications.2 For technological
purposes, it is desirable to have a high transition temperature as
well as a reasonably high value of polarization. Perovskite-type
materials of general formula ABO3 and related materials have
been discussed extensively for this purpose. Leaving aside
the emerging class of improper multiferroics3 with magnetic-
order-driven ferroelectricity, for which generally both the
ordering temperature as well as the magnitude of polarization
are low, most of known magnetic ferroelectrics have a lone-pair
active Pb or Bi ion at the A site and a transition metal ion
having unpaired d electron at the B site. The ferroelectricity is
primarily driven by the A site cation, whereas the magnetism
is driven by the B site cation. Following this idea, compounds
like BiFeO3

4 and PbVO3
5 have been synthesized and they

show large polarization as well as large transition temperatures
together with antiferromagnetic ordering of spins at the B site.
Along the same line of thought, high-pressure synthesis6 of
BiCoO3 has been carried out. The presence of the Co ion in
BiCoO3 which is well known for its spin-state transition, is
expected to add another dimension to the multiferroic aspect
of the compound. In ambient pressure (AP), BiCoO3 is in a
polar tetragonal structure with a rather high tetragonality of
c/a = 1.27 characterized with a large calculated7 polarization
(170 μC/cm2) and a high-spin (HS) state of Co3+. The HS of
Co is found to be retained down to the lowest temperature,
preventing the temperature-driven route of the spin-state
transition as in case of LaCoO3.8 Attempts have been carried
out to drive the spin-state transition through the pressure driven
route. Theoretical predictions have been made based on density
functional theory (DFT) calculations by Ravindran et al.7 as
well as by Ming et al.9 Both calculations report a HS-to-
low-spin (LS) transition with associated volume collapse at
a critical pressure. The two studies, however, arrived at two
different crystallographic symmetries of BiCoO3 at the high-
pressure (HP) phase. The study by Ravindran et al. predicted
HP phase to be cubic paraelectric phase which is metallic.
Ming et al., on the other hand, found no evidence of tetragonal
to cubic phase transition, though an isostructural HS-to-LS
transition was found to occur with a reduction in the c/a ratio

in the HP phase which was found to be of a semimetallic nature.
Very recently, the crystal structure of the high-pressure phase
has been characterized and pressure-dependent resistivity
measurements10 have been carried out. Experimentally, the
theoretically predicted semimetal or metallic behavior for
the high-pressure phase has not been observed although a
resistivity jump of three orders of magnitude has been observed
on varying pressure.

In the present study, we therefore reinvestigate the issue
related to the changes in the electronic structure of BiCoO3

under pressure based on the experimentally determined crystal
structure. Our calculations were carried out within the frame-
work of the generalized gradient approximation (GGA) of
DFT. We have carried out calculations in two different choices
of basis sets, in the muffin tin orbital– (MTO) based basis as
well as in the plane-wave basis in order to check the robustness
of our obtained results. We find the covalency between the
Bi lone pair and the O 2p states to be responsible for the
stabilization of the experimentally observed GdFeO3-type
distorted orthorhomic phase in the HP over the tetragonal
or cubic phase predicted earlier. This explains the observed
semiconducting behavior of the HP phase.

II. EXPERIMENTAL CRYSTAL STRUCTURE AT
AMBIENT PRESSURE AND HIGH PRESSURE

The crystal structures of BiCoO3 at ambient pressure as well
as high pressure have been determined10 using synchrotron
x-ray and neutron powder diffraction measurements. Based
on that, a structural transition from the ambient pressure
tetragonal phase to the orthorhombic phase characterized with
a GdFeO3 type of distortion has been predicted between 2 and
3 GPa pressure, accompanied by 13% volume compression.
The local co-ordination of oxygen atoms around Co3+ ion in
the ambient pressure phase is observed to be polar pyramidal
coordination with a short apical oxygen (O1)−Co bond and
four equal basal oxygen (O2)−Co bonds, as shown in upper
left panel of Fig. 1. The reduction of local coordination
from normally expected octahedral to pyramidal symmetry
has been argued11 to be caused by the high-spin state of
Co. The HS state of Co in the Co3+ valence would lead to
orbital degeneracy in perfect octahedral symmetry which is
prevented by adopting polar pyramidal coordination. This adds
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FIG. 1. (Color online) Crystal structure of BiCoO3 in AP phase
(left panels) and in HP phase (right panels). The large sized and
medium sized balls represent Bi and Co atoms respectively. The
yellow (light gray) and red (dark gray) small balls represent the O2
and O1 oxygens respectively. The local oxygen environment around
the Co atom is indicated with shaded polyhedra. The bottom panels
show the local oxygen environment around the isolated Bi atoms.

