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First-Principles Investigations of the Structural Phases of

Low-Spin State of BiCoOj3;

Salima Boutiche, Xu He, Hania Djani,* and Eric Bousquet

Herein, from first-principles calculations, the phase diagram of the low-spin (LS)
state of BiCoOs is scrutinized. The phonon-dispersion curves of the cubic phase
are analyzed to identify all the possible unstable modes and assessed the energy
gain of the resulted distorted phases. In the findings, the presence of similar
phases is revealed in both LS and high-spin (HS) states, including ferroelectric
and octahedra rotations distortions. However, the relative energy ordering of
these phases differs significantly between the two states. Notably, the energy
gain from mode condensation is considerably less pronounced in the LS case
compared to HS state. Furthermore, it is identified that the common Pnma phase
is the ground state of the LS state of BiCoCs, closely followed by the Imma
octahedra rotation phase and the R3c ferroelectric phase, hence, different from

the P4mm ferroelectric ground state of the HS state.

1. Introduction

Bi-based perovskite oxides family topic is a major area of interest
within the field of ferroelectricity and multiferroicity."? Within
this family, BiCoO; stands out for its unique properties. It crys-
tallizes below 733 K in the supertetragonal P4mm phase’® and
has a Néel temperature of 470 K such that it is considered
as a room-temperature multiferroic. The occurrence of the super-
tetragonality is manifested by a pronounced ratio of c¢/a cell
parameters of 1.265.1% This elongation, that enables a sponta-
neous polarization up to 120 pC cm ™2, is accompanied by a sig-
nificant displacement of Co*" ions from the central position of
the octahedron, such that coordination pattern of Co ions with
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the adjacent O anions can be seen more
like a pyramidal arrangement than the
conventional octahedral geometry (see
Figure 1). The origin of this huge polar dis-
placement is attributed to the interplay
between the Co(3d) and O(2p) orbitals,
leading to a covalent interaction,® as well
as the inherent spin state of the Co
ion.*®”! The Co*" ion displays an elec-
tronic configuration of 3d°, enabling the
adoption of either a high-spin (HS) state
(@d%t2g (1), eg., (1)* t2g (1)* that corre-
sponds to the magnetic moment S=2,
or a low-spin (LS) state (d%t2g (1)°, e.g.,
t2g (|)’) that corresponds to S=0.%
Multiple investigations have demon-
strated the P4mm tetragonal ferroelectric
ground state of BiCoO; with C-type
antiferromagnetic (C-AFM) ordering and Co®" ions in the HS
state.[*1°)

Although the C-AFM P4mm state is the ground state at low
temperature, the LS state can appear upon structural
distortions. For example, in the high-symmetry cubic phase,
the HS state cannot be stabilized. The crossover from HS to
LS state can be enabled with the structural modification by
an external field like temperature or external pressure.
Notably, the intermediate state in the path of the reversing
of the ferroelectric polarization might be LS state.l®]
Therefore, the exploration of the phase diagram of the LS is
of importance.

Bi-based perovskite oxides exhibit a rich variety of structural
instabilities in the cubic phase. These instabilities include ferro-
electric and antiferroelectric displacements of cations, rotations
of oxygen octahedra, orbital ordering, Jahn-Teller distortions,
and charge ordering accompanied by breathing of the oxygen
octahedra. These instabilities give rise to a multitude of possible
structural phases.>>!”  However, although first-principle
calculations have shown numerous instabilities in BiCoOs3,
experimental observations often reveal a single phase
transition, from the cubic phase to the supertetragonal P4mm
phase [B10-12]

In this article, we utilize density-functional theory (DFT)
calculations to investigate the phonon instabilities and their cor-
responding phase diagram in the previously unexplored cubic LS
phase of BiCoOs. The organization of the article is as follows: we
first present the calculated phonon-dispersion curves for the LS
state of Co atoms in the cubic phase of BiCoOj3. Subsequently, we
identify and analyze the unstable phonon modes. We construct
the LS phase diagram and compare it to the phase diagram for
the HS state.

