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ABSTRACT: Despite several oxides with trivalent cobalt ions are known, the sesquioxide M,0; with Co®" ions remains elusive.
Our attempts to prepare Co,0; have failed. However, 50% of Co®* ions could be substituted for Ln** ions in Ln,O; (Ln = Y and Lu)
with a cubic bixbyite structure where the Co® ions are in the intermediate-spin state. We have therefore examined the structural
stability of Co,0; and the special features of solid solutions (LnyCoys),O; (Ln = Y and Lu). The experimental results are
interpreted in the context of ab initio-based density functional theory, molecular dynamics (AIMD), and crystal orbital Hamiltonian
population (COHP) analysis. Our AIMD study signifies that Co,0; in a corundum structure is not stable. COHP analysis shows
that there is instability in Co,O; structures, whereas Co and O have a predominantly bonding character in the bixbyite structure of
the solid solution (Y;Coqs),05.

1. INTRODUCTION oxide. In view of this, we sought to investigate (LnysCoq;5),0;
(Ln =Y and Lu) solid solutions with composition similar to
the LnCoOj; perovskites, wherein it appears to occur in the C-
type rare earth oxide structure.

Perovskite oxides of the formula, LnCoO; (Ln: Y or rare

Among the transition metal oxides, cobalt oxides are of special
interest because of the existence of cobalt in different oxidation
as well as spin states, i.e., low-spin, high-spin, and intermediate-
spin states.' Among these, Co** generally has octahedral

coordination and is in the high-spin state (tigeé, $=3/2); Co** earth) show interesting electronic and magnetic properties.
exists in the low-spin state (tigeg; S = 1/2). Unlike these two, These perovskites are prepared by a solid-state reaction by
Co® can exist in high-spin (HS, tggeé)J low-spin (LS, tggeg), heating the precursors in air (Ln = Y, La, Pr, Tb, and Dy)
and intermediate-spin (IS, ty,e;) states. Existence of the under 200 bar oxygen pressure (Ln = Ho, Er) and 20 kbar
intermediate-spin state arises since the crystal field splitting hydrostatic pressure (Ln = Tm, Yb, and Lu) above 900 °C.”
energy is of the same order as the pairing energy.”” Many Some of the heavy rare earths, Ln =Y, Dy, Er, and Yb give rise
compounds containing cobalt ions in different oxidation states to a solid solution of Ln,0; with Co,0; when the reaction is
are known. However, CoO and Co;0, are the only known carried out at lower temperatures (500—600 °C).® Here, we
binary oxides with Co® and Co®/Co™ states, respectively.™* have carried out a detailed experimental investigation on the

This is unlike the neighboring Fe, which forms FeO, Fe,0;, bixbyite form of ((LngsCops),0;) (Ln = Y and Lu) by

S . . . . .
and .Fe304. It is somewhat 1ntr.1gu1ng that it has not bgen substituting Ln,O; by 50% Co where cobalt exists in a trivalent
possible to form pure Co,0;. Since many of the transition

metal oxides in which metal in the +3 state form sesquioxides
in the corundum structure, one would expect Co,0; to occur
in this structure. The only report on Co,0j; is by Chenavas et
al.’ who reported a high-pressure synthesis of the oxide with
Co’" in the low-spin state, which transforms to the high-spin
state on heating. We have tried to prepare Co,0; by high-
pressure synthesis and other methods and failed to obtain the
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state. Our experimental results are well supported with the
theoretical approach using the first principle-based DFT
calculations and AIMD simulations.

2. RESULTS AND DISCUSSION

2.1. Experimental Studies. All our attempts to prepare
Co0,0; have resulted in the formation of CoO and Co;0,
phases with no traces of the Co,0; phase. We have therefore
examined the structural aspects of Co,0; present in the solid
solution (LnysCoys),0; (Ln = Y and Lu). Rietveld refined
powder X-ray diffraction profiles of (Y,5Coys),0; at two
different temperatures (600 and 920 °C) and (LuyCoqs),04
at 600 °C are shown in Figure la, b, and ¢, respectively. XRD
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Figure 1. Rietveld refined X-ray diffraction profiles of (a)
(Y9.5C005),0; (600 °C), (b)YCoO; (920°C), and (c)
(LugsCoy),05 (600 °C).