on to the distortion caused by the lone-pair active Bi ion. On
application of pressure, beyond a critical pressure, change of
the crystal symmetry from tetragonal to orthorhombic occurs.
In the high-pressure phase, the local coordination of oxygen
atoms around Co is restored (cf. upper right panel of Fig. 1) to
octahedral symmetry. The CoO6 octahedra is slightly distorted
with the longest oxygen-Co bond length deviating from the
average value by about 0.2%. This leads to a large volume
contraction in the HP phase compared to the AP phase,
primarily due to the shortening of the long oxygen-Co bond
length lying outside the pyramidal coordination in the AP
phase. The CoO6 octahedra in the HP orthorhombic phase
rotates and tilts, leading to the GdFeO3 type of distortion with
an in-plane Co−O−Co angle of 153.9◦ and and out-of-plane
Co−O−Co angle of 154.8◦. The local oxygen environment
around Bi is distorted both in the AP and in the HP phase, as
shown in the lower panels of Fig. 1. In the AP phase, 4 out
8 O2 oxygens are pulled out, giving rise to polar distortion
around Bi ion. In the HP phase, each Bi ion has 4 of 12 near
oxygens, involving both O1 and O2 being pulled closer in.
This causes each O1 and O2 atom to be pulled closer to one
and two of its four nearest Bi neighbors, respectively, giving
rise to GdFeO3-type distortion.

III. COMPUTATIONAL DETAILS

The calculations were carried out by employing two
different basis sets, the MTO-based linear muffin tin or-
bital (LMTO)12 as implemented in Stuttgart code13 and the

plane-wave-based pseudopotential framework as implemented
in the VIENNA ab initio simulation package (VASP).14 We
used the GGA15 approximation to the exchange correlation
functional. For the plane-wave calculations, the wave functions
were expanded in the plane-wave basis with a kinetic energy
cutoff of 500 eV. Reciprocal space integrations have been
carried out with a k mesh of 6 × 6 × 6. For the calculations
in LMTO basis, four and five different empty spheres were
used to space fill for the calculations in AP and HP phases,
respectively. The muffin tin radii were chosen to be 1.65, 1.22,
0.84, and 0.89 Å for Bi, Co, O1, and O2, respectively.

In order to gain insights on the computed electronic
structure, we have employed an MTO-based N -th order MTO
downfolding technique.16 This technique creates few-band,
low-energy Hamiltonians from a full DFT Hamiltonians
through energy-selective procedure of integrating out degrees
of freedom. If the chosen low-energy bands form an isolated
set of bands, the underlying orbitals span the same Hilbert
space of the corresponding Wannier functions, giving rise to
Wannier functions generated a direct manner.

IV. ELECTRONIC STRUCTURE OF BICO3 IN
AP AND HP PHASE

Figure 2 shows the non-spin-polarized density of states
(DOS) of BiCoO3 for the AP and HP phases. The Co-d to O-p
hybridized electronic states extend from an energy range of
about −8 eV below Fermi energy (Ef ) to about 1 eV above
Ef for AP phase and to about 3 eV above Ef for the HP
phase. The states in the energy interval −8 eV to −2 eV are
dominated by O-p character, while the states close to Ef are
dominated by Co-d character. The occupied Bi-6s states lye
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FIG. 2. (Color online) Non-spin-polarized density of states com-
puted for BiCoO3 at AP (left panels) and at HP (right panels). DOS
are projected on to Bi (top panels), Co d (middle panels) and O p