(1 of 6) © 2024 Wiley-VCH GmbH
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(a)

Figure 1. a) Schematic view of the cubic Pm3m phase and b) the super-
tetragonal P4mm phase of BiCoOj3. Purple, blue, and red balls correspond
to Bi, Co, and O atoms, respectively.

2. Technical Details

The DFT calculations were performed with the ABINIT
code!*' and through its projector-augmented-wave (PAW)
method"” implementation. We used the generalized gradient
approximation of the Perdew—Becke—Erzenhof!'®'”) for the
exchange correlation functional due to its successful prediction
of the P4mm phase as the ground state.’” The Liechtenstein
flavor of the DFT + U approximation™® was used for the Co d
orbitals with an on-site Coulomb interaction U=6¢eV and an
on-site exchange interaction J=0.2eV in the HS case, while,
as there is no magnetism and no partially filled orbitals in the
LS phase, no U correction was necessary (kept however in the
LS calculations to adopt the same computational framework
and ensure a fair comparison). Our calculations reveal that
the combination of Uand ] values used in this study gives results
nearly identical to those obtained with U=6¢eV and J=0eV in
ref. [10]. However, utilizing J=0.2 eV in our calculations led to
improved numerical convergence for the HS case.

The atomic data for Bi, Co, and O were taken from the JTH
PAW table (v1.0)1** with Co(3p, 3d and 4s), Bi(5d, 6s and 6p), and
O(2s and 2p) treated as valence electrons. We performed
integration within the Brillouin zone by using k-point grids of
a 6x6x6 for Pm3m, R3c, R3c, R3m, I4/mcm, 6 x 6 x 8 for
P4mm (C-AFM), and 6 x 6 x 4 for Pnma. The atomic positions
were relaxed until a residual stress less than 10~ Ha Bohr * was
reached. The phonon frequencies were calculated within the
density-functional perturbation theory,*” with a g-point mesh
of 2 x 2 x 2. The ISOTROPY softwarel*!) was used for symmetry
analyses, and VESTA software!??! was used for the visualization
of the different structures.

From the phonon band structure, we identified phonon
instabilities. We condensed them (single or combined) into
the cubic phase to lower the symmetry and then we fully relaxed
the distorted structures, that were subsequently analyzed
with ISODISTORT from ISOTROPY software®" to identify
the symmetry-adapted mode (SAM) amplitudes.

3. Phonon Dispersion and Instabilities of the
Cubic Phase

Our investigation begins with the high-symmetry cubic phase
(Pm3m) of BiCoOs3, as depicted in Figure la. According to our
DFT calculations, this phase is only stable in the nonmagnetic
LS state. We employ this LS cubic phase as the reference energy
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level for our calculations. The relaxed lattice parameter of the
cubic cell was determined to be a = 3.806 A.

Calculated phonon-dispersion curves of the LS cubic phase is
given in Figure 2, negative frequencies in the graph correspond
to imaginary phonon frequencies (unstable phonon modes). One
can see two types of unstable dispersion branches: i) one with the
lowest frequency, which propagates between all high-symmetry
points and split at M and R points and involving the motion of all
the atoms, but dominated by O motions and Bi atoms; and 2) one
that is localized around the M and the R points but strongly dis-
perses away from them and dominated by Bi motions. In Table 1,
we reported the mode labels and frequencies of the different
unstable phonon modes at high-symmetry points of the
Brillouin zone and in Figure 3 we represent the main motions
of atoms for each mode.

We can see that the strongest instabilities are associated with
in-phase (Mj) and out-of-phase (R5) octahedral rotations. This
observation aligns with previous HS calculations!*”! that reported
the presence of numerous phases involving octahedral rotations.
Our calculations also showed that antipolar modes are also unsta-
ble at all zone boundary points: X (antipolar motion of Bi and O
within the same atomic plane), M; (antipolar motion of Bi in one
direction and of Co and O in the perpendicular direction), M3
(antipolar motion of the Bi atoms only), and R, (antipolar motion
of Bi in one direction and O atoms in the perpendicular
directions).