profiles fitted using the pseudo-Voigt function revealed that
both solid solutions prepared at 600 °C crystallize in the cubic
bixbyite structure with an Ia3 space group. Heating a
(Y5C045),0; solid solution to 920 °C in oxygen gave rise
to perovskite YCoOj; crystallizing in orthorhombic symmetry
with a Pbnm space group, and the corresponding crystal
structure is shown in the Figure 2a. Unlike (Y,5Coys),05, a
(LugsCogs),05 solid solution at 800 °C decomposed into
cubic Lu,0; and Co;0, phases. Refined structural parameters
for perovskite YCoOj; and solid solutions, (LngsCog5),05 (Ln
=Y and Lu) are given in the Table 1. The crystal structure of
YCoO; consists of distorted CoO4 octahedra where Co is
situated at the center surrounded by six oxygen ions. Oxygen
occupies two different sites in the crystal structure. Y resides in
the voids created by the surrounding CoOg octahedra.”

The crystal structure of solid solutions (LnysCoys),0; (Ln
=Y and Lu) is shown in the Figure 2b, which consists of two
octahedral cation sites where eight Co atoms occupy 8b and
other eight occupy 24d Wyckoff site, whereas Y or Lu occupies
24d Wyckoff sites. The octahedra LnO4 (Ln = Y and Lu) and
CoOg are highlighted in Figure 2¢ and d, respectively. The
lattice constants of different cubic (C-type) (LngsCoys),0;
(Ln =Y, Er, Yb, and Lu) solid solutions were plotted against
corresponding lanthanide radii as shown in Figure 3. The
lattice parameters of (LngsCoys),0; (Ln = Er and Yb) are
taken from ref 8. The linear nature of the plot confirms that the
system follows Vegard’s law,'" which is attributed to the

Figure 2. Crystal structure of (a) perovskite YCoO; (b) bixbyite
(LngsCops),03 (Ln = Y and Lu), (c) octahedra of Y/Lu (green
colored) in (LnysCoys),03(Ln = Y and Lu), and (d) highlighted
(blue colored) CoOy4 octahedra.

contraction of the unit cell of the (LnyiCoys),0; solid
solution with decreasing size of lanthanide ions. Being the
smallest lanthanide, Lu®* forms a unit cell of volume, V ~
1122.2 A3, which is 7% smaller than that of Y.

Our XPS study reveals the oxidation state of cobalt in
perovskite YCoOyj as well as (LngsCog5),05 (Ln = Y and Lu)
solid solutions. The core level spectra of cobalt for YCoO; and
(LngsCoys),0; (Ln = Y and Lu) are shown in Figure 4. The
four signals due to cobalt in Figure 4a—c, correspond to energy
levels Co 2p3/5, Co 2py)y, and their satellites confirming the
presence of trivalent cobalt ions.""

The temperature-dependent field-cooled (FC) magnetic
susceptibility for YCoO; and (Y,5Cogs),0O; was measured
under an applied DC field of 100 Oe in the temperature range
2—390 K as shown in Figure 5. We find that perovskite YCoOj;
shows a low-spin state (tS,e0) from low temperature 2 to 390
K. (Y45Coy5),0;5 on the other hand shows an intermediate-
spin state (t;,e,) with fi.g ~ 2.13 yp. Spin state transitions of
trivalent cobalt is well known in the perovskites LnCoO; (Ln =
La, Y, Pr, Nd, and Eu)."””"* Anomaly observed at Ty ~ 32 K
in the magnetic susceptibility curve of (Y,5Coys),0; is
attributed to antiferromagnetic ordering of Co®* ions, which
is further evidenced by a negative 6.y value (Table 2).
Similarly, (LugsCos),0; shows antiferromagnetic ordering
below Ty ~ 25 K with p ¢ ~ 2.68 g, indicating the existence
of Co®" in the intermediate-spin state (tggeé).

To explore the effect of pressure on the magnetic interaction
of Co®" ions in these solid solutions of C0,0;, a high pressure
(1.5 GPa) was applied on (Lny5Coys),0; (Ln =Y and Lu) at
room temperature for 1 hr, and the magnetic susceptibilities of
the so-obtained (LnysCoys),0; are compared with that of
ambient pressure samples as shown in Figure 6a,b. There is no
change observed in the phase of the high-pressure treated
samples, and their XRD profiles are shown in Figure Sl
(Supporting Information).