(bottom panels) states. The black (dark gray) and cyan (light gray)
colored lines in the top panels represent projections on to Bi s and B p

states respectively. The black (dark gray) brown (light gray) colored
lines in the bottom panels represent projections on to O1 and O2
states respectively. The insets in the middle panels represent partial
DOS projected on to different d characters of Co. The zero of the
energy, marked by a dashed vertical line, is set at EF .
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FIG. 3. (Color online) Spin-polarized density of states of BiCoO3

at AP, computed considering the ferromagnetic spin alignment of
Co (left panels) and C-type antiferromagnetic spin alignment of Co
(right panels). DOS are projected on to Bi (top panels), Co d (middle
panels), and O p (bottom panels) states. The black (dark gray) and
cyan (light gray) colored lines in the top panels represent projections
on to Bi s and B p states respectively. The black (dark gray) brown
(light gray) colored lines in the bottom panels represent projections
on to O1 and O2 states respectively. The inset in the left, middle panel
represent the energy level splitting of different d levels of Co.

far below Ef , beyond the energy −9 eV and the empty Bi 6p

states lie far above Ef from 2 to 6 eV. The insets in the middle
panels in Fig. 2 show the Co-d partial DOS projected onto
different d characters. For the AP phase, the lowest Co-d state
is of dxy character, followed by the degenerate Co-dyz and dxz

states, followed by Co-d3z2−r2 and the topmost state of Co-
dx2−y2 character. The non-spin-polarized electronic structure
gives rise to a metallic solution with states of dxz,yz, d3z2−r2 ,
and dx2−y2 character crossing the Fermi level. For the HP
phase, due to the change in symmetry of the ligand field, the
splitting pattern changes to broadly divided t2g states and eg

states. The presence of small distortion in CoO6 octahedra in
terms of slightly different Co-O bond lengths lifts the strict
degeneracy of three (two) t2g (eg) states, as in evident from the
plot. The deviation of Co−O−Co bond angles from 180◦ due
to the presence of GdFeO3 type distortion narrows down the
respective Co-t2g and Co-eg band widths opening up a small
gap of about 0.06 eV.

Figure 3 shows the spin-polarized DOS computed for
the AP phase, for the ferromagnetic (FM) alignment of
Co spins (left panel) and experimentally observed6 C-type
antiferromagnetic (C-AFM) alignment of Co spins (right
panel). The C-type antiferromagnetic alignment involves an-
tiparallel alignment of Co spins within the ab plane which are
coupled ferromagnetically along the c axis. The spin-polarized
calculation leads to a finite spin splitting within the Co-d states.
The magnetic moments listed in the Table I show a rather large
moment at O1 oxygen site, due to large Co−O covalency driven
by short Co−O1 bond length. The total moment per formula
unit for the FM state is found to be 3.7 μB in LMTO calculation
and 3.5 μB in the plane-wave calculation, indicating the HS
state of Co. The inset of Fig. 3 in left panel shows the
energy level splittings of Co-d levels taking into account the O

TABLE I. Magnetic moments at Co, O1, and O2 sites for BiCoO3

at AP, as obtained in spin-polarized GGA calculations in the LMTO
basis for FM and C-AFM spin arrangements. The entries within the
bracket denote the numbers obtained in the plane-wave basis.

FM C-AFM

Co 2.66 (2.66) 2.54 (2.54)
O1 0.52 (0.44) 0.45 (0.40)
O2 0.18 (0.18) 0.00 (0.00)

covalency in the polar pyramidal environment. The results are
obtained from the NMTO downfolding calculations keeping
only the Co-d states active and downfolding all the other states,
including O-p states, and considering the on site block of
the real space Hamiltonian in the downfolded Co-d basis.
While the dxy level lies well below the degenerate dxz and
dyz, separated by about 1 eV, dxz,yz, d3z2−r2 , and dx2−y2 are
closely spaced. d3z2−r2 and dx2−y2 levels are separated by an
energy difference of less than 0.1 eV, the energy difference
between dxz,yz and d3z2−r2 being about 0.5 eV. All these energy
difference are less than half of the band width of dxz,yz, d3z2−r2 ,
and dx2−y2 which are around 2 eV, as is seen from the inset
in left panel of Fig. 2. This causes a pseudo gap between dxy