These observations contrast with the behavior observed in the
polar unstable branch of, e.g., cubic BaTiOs;, where the band
show a strong dispersion when approaching the R point.**!
However, it is important to note that this difference arises from
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Figure 2. Calculated phonon-dispersion curves of the cubic phase of
BiCoOj; along the I-X-M-T'-R path of the Brillouin zone. Imaginary
frequencies are plotted with negative numbers. The high-symmetry points
coordinates are I'= (0, 0, 0), X=(1/2, 0, 0), M=(1/2, 1/2, 1/2), and
R=(1/2,1/2, 1/2). The dispersion line color has been assigned to each
point according to the contribution of each kind of atom to the associated
eigenvector and as follows: red for O atoms, purple for Bi atoms, and blue
for Co atoms.
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Table 1. Modes labels and frequencies (@, cm™') of unstable phonon
modes at I', X, M, and R points of the Brillouin zone of the LS cubic
phase of BiCoO;. The third column shows the low-symmetry
subgroups that can be reached by condensing the mode eigenvector
into the cubic phase (and along one, two, or three directions
depending on the degeneracy). The last column gives the gain of
energy AE (meV f.u.”") with respect to the LS cubic phase, of the fully
relaxed phases obtained after condensation of the unstable phonon
modes.

Label @ Subgroups AE
ry 196i P4mm -312
Amm?2 —369
R3m —368
X5 147i Pmma —153
Cmem —140
M3 265i P4/mbm —304
My 133i CmCm —61
Pmma —44
My 33j P4/nmm -16
Ry 284i 14/mem —366
Imma —580
R3c —470
Ry 121 14/mmm —167
Imma —499
R3m —100

the distinct nature of the unstable modes involved. BaTiO; has
the X{ and M7 modes, while our calculations for BiCoOs iden-
tify the M3 and Ry modes as being the unstable modes along the
polar branch. Hence, BiCoOs reveals a distinct profile of unstable
phonon modes compared to other perovskite oxides like BaTiO3
and PbTiO;. While both PbTiO; and BaTiO; share the same
unstable mode labels X7 and M7, only PbTiO; exhibits addi-
tional instabilities seen in BiCoOs;, namely the X; antipolar
mode, Mj in-phase rotation, and R; out-of-phase rotation.
Notably, the M3, M;, and R, unstable modes observed in
BiCoOj; are absent in both BaTiO; and PbTiO;. Furthermore,
the unstable phonon frequencies in BiCoOj; are stronger than
those observed in other ferroelectric perovskites, for example,
150icm ™" reported for PbTiO;** versus 200icm™" in the LS
phase of BiCoOj;.

4, Condensation of Unstable Modes and Phase
Diagram of LS BiCoO3;

After the identification of the primary unstable instabilities, we
condensed their related eigenvectors into the cubic LS phase of
BiCoOj to reach the lower energy phases. In Table 1, we report
the space groups of the low-symmetry phases after the conden-
sation of single unstable phonon modes. The polar unstable
mode I'; can give three polar phases when condensed
along one, two, or three directions, P4mm, Amm2, and R3m,
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respectively, as usually found in the ferroelectric perovskite
oxides” ! The out-of-phase octahedra rotation R; unstable
mode gives the I4/mcm, Imma, and R3c space groups (corre-
sponding to the Glazer notation a’a’c~, a~a"b°, and a~a~a",
respectively). These phases have been observed in various perov-
skites, including SrTiO; (I4/mcem)?®® and LaAlOs; (R3c).*” The
freezing of the nondegenerate M; in-phase octahedra rotations
results in the P4/mbm space groups with the Glazer’s notation
a%a%ct. The antipolar mode Mj gives the P4/nmm space
group that corresponds to the high-temperature antiferroelectric
phase observed in WO;.*>*! The other unstable modes, My
and X are antipolar modes that are usually stable in most
perovskites but are often at play as secondary distortions
coupled to the aforementioned distortions, like in the most
common Pnma ground-state phase of perovskites (combination
of two directions of Ry and one direction of M; unstable
modes, i.e., a"a ct octahedra rotations, giving rise to the
appearance of the secondary X distortion through improper
coupling).??