Temperature-dependent inverse magnetic susceptibility is
fitted using the Curie—Weiss law for ambient and high-
pressure samples of (LnysCoys),0; (Ln = Y and Lu) and are
shown in Figure S2 (Supporting Information). y, ¢ and Ocyy
values for (LngsCops),0; (Ln = Y and Lu) for ambient
pressure and high-pressure treated samples are listed in Table
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Table 1. Structural Parameters Obtained by Rietveld Refined XRD for YCoO;and (LnyCog5),05(Ln = Y and Lu)

space group : Pbnm (orthorhombic); a = f= y = 90°

compound a = 5.14519(22), b = 5.42765(24), c = 7.37531(33) A; % = 3.2%

YCoO, x y z Bi, Occ

Y (4¢) —0.0157(6) —0.0678(3) 025 0.028(16) 1.0
Co (4b) 0.5 0.0 0.0 0.158(11) 1.0
01 (4¢) 0.0970(18) 0.5229(17) 025 1.0 1.0
02 (8d) —-0.1918(15) 0.1996(15) 0.0479(11) 1.0 1.0

space group : Ia3 (cubic); @ = =y = 90°
a=b=c=10.6303(12) A; y* = 1.72%

(Y5C005),05 B y z B Occ
Y (24d) —-0.0271(1) 0.0 0.25 0.422(32) 0.333
Col (24d) —0.0271(1) 0.0 0.25 0.422(32) 0.167
Co2 (8b) 0.25 0.25 0.25 0.471(28) 0.167
O (48¢) 0.3962(8) 0.1550(6) 0.3812(9) 1.0 1.0

a=b=c=103916(18) A; y* = 3.1%

(LuysCoy5),05 x ¥y z B, Occ.

Lu (24d) —0.02537(2) 0.0 0.25 0.183(1) 0.333

Col (24d) —-0.02537(2) 0.0 025 0.183(1) 0.167

Co2 (8b) 0.25 0.25 025 0.164(1) 0.167

O (48¢) 0.4086(11) 0.1506(12) 0.3484(19) 1.0 1.0
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Figure 3. Variation of lattice parameters of (LnysCoys),0; (Ln =Y,
Er, Yb, and Lu) solid solutions with Ln** radius.

2. Even though Co®" ions are existing in the intermediate-spin
state in both the (LnysCoys),0; (Ln = Y and Lu) solid
solutions, (LuysCogs),0; has a high effective magnetic
moment than that of (Y,5Coy5),0;. This is attributed to the
chemical pressure due to Lu’* ions. On the other hand,

Figure S. Comparative temperature-dependent field-cooled (FC)
magnetic susceptibility curves of (Y,5Coys),03 and YCoO; perov-
skites.

external pressure increases the i in both the solid solutions
and is more significant in (Y,5Coq5),05 than (LugsCoys),0;.

2.2. Theoretical Studies. Ab initio-based density func-
tional theory (DFT) methods have become well-established
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Figure 4. Co 2p core level XPS spectra of (a) YC0Os;, (b) (Yy5C0ys),05, and (c) (LuysCoys),05.
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Table 2. pt.r and Oy Values for (Y,5Co5),0; and
(Lu0.5C00,5§203

(Yo5C005),03 (Lug5C003),05
Hefi Ocw Heff Ocy
Ambient pressure 2.13 pp -91 K 2.68 pp -90 K
High pressure (1.5 GPa) 2.84 py -93 K 2.79 up -82 K
3.0
(Y 5Coy 5),0; High Pressure(~1.5 GPa)

25¢ ¢ Ambient Pressure

\‘ T\=32K
1.0+
0.5} @

x (X 102emu/Oe.mol) (X 10”%emu/Oe.mol)

0 100 200 300 400
T (K)

Figure 6. Comparative temperature-dependent field-cooled (FC)
magnetic susceptibility curves of (a) (Yy5Coys),0; and (b)
(LuysCoys),0; synthesized in ambient pressure and high pressure
(1.5 GPa).

techniques to study structural and chemical properties of
various materials. Our computational methodology provides
comprehensive understanding related to the structural stability
and chemical bonding analysis of a well-known Al,O,
corundum structure followed by hypothetical Co,0; crystal
in the corundum phase. In order to further investigate the
chemical aspects of Co®" ions in the chemical environment, we
study the bonding characteristics of Y,0; with different doping
concentrations of Co®" ions. Our theoretical analysis based on
first principles calculation supported by experimental findings
will be discussed to interpret structural stability and chemical
aspects more rigorously.