dominated states and other d states which are overlapping with
each other. The FM alignment of Co spins, therefore gives rise
to a metallic solution with a hole pocket in the up-spin channel
and an electron pocket in the down-spin channel. The C-type
antiferromagnetic spin arrangement of Co spin reduces the
band widths significantly due to the increase of the lattice con-
stant in the magnetic lattice, which opens a gap of about 0.7–
0.6 eV. The plane-wave calculation gave rise to a gap of 0.6 eV,
while LMTO calculation gave rise to a gap of 0.73 eV. The
antiferromagnetic phase is found to be energetically favorable
over the FM spin configuration by a rather large energy
difference of 0.335 eV per formula unit in LMTO calculation
and 0.313 eV per formula unit in plane-wave calculation. The
results are in agreement with previously reported17 electronic
structure calculation for BiCoO3 in AP phase, carried out in
linear augmented plane-wave (LAPW) basis.

The spin-polarized calculation carried out for HP phase,
converged to non magnetic solution with zero magnetic
moment at each site as shown in Fig. 4. This leads us to
conclude that the Co is in the low-spin state in the HP phase,
as opposed to the suggestion from x-ray emission spectra of
the intermediate spin state.10 The low-spin state is driven by
the rather large crystal field splitting of about 2 eV. We have
checked our conclusion by repeating the calculation within
the framework of GGA+U with a choice of U = 4 eV and
J = 1 eV applied at the Co site. The result was found to remain
unchanged with convergence to a nonmagnetic solution. In the
absence of magnetism, the insulating state is therefore driven
by the GdFeO3 type of structural distortion, leading to a tiny
gap of about 0.06 eV. The existence of the gap is checked by
calculations in two basis sets, LMTO and plane wave. Both
lead to a tiny gap at EF , with a precise value of 0.055 eV for
calculation in the LMTO basis and 0.060 eV for calculation
in the plane-wave basis.18 This explains the semiconducting
behavior of the HP phase observed experimentally as opposed
to theoretically predicted metallic or semimetallic behavior.
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FIG. 4. (Color online) Spin-polarized density of states, projected
onto Bi (top, left panel), Co d (middle, left panel), and O p (bottom,
left panel) and the band structure of BiCoO3 at HP (right panel). The
color convention for the DOS plot is same as in Figs. 2 and 3. The
inset in the left middle panel represents the energy level splitting of
different d levels of Co. The band structure plot shows opening of an
indirect gap of about 0.06 eV between � point and the Y point.

We note at this stage, the obtained energy gap in HP phase
is an order of magnitude smaller compared to that obtained
for the AP phase in presence of C-AFM spin ordering. This
presumably explains the jump in the resistivity observed in
experimentby three orders of magnitude.10

Turning back to the electronic structure at the HP phase,
as is seen from the inset of Fig. 4, the crystal field splitting
separating the t2g and eg blocks turns out to be 1.92 eV
considering the average energy position of t2g states and
that of eg states. The band widths of t2g and eg states is
about 1.5 and 2.5 eV, respectively, giving rise to a situation
where t2g- and eg-derived bands just fall short of overlapping
each other. The presence of GdFeO3 type of distortion
responsible for the narrowing down of the bands is, therefore,
essential for the explanation of the nonmetallic behavior
observed experimentally. We have checked the stability of
the orthorhombic phase, characterized with GdFeO3-type
distortion, over the previous theoretically predicted tetragonal
or cubic HP phases through total energy calculations. The
results of total energy calculations are summarized in Table II.
It shows that the orthorhombic symmetry is favored over the
tetragonal symmetry by 0.287 eV per formula unit and over
cubic symmetry by a very large value of 0.820 eV per formula
unit.