The last column of Table 1 presents the energy gain associated
with the condensation of each phonon mode in one, two, or three
directions, depending on its degeneracy. Notably, the Ry out-of-
plane octahedra rotation mode exhibits the largest energy gain
(—580 meV f.u.”!) when condensed along two directions, leading
to the Imma phase. This observation deviates from the typical
behavior in perovskite oxides, where the R3¢ phase resulting
from the condensation of the R; mode along the three directions
is the one generally favored.*” This gain of energy is followed by
the antipolar R; mode that also exhibits a large energy gain of
—499 meV f.u.”" when condensed along two directions, result-
ing also in an Imma phase but with different Wyckoff positions.
Notably, the observation of this antipolar displacement as an
unstable mode with such a significant energy gain in BiCoO;
differs from typical perovskite oxides, where such behavior
has not been reported. Interestingly, we obtain that in contrast
to the HS state of BiCoO;, the polar distortions do not give
the largest gain of energy in the LS state of BiCoOs. Hence,
we can conclude that the Bi lone pair is not enough to explain
the stabilization of the supertetragonal ferroelectric P4mm
ground state found in the HS state of BiCoOs and that the Co
d-orbital occupations are at play to stabilize this ground-state
phase as reported in the literature.®7*%

From Figure 4, we can see that in the LS state, the condensa-
tion of individual unstable modes is not sufficient to reach the
lowest energy ground state. For that the combination of different
unstable modes is necessary. As a matter of fact, combining the
polar I'; and the out-of-phase octahedra rotation Ry modes in the
three directions gives the R3c phase. Interestingly, the Pnma
phase, characterized by Glazer notation a~b*c™, emerges as
the ground state for the LS state of BiCoOs. The Pnma phase
includes the in-phase MJ rotation in one direction and the
out-of-phase R; rotation in two directions, in addition to a small
contribution from secondary modes like Xz, R;, and the Jahn—
Teller distortion. These extra modes are coming from trilinearly
couplings with the with MJ and the Ry modes, as reported by
Benedek et al.*? The presence of the Jahn-Teller distortion in
the Pnma phase is not surprising as the Jahn—Teller distortion

© 2024 Wiley-VCH GmbH
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Figure 3. Schematic view of the unstable phonon modes eigendisplacements of the low-spin cubic phase of BiCoO; (O atoms in red, Co atoms
in blue, and Bi atoms in purple): I'; (polar distortion), M3 (in-phase octahedra rotation), Ry (out-of-phase octahedra rotation), X5 (antipolar motion
of Bi and O within the same atomic plane), M; (antipolar motion of Bi in one direction and of Co and O in perpendicular direction), Mj (antipolar
motion of the Bi atoms only), and R, (antipolar motion of Bi and O atoms but in different directions). Only one direction of degenerate modes is shown

for clarity.

is always allowed into the Pnma perovskite phase,** even if, as
here, the cation is not Jahn-Teller active. However, the observed
distortion in BiCoO; might be more pronounced compared to
other non-Jahn-Teller Pnma phases and exhibits sensitivity to
strain as reported for CaMnO; >3]

Surprisingly, we found that the Imma phase, with only two
out-of-phase octahedra rotations (a’a~a~) is only 1 meV fu.™"
higher than the Pnma structure, such that these two phases
are quasi degenerate. Our calculations for the LS state of
BiCoO; predict that the most stable polar phase is the R3¢ phase,
similar to the ground state of BiFeQ3.*®3% This R3¢ polar phase
is energetically close to the Pnma ground state, with an energy
difference of 15meV f.u.™! only. This suggests that the polar
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phase could be further stabilized experimentally through, e.g.,
strain engineering techniques.[***! However, it is important
to note that, despite the larger ionic radii of HS Co®* (0.75 A)
compared to LS Co** (0.69 A), both the LS and HS states of
BiCoO; are expected to exhibit a tendency toward a nonpolar
antiferrodistortive phase due to their tolerance factors being
lower than 1.°?) Comparing the LS and HS phases in
Figure 4 reveals significantly larger energy gains for the HS case.
Notably, the HS ground state exhibits the P4mm phase with a
single polar distortion, I';, characterized by a significant dis-
placement amplitude of 1.34 A. This amplitude is substantially
larger compared to the 0.89 A observed for the LS P4mm phase
(Table 2). These findings suggest that the HS electronic state of

© 2024 Wiley-VCH GmbH
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Figure 4. Schematic phase diagram of the gain of energy (meV f.u.”") of
the LS case of BiCoOj; (green color) and the two lowest energy phases of
the HS case in its C-AFM magnetic phase (yellow color). In each case, we
give the space group and the SAM mode labels that contribute to the
distortion. The LS Pm3m cubic phase is taken as the zero energy reference
for both HS and LS. Only the two lowest energy phases of the HS case are
shown for clarity.