2.2.1. Al,0s. In the optimized structure of Al,O5, the DOS
and the PDOS have been calculated (Figure 7a,b). From the
DOS plot, it is clear that Al,Oj is an insulator with a DFT band
gap of 3.4 eV. From the projected DOS, we find that
interestingly the low-energy valence bands are dominated
exclusively by the oxygen 3p orbitals with very small electronic
contributions from Al orbitals. On the other hand, low-energy
conduction bands remain almost empty and only at some high
energy, it has small contributions from both the Al and O
atomic orbitals. Moreover, we emphasize that the lack of
overlap between Al and O orbitals in the valence band lead to
very small orbital overlapping and less degree of covalence. In
contrast, the charge transfer mechanism effectively dominates
to form ionic bonds between Al and O atoms in stabilizing
Al Oj crystals in the corundum phase.

To further understand the bonding characteristics, we study
crystal orbital Hamiltonian population (COHP)'® analysis
between Al and O orbitals (Figure 7c). The COHP is
described as the negative of DOS multiplied by the

z1sf- @ | .
= 10| | ]
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£ T | — 0-3p 1
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Figure 7. (a) Density of states (DOS) of ALO;; (b) projected DOS
on relevant orbitals; (c) COHP is shown as a function of energy for
the AlI-O bond. PDOS indicates less orbital overlapping between Al
and O atoms below the Fermi level although there is significant
orbital overlapping above the Fermi level. Negative value of COHP
below the Fermi level shows that Al,O; is electronically stable. In
figures, Fermi levels are considered as a reference.

corresponding Hamiltonian matrix elements. The negative
and positive values of COHP suggest bonding and antibonding
interaction between the electronic states, respectively. The
negative value of COHP indicates bonding interactions
between Al 3s—Al 3p and O 2p orbitals in the valence
bands, which stabilizes the corundum structure of Al,Os;.

2.2.2. C0,0;. To understand why there is no stable structure
of Co,0;, we have carried out a series of optimizations of the
corundum structures of Cr,O; and Fe,O; and obtained the
M-M and M-O distances. Interestingly, in relaxed crystal
structures of all of these oxides, there is no direct M—M bond.
In fact, the distances between M—M are 2.60 A (2.66 A) and
2.93 A (2.88 A), respectively (the numbers in brackets are
distances obtained from experiments). Expectedly, we find that
all these oxides in their 3+ state show a high spin atomic
ground state with varying magnetic moments and antiferro-
magnetic orders as found experimentally.

We started the optimization studies with the corundum
structure of the Fe,O; and substituted Fe atoms with Co
atoms. The crystal structure has been relaxed using a fully
variable cell and BFGS algorithm, and we find that Co*" forms
a low-spin atomic ground state with tggeg configuration. The
relaxed (but unstable) structure shows that the distance
between two Co atoms decreases compared to the Fe—Fe
distance in the Fe,O; corundum structure. The shorter Co—
Co distance introduces strain in the system due to the
repulsive e—e interaction between two octahedra. Because of
the shorter distance between the Co atoms, bonding
characteristics between Co and O atoms get influenced quite
strongly. As a result, the bond length between Co and O
decreases considerably (much shorter compared to other M—
O bonds (Table 3) that leads to the large crystal field
octahedral gap leading to S = 0 ground state for Co** ions. Our
electronic density of states (Figure 8a) confirms that Co,0;
forms low-spin states. Energy levels below Fermi level spread
from —8 to 0 eV, and the conduction bands spread from 0.6 to
2.5 eV. We also calculated projected density of states (PDOS)
of Co 3d orbitals and O 2p orbitals in Figure 8b. From PDOS
calculations, it is confirmed that there is significant orbital
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Table 3. M—M and M—O Bond Length for the M,0; Given
Below for Antiferromagnetic Crystal Structure and
Compared with the Experimental Value
M-M M-0
crystal distance distance M-M M-0O Angle
structure (A) (A) expt. (A) expt. (A) M—-O-M
Cr,0, 2.60 2.00 2.66'° 1.98 82.12
Fe,0, 2.93 2.16 2.88'¢ 2.02 87.00
Co,0; 2.76 1.90 - - 82.73
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Figure 8. (a) Electronic density of states of spin-up (red) and spin-
down (black) of the relaxed but unstable crystal structure of Co,05.
Here, zero energy level is considered as Fermi level. (b) Projected
density of states of Co 3d and O 2p orbitals where states above the x
axis are the contribution from spin up states, and states below is the
contribution from spin down states. (c) Crystal orbital Hamiltonian
population (COHP) of a Co—O bond (Co:4s Co:3d and O:2s O:2p).

overlapping between Co 3d and O 2p orbitals in the valence
band as well as in the conduction band.