Covalency between occupied O-p and cation A states is
believed to be responsible for the GdFeO3 type of distortion,
which was speculated on by Goodenough about 40 years ago19

and presented in an elaborate fashion in recent work20 in
the context of d1 perovskites. In the following section, we
investigate this aspect in terms of construction of effective
Wannier functions for the occupied O 2p bands and the
analysis of crystal orbital Hamiltonian populations.

TABLE II. Total energies (in eV) per formula unit calculated
for the discussed HP phases in literature, orthorthoimbic phase as
predicted in the experimental study of Ref. 10, the cubic phase
predicted in theoretical study in Ref. 7 and the tetralgonal phase
predicted in the theoretical study in Ref. 9.

Considered phase Total energy

Cubic −30.246
Tetragonal −30.779
Orthorhombic −31.066

V. BI−O COVALENCY AND DISTORTION

The valence electron configuration of Bi is 6s26p3. There-
fore, the formally trivalent Bi in BiCoO3 contains a lone pair
of 6s electrons. The 6s2 lone pair plays an important role in the
activity of Bi ion. The stereochemical activity of the Bi lone
pairs has been found to have a major contribution from Bi 6s-O
2p mixing.21 The off centric, polar movement in the AP phase
is believed to be caused by this effect. This causes Bi to be
pulled closer to 8 of the surrounding 12 oxygen atoms, causing
4 of the oxygen atoms residing outside the neighbor shell of Bi,
as discussed and shown in Fig. 1. This off-centric movement
of Bi with respect to its oxygen cage, together with that of Co,
gives rise to the noncentrosymmetric, polar structure in the
AP phase. The Bi−O covalent interactions can be visualized
in terms of effective Wannier functions constructed for the
occupied O 2p bands, as shown in Ref. 20. Figure 5 shows
the plot of such Wannier functions, where the one on the left
is for O1 and the one on the right is for O2. These functions
are constructed using the NMTO downfolding technique by
keeping active the O 2p degrees of freedom and downfolding
the rest. The obtained downfolded bands, therefore, pick up
only the O 2p bands from the full DFT band structure. The
underlying NMTO basis corresponding to the downfolded,
occupied O 2p bands defines the effective Wannier functions.

FIG. 5. (Color online) Plot of the effective O 2p Wannier
functions for BiCoO3 at AP, placed within the unit cell formed by Bi
atoms at the corners and CoO5 pyramid at the center. The left and right
panels show one of the O1 and O2 p Wannier functions, respectively.
Constant amplitude surfaces are shown with lobes of opposite signs
colored with cyan (light gray) and magenta (dark gray). The central
part of the Wannier functions are shaped according to O1 py (left
panel) and O2 pz (right panel) while the tails extending to Co and Bi
are shaped according to Co d and Bi degrees of freedom. The pdσ

bonds with Co and the covalency with Bi lone pair are visible.



FIG. 6. (Color online) Same as in Fig. 5 but for BiCoO3 at HP.
The Wannier functions are placed within the unit cell formed by the
Bi atoms at the corners and CoO6 octahedra at the center.

The central part of these Wannier functions has oxygen px ,
py , or pz symmetry while their tails extending to Co and Bi
sites are shaped according to integrated out Co and Bi degrees
of freedom. We find signature of Co−O bonding characters in
terms of presence of finite weights at Co sites, shaped like
Co d. A significant amount of weights are also found at the
Bi sites. The weight at Bi site is primarily of Bi 6s character,
which antibonds to the central O p function. The finite mixing
between Bi 6s and O 2p gives rise to the lobelike structure
of Bi 6s tails, which has been pointed out by Watson and
Parker21 to be responsible for its stereochemical activity. The
Bi 6s–O 2p mixed state further hybridizes with the empty Bi
6p state, lowering the energy of the system, as is seen in terms
of presence of Bi 6p-like shapes in the tails sitting at Bi sites.
Lone pairs in Bi or Pb containing oxides have been visualized
with the aid of electron localization function in literature.22