Co significantly enhances the polar distortion, potentially due to
the energy gain achieved by lifting the degeneracy of the d,, and
the d,./d,. orbitals through the tetragonality introduced by the
distortion. This difference may be the reason why the polar
P4mm phase is not among the lowest energy LS states.

Interestingly, the second lowest energy state in the HS phase
adopts a Pnma structure and exhibits a combination of unstable
phonon modes like R; (with an SAM amplitude of 2.89 A), M7
(2.50A), Ry (0.33A), X5 (1.59A), and M7 (0.08 A). Notably, all
the corresponding SAM amplitudes in the HS Pnma phase are
significantly larger compared to their counterparts in the LS
phase. This observation reiterates the trend of enhanced
distortion amplitudes in the HS state.

Hence, since our calculations predict the Pnma phase as the
most stable configuration for the LS state of BiCoO;, it would
suggest that a hypothetical transition from the HS to LS state
would involve a more intricate transformation beyond a straight-
forward conversion from the HS P4mm phase to its LS
counterpart.
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Table 2. Symmetry-adapted mode (SAM) amplitudes as calculated with
the ISODISTORT from ISOTROPY software (in A) for each distorted LS
structure after a full relaxation. We report the imaginary frequency of
the corresponding unstable mode when present (in brackets, in cm™').

Phase ry X5 M3 Mg My Ry Ry M7

LS [1961]  [147i]  [265]] [133  [33] [284] [121]] T
P4mm 0.89 - - - - - - -
Amm?2 0.84 - - - - - - -
R3m 0.86 - - - - - - -
Pmma - 0.53 - - - - - —
Cmcm - 0.53 - - - - - _
P4/mbm - - 0.83 - - - - -
Cmem - - - 0.38 - - - -
Pmma - - - 0.32 - - - -
P4/nmm - - - - 0.41 - - -
14/mem - - - - - 0.79 - -
Imma - - - - - 1.38 - -
R3c - - - - - 0.96 - -
14/mmm - - - - - - 0.51 -
Imma - - - - - - 0.92 -
R3m - - - - - - 0.60 -
R3c 1.08 - - - - 0.86 - -
Pnma - nm 1.75 - - 2.24 0.16 0.05

5. Conclusion

In this work, we used DFT calculations to build the structural
phase diagram of the nonmagnetic, LS state of BiCoO;. Our anal-
ysis of the phonon-dispersion curves for the cubic phase revealed
numerous phonon instabilities, including both commonly
observed modes in cubic perovskites (e.g., polar instability, octa-
hedral rotations) and less frequently reported ones (e.g., antipolar
modes M3, Ms, and R}).

Condensation of these various phonon modes led to the Pnma
phase to be the lowest energy configuration for the LS state, i.e.,
the most common ground state observed in perovskites. Notably,
we also obtained that the Imma phase follows closely the Pnma in
terms of energy, resulting in a quasi-degenerate state. This find-
ing is surprising as the Pnma phase includes an additional in-
phase octahedral rotation compared to the Imma phase, leading
to several secondary distortions through improper-like coupling.
While the condensation of the polar modes leads to an energy
gain in the LS case, their overall energy remains significantly
higher compared to the ground state. Conversely, the P4mm
ferroelectric phase emerges as the ground state in the HS phase,
followed by the Pnma phase. These observations reinforce the
critical role of Co®" orbital filling in stabilizing the supertetrag-
onal ferroelectric phase. This study opens the way for future
investigations exploring the experimental stabilization of
the LS phase within a pressure or strain phase diagram.
Furthermore, the contrasting phase diagrams of the LS and
HS states support previous conclusions highlighting the crucial
role of Co in stabilizing the HS state.”*]
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