The COHP has been plotted in Figure 8c, where we have
considered strong interaction between Co:4s, Co:3d and O:2s,
O:2p in the unstable relaxed structure of Co,0;. Our results
show that COHP value is positive near the Fermi level, which
signifies that the strong interaction between Co:4s, Co:3d and
0:2s, O:2p are antibonding in nature below and above the
Fermi level. Interestingly, the interaction between Co and O
are antibonding from —2.5 to —0.4 eV in the valence band and
from 0.2 to 3 eV in the conduction band, suggesting that
Co,0; is least favorable in corundum or any other structure
unlike other transition metal oxides (Fe,05, V,0;, and Cr,0;).
Antibonding nature of Co:4s, Co:3d and O:2s, O:2p partly
destabilizes the structure of Co,0;. Interestingly, due to such
partially destabilized bonding, the octahedral crystal field gives
complete filling of tgg electrons with no unpaired electrons in
Co*" for bonding. Also, since 3d orbitals form narrow band
semiconductors, this leads to such a small and almost
overlapping bond distance between two octahedral Co ions,
where we find highly unstable phonon modes (shown in Figure
9). Unstable phonon modes that are characterized by negative
values of the frequencies in a phonon dispersion curve at any
wave vector leads to dynamical instability in the crystal
structure.

We have also performed ab initio molecular dynamics
study considering different U values to find the structural

17,18

Figure 9. Unstable relaxed corundum crystal structure of Co,0j; is
calculated using PBE functional. Here, ‘green’ color balls represent Co
atoms and ‘red’ color balls represent oxygen atoms. Purple arrows in a
circle indicate unstable phonon mode of frequency —51 cm™’, which
has been obtained performing phonon mode calculations through
DFPT at I' (Gamma) point.

stability of a Co,0; crystal. In the simulation, we have plotted
DEFT energies or electronic energies for different values of U
(U=2,4,6, and 8 eV) up to 1000 ps and that have been
shown in Figure 10. Interestingly, we find that DFT energies

)
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=

DFT energy (eV)
. .5] .

[
=

90200 400 600 800 1000
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Figure 10. DFT energies have been plotted considering different U
values as a function of AIMD time steps. Our computed plot shows
significant drift, which further signifies that a Co,0; corundum crystal
structure remains unstable for different values of U.

obtained using AIMD studies show considerable drift during
the AIMD time steps. The drift in the DFT energies
corresponding to different U values would certainly lead to
structural instability of the Co,0O; corundum structure. To find
the microscopic reasons for the structural instability, we have
further analyzed the vibrational spectra of the system after 70
ps of AIMD run. These have been analyzed from the
dynamical matrix of the force constants. Interestingly, we
observe negative phonon mode at the high symmetry I" point,
which suggest that the Co,0; corundum structure is unstable
due to constrained geometry of the two octahedra wherein the
two corner sharing Co®* ions come at a distance of 2.78 A. The
structure without external pressure and with external pressure
(80 kbar) are shown in Figure 11a,b, respectively, where we
have marked the unstable phonon modes and the constrained
geometry.

2.2.3. Y,03. To elucidate microscopic reasons more
rigorously, we consider Y,0O; unit cell in the cubic bixbyite
structure. The unit cell contains 80 atoms (32 Y atoms and 48
O atoms). We notice that all of the crystallographic sites
corresponding to Y atoms are not equivalent. There are 8
numbers of Y atoms (b sites) and 24 numbers of Y atoms (d
sites). In the b site, Y atoms are present in the octahedral
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Figure 11. (a) Co,0; crystal structure without external pressure and
(b) Co,0; crystal structure with external pressure. Due to applied
hydrostatic external pressure on the unit cell, Co—Co distances along
the c axis and along in-plane directions decreases as shown in Figure
11b. Blue arrows shown in the figure indicate unstable phonon modes,
and the length of the arrows signifies the amount of force acting on
the individual atoms introducing dynamical instability.

symmetry, and in the d site, Y atoms are placed in distorted
octahedral symmetry. After optimizing the crystal, we perform
electronic structure calculations and compute COHP for Y-O
bonds. After that, we substitute 50% of Y with Co atoms and
optimize the structure. Interestingly, we find that Co occupies
eight numbers of b sites and eight numbers of d sites that are
energetically favorable. As a result, 50% Co-doped Y,0,
stabilizes the crystal in the cubic form. The stability of 50%
Co-doped Y,0; has also been confirmed by COHP analysis
and experiments.