A plot of effective Wannier functions for occupied oxygen p

bands provides an alternative approach for such visualization
due the finite mixing between the lone pair and the anion p

degrees of freedom.
In Fig. 6, we show again the plots of effective O Wannier

functions but now plotted for the HP phase. Apart from the
presence of Co−O bonds, the finite mixing between Bi s (and Bi
p) and O p continues to be present, although its precise nature
changes. For the O1 Wannier functions at the AP phase, four
tails are observed at the four bottom corner Bi atoms which are
equally strong, whereas for the HP phase, the tails are found
to be of varying strength, with one of the tails being much
stronger than the others. The strongest tail in the HP phase
has much more weight compared to the AP case. For the O2
Wannier function, two tails of equal strength at the nearest Bi
sites are observed for the AP phase, while for the HP phase,
three tails of varying strength are observed. The precise shape
of the tails also changes between the AP and HP phases.

In order to further understand the covalency properties and
their changes between the AP and HP phases, we computed
the Bi−O and Co−O crystal orbital Hamiltonian populations23

(COHPs). COHP is the density of states weighted by the
corresponding Hamiltonian matrix element. COHPs indi-
cate the strength as well as the nature of interaction,
with the bonding (antibonding) interaction being indicated
by positive (negative) values of COHP. Figure 7 shows the
Bi−O and Co−O COHPs plotted for the AP and HP phases of
BiCoO3. The COHPs have been resolved into contributions
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FIG. 7. (Color online) Crystal orbital Hamiltonian populations
(COHPs) between Bi and O (top panels) and that between Co and O
(bottom panels) in the AP (left panels) and the HP (right panels)
phases of BiCoO3. The black (dark gray) and cyan (light gray)
lines represent COHP defined for O1 and O2 respectively. The Bi−O
COHPs are scaled to the four nearest Bi−O1 interactions and Bi−O2
interactions, and the Co−O COHPs are scaled to the one (two) nearest
Co−O1 interactions for the AP (HP) phases and the four nearest
Co−O2 interactions. Zero energy is set at EF .

from O1 and O2. The contributions from O1 and O2 differ
significantly for the AP phase, whereas they are similar for the
HP phase, as expected from the distinctly different and similar
environment of O1 and O2 for the AP and HP phase crystal
structures of BiCoO3, respectively.

The contribution of O2 in Co−O COHP is rather similar
between the AP and HP phases, whereas the strength of Co−O1
COHP is much larger in AP phase compared to the HP phase
due to the presence of the short Co−O1 bond length. Focusing
onto Bi−O COHPs and comparing the AP and HP phases, we
find that the strength of COHPs to be larger for AP phase
considering the O2 contribution, whereas they are somewhat
more disperse for the HP phase. The nature of the antibonding
states close to EF also changes between the AP phase and the
HP phase, indicating the change in the localization of the Bi 6s2

lone-pair state between the AP phase and the HP phase, hinting
in turn, to the change in the details of covalency between Bi
and O. One of them drives the polar distortion and another
drives the GdFeO3 type of distortion.

VI. SUMMARY

To summarize, we have investigated the electronic struc-
ture of BiCoO3 at the ambient-pressure and high-pressure
phases, based on recently measured crystal structure data.10

While the obtained results for the ambient pressure are in
agreement with those of previous reports,17 the electronic
structure at the high-pressure phase shows the presence
of a finite energy gap at Fermi energy in contrast with
previously reported metallic or semimetallic character at high
pressure. This semiconducting behavior in the nonmagnetic
BiCoO3 with low-spin state of Co is found to be driven
by the presence of the GdFeO3 type of distortion which



arises due to finite mixing of Bi lone-pair state with O
p states. The electronic structure of the ambient pressure
phase shows an energy gap arising due to the antiferromag-
netic alignment of Co in the high-spin state, which is an

order of magnitude larger than the energy gap at the high-
pressure phase. This explains the three-orders-of-magnitude
jump in resistivity obtained by varying pressure observed
experimentally.10
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