Presence of bonding between Y—O orbitals (negative value
of COHP in the valence band region) implies that the Y,04
crystal structure is electronically stable) shown in Figure 12a.
On the other hand, 50% of Co-doping in Y,0j; introduces that
Co—O orbital interactions are bonding in nature near the
Fermi level in the valence band, and it leads to a stable 50%
Co-doped Y,0; structure. In the special case, when we replace
all the Y atoms by Co atoms in the Y,0; cubic structure, we
find the positive value of COHP close to the Fermi level in the
valence band region, and the bonding characteristics are highly
antibonding in nature, which essentially partly destabilizes the
crystal. Experimentally, it has also been found that the Y,0;
crystal with all Y atoms doped by Co atoms is not stable.
Finally, to quantify the degree of structural stability, we have
tabulated ICOHP values for different orbitals and shown in
Table S3 (Supporting Information). Such analysis would help
to compare the bonding strength between the orbitals and
determine the structural stability for different materials
considered in this work.

We have also calculated the magnetic moments of individual
Co atoms and find that Co ions in different crystallographic
sites have different magnetic moments due to the difference in
symmetry leading to crystal field splitting. Interestingly, we find
the total number of unpaired spins of Co in a site and b site to
be 2.2 and 1.92 up, respectively. Experimentally, it has been
found that Co has an intermediate-spin state with a spin-only
value, 2.13 pp. The main point in the overall studies involving
experimental and computational results is that Co,O; with 3d°
Co®" ions with S = 0 neither stabilizes in corundum nor in
cubic form, while other systems with S = 0 (Y**: 4d° and AI**:
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Figure 12. (a) COHP of cubic Y,0; has been mentioned. Negative
COHP values between Y and O atomic orbitals imply that the Y,04
crystal stabilizes in a cubic form. (b) COHP after the insertion of Co
(50%) in place of Y atoms in Y,05. (c¢) COHP has been calculated for
the cubic phase of Y,0; with all the Y atoms replaced by Co atoms.

valence orbitals are 3s and 3p) stabilize in cubic and corundum
crystal respectively, which is highly significant.

3. CONCLUSIONS

Based on the studies, it seems apparent that Co,O; itself does
not exist but forms stable solid solutions with Y,0; and Lu,O;
in the cubic bixbyite structure. The solid solutions are formed
at lower temperatures than the perovskites Y(Lu)CoOs. Co®"
ions in the solid solution are in the intermediate-spin state.
The difficulty with Co,0; unlike sesquioxides of other
transition metals, is that interactions between Co:4s—Co:3d
and O:2s—0:2p are antibonding in nature in the corundum
structure, while it essentially has a bonding character in the
bixbyite structure. This finding would be of interest in
understanding the chemistry of transition metal oxides.

4. EXPERIMENTAL AND THEORETICAL METHODS

4.1. Synthesis and Characterization. We have attemp-
ted to synthesize Co,0; at high pressures and temperatures
using different precursors. In the first attempt, LiCoO, and
CoF; were mixed and heated to high temperatures (900—
1000°C) under high pressure (4.5 GPa). Again, the reaction
was carried out using the precursor mixture of CoO and
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KCIO; under high pressure and temperature. Solid solutions of
(LngsCoys),0; (Ln = Y and Lu) were prepared by nitrate—
citrate sol—gel combustion method as mentioned in a report®
in which lanthanide nitrate, cobalt nitrate, and citric acid in
1:1:10 stoichiometric ratio were dissolved in distilled water.
This solution was heated to 80 °C with constant stirring until it
forms a gel. The obtained gel was heated in an oven at 200°C
for 12 h to give rise to a porous powder, which was later heated
at 600 °C for 12 h in oxygen to remove carbonaceous content.
The phase purity was confirmed by carrying out X-ray
diffraction measurements using a Bruker D8 Advance
diffractometer where the sample was subjected to Cu Ko
radiation in the range of Bragg angle (10° < 260< 120°) under
0-260 scan. XRD data have been analyzed by the Rietveld
method'” using FullProf Suite software.”’ X-ray photoelectron
spectra (XPS) were recorded using an Omicron Nano-
technology spectrometer with a monochromatic Mg Ka
radiation as the X-ray source with energy E = 1253.6 eV. All
the individual core level spectra are corrected using the C 1s
level signal (284.6 eV). Cubic multianvil high-pressure
apparatus was used to apply high pressure on polycrystalline
powder of solid solutions. The pressure on the sample was
increased to 1.5 GPa and maintained for 1 h at room
temperature. DC magnetic measurements are done in SQUID
VSM (Quantum Design, USA) in vibrating sample mode.
4.2. Theoretical Calculations. First principle-based
density functional theory (DFT), as implemented in the
Quantum Espresso package, has been used to calculate
electronic structure properties. Projected augmented plane
wave”' and a generalized gradient approximated (GGA)
exchange—correlation energy”~ with parameterized functional
of Perdew, Burke, and Ernzerhof (PBE) are used. An energy
cutoff of 50 Ry to truncate the plane wave basis states in
representing the Kohn—Sham wave functions and an energy
cutoff of 500 Ry for the basis states to represent charge density
are used. The crystal structures are fully relaxed using the
Broyden—Fletcher—Goldfarb—Shanno (BFGS) algorithm
technique to minimize the energy until the magnitude of
Hellman—Feynman force on each atom is less than 0.025 eV/
A. A uniform grid of 12 X 12 X 6 k-mesh in the Brillouin zone
was used for relaxing the corundum crystal structure of M,0;.
To include the effect of Coulomb interaction beyond GGA at
transition metal sites, we consider GGA + U correction in
Hamiltonian. Moreover, to incorporate the effect of Hubbard
U in the calculation, we executed variable cell relaxation with
different U values. After full relaxation of the crystal structure,
we performed self-consistent calculations with the final
optimized crystal coordinates. Besides, we have also studied
density functional perturbation theory (DFPT)* to calculate
phonon modes at the zone center Gamma point to confirm the
dynamical stability. We adopt U = 3.5 eV for our calculations,
which is taken from the previous studies of a similar crystal
structure.”** To justify the selection of U, we have also tested
our calculations for other various U values (U = 2, 4, 6, and 8).
Interestingly, we observe that although the magnitude of
phonon eigenvalues varies with different U values, a few of the
phonon eigenvalues still remain negative [shown in Table S1].
Negative eigenvalue of phonon signifies that the crystal
structure is unstable with regards to small perturbation of
atoms along the crystallographic directions. We have also
analyzed the phonon eigenvectors associated with each
eigenvalue for different U values. The imaginary eigenvectors
do not show any drastic change in their directions, and the

overall nature of phonons do not change with U values.
Furthermore, we have plotted COHP for various U values to
analyze bonding characteristics for better understanding of
realistic chemical bonding picture in the framework of COHP
methodology [shown in Table S2]. We find that there is no
significant variation in COHP for different U values. In fact, we
find an appearance of unstable antibonding characteristics in
COHP below the Fermi level. The “degree of bonding” or
bonding strength has been computed by integrating the COHP
values below the Fermi level from —5.0 eV to Fermi energy (at
0.0 eV; all energy are scaled). The “degree of bonding” also
suggests that with the increase in electronic correlations, the
corundum structure becomes more and more unstable.

To further investigate the effect of external pressure at room
temperature as well as at higher temperature, we perform ab
initio molecular dynamics (AIMD) as implemented in Vienna
ab initio package (VASP).”**” The plane wave basis set, scalar
relativistic pseudopotentials, and projected augmented wave
(PAW)*® methods were employed for molecular dynamics
simulations. The Nose—Hoover thermostat and barostat””*°
were used to evaluate the equilibrium dynamics under the
NPT ensemble. Equilibrium dynamics were maintained for
1000 ps with a time step of 1 fs after the equilibrium spanning
of the first 20 ps. We also consider Y, 05 unit cell in cubic form
and optimize the structure using the Broyden—Fletcher—
Goldfarb—Shannon (BFGS) algorithm to minimize the energy
until the magnitude of Hellman—Feynman force on each atom
is less than 0.025 eV/A. We consider similar exchange—
correlation functional as have been taken for the Co,0,
corundum structure with a uniform grid of 6 X 6 X 6 k-
mesh and an energy cutoff of 50 Ry.
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