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A B S T R A C T

The spinel cobalt oxide Co3O4 is an antiferromagnetic semiconductor containing two non-equivalent Co2+ and
Co3+ cobalt ions with different local environments and different magnetic moments. We have performed ab
initio study and comparison of the electronic, magnetic and optical properties of Co3O4 within GGA, GGA + U,
and G0W0 approximations. GGA correctly predicts Co3O4 to be a semiconductor, but severely underestimates
the bandgap. G0W0 approximations increase the bandgap indicating a better description of the cobalt localized
d-states. The spectral weights of the bands near Fermi energy are about 0.5. Ab initio calculations confirm that
the low-spin state of Co3+ ion arises due to the local environment and the crystal effect field. The investigation of
the pressure dependencies of magnetic properties revealed the appearance of Co3+ ion abrupt transition from
low-spin state to high-spin state under tensile pressure. This allows manipulating the spin state of Co3+ ions
through the pressure or strain.

1. Introduction

The compounds with spinel structure attract great attention as
fundamental as well as applied due to their potential applications in
various fields of microelectronic such as memory drives, solid fuel cells,
lithium-ion batteries, microwave, and radio frequency devices [1–6].
The crystal structure of normal spinel has general configuration AB2O4,
where A- and B- sites are occupied by bivalent and trivalent cations
correspondingly. In the dependence on the cations on the A- and B- sites
spinels can show various magnetic, optical and electronic properties.
For example, Fe3O4 and its alloys demonstrate unusual physical prop-
erties [7,8], including large magnetic moment, magnetoresistance, half-
metallic behavior.

One more possibility is the application of spinels as the material for
spintronics. Nowadays, the spintronic has attracted increasing interest
due to its promising applications in the storage and recording devices
[9–11], different sensors [12], and logic devices [13]. Recently, it was
reported about progress in the room temperature metal-induced crys-
tallization of spinel CoFe2O4 thin films [14]. The manipulation of the
spin degrees of freedom and magnetic properties in materials is crucial
for the needs of spintronics [15,16]. Still, researchers have attempted to
control the magnetic properties of solid-state materials by various
methods, such as light irradiation [17], electric and magnetic fields
[18–21], temperature [22], and strain [23].

In the present paper, we perform the results of ab initio investiga-
tion of the magnetic, electronic and optical properties of the spinel
cobalt oxide (Co3O4) including the pressure dependencies of the mag-
netic and optical properties. The Co3O4 is a magnetic semiconductor
that has wide applications in energy and environment-related areas
[24–29]. Despite so many promising applications of the Co3O4 com-
pound, its magnetic properties are not well exploited, partly due to its
complex magnetic structures. It is known that Co3O4 contains both
Co2+ in the tetrahedral sites and Co3+ ions in the octahedral sites of
face-centered cubic (FCC) lattice of oxygen anions. Co3O4 undergoes a
magnetic transition from paramagnetic to antiferromagnetic state at
Neel temperature below 40 K [30–32]. As reported in Ref. [30], the
magnetic moment of Co2+ in the antiferromagnetic state is equal to
3,26μB at 4,2К. The results reported in the literature, based on optical
measurements mainly, usually described a bandgap of ≈ 0.8–1.6 eV
[33–35]. It is necessary also to note the possibility of the presence of a
magnetoelectric effect in the spinel family. Nowadays, only a few
compounds in the spinel family, e.g., CoCr2O4 [36] and ZnCr2Se4 [37],
are known to exhibit magnetoelectric properties [38]. However, re-
cently, the experimental observation of the polarization in Co3O4 was
reported in Refs. [39,40].

First-principles theoretical studies of the properties of bulk Co3O4

are not so numerous [41–44] and some issues are yet not under con-
sideration. For example, although several ab initio calculations of the
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electronic and magnetic properties of Co3O4 were performed early, the
calculations of optical properties, including their dependence on pres-
sure, are practically absent in the literature. Moreover, all ab initio
calculations were performed within different modifications of density
functional theory (DFT). However, as known, these methods are de-
signed and applied for the calculation of the ground-state properties
only [45]. This raises some doubts that the band structure obtained
within the framework of DFT or DFT with gradient corrections (DFT-
GGA) can be interpreted as energies of excited states.

For this reason, it is interesting to compare the results of calcula-
tions within the DFT-GGA approach and, so-called, GW approximation
(where G is electron Green’s function and W is screened Coulomb po-
tential). And, at last, as it was mentioned above for the spintronics
applications it is critical to have a possibility to manipulate the spin
degrees of freedom. To check this possibility in the case of the Co3O4

spinel we study the effect of pressure on the magnetic moments of both
Co2+ and Co3+ ions. Thus, the main objective of the present work is to
provide a complex theoretical analysis of the structural, electronic,
magnetic and optical properties of Co3O4 including their dependence
on the tensile and compressive pressure in the framework of ab initio
approach within different approximations.

The paper is organized as follows. In Sec. II we give a short de-
scription of the computational details, in Sec. IIA the comparison of
magnetic, optic and electronic properties obtained within three ap-
proximations (GGA, GGA + U, and G0W0) are given and in Sec. IIB we
present the calculations of pressure dependencies of magnetic and op-
tical properties of Co3O4. In the last Section, we make conclusions.

2. Calculation details

All ab initio calculations presented in this paper are performed using
the Vienna ab initio simulation package (VASP) [46] with projector
augmented wave (PAW) pseudopotentials [47]. The valence electron
configurations 3d74s2 are taken for Co atoms and 3s23p4 for O atoms.
The calculations are based on the density functional theory where the
exchange-correlation functional is chosen within the Perdew-Burke-
Ernzerhoff (PBE) parameterization [48] and the generalized gradient
approximation (GGA) has been used. Throughout all calculations, the
plane-wave cutoff energy 500 eV is used. The Brillouin-zone integration
is performed on the 8 × 8 × 8 Monkhorst-Pack mesh of special points
[49]. GGA + U calculations were performed within Dudarev’s ap-
proximations [50] with U = 4.5 eV for Co ion (following Ref. [51]). In
the GW part of calculations implemented in VASP [52], we report the
results obtained within the most commonly used G0W0 approximation.
In this approximation, the output of DFT-GGA calculations is used as an
input for G0W0 calculations and only one iteration is made, i.e., the
expansion of the electron Green's function is performed for the ex-
change-correlation potential in the DFT-GGA approach. We use a small
complex shift η = 0.047 for Kramers-Kronig transformation of di-
electric permeability, providing more accurate results. In the present
calculation, the chosen number of frequencies was 500 for G0W0 cal-
culations.

3. Results and discussion

3.1. A. Magnetic, optical and electronic properties within GGA, GGA + U,
and G0W0 approximations

At room temperature, the cobalt oxide Co3O4 (Fig. 1) has a normal
spinel structure with an fcc unit cell (space symmetry group Fd

−

3m). In
all calculations, we have used the rhombohedral unit cell containing six
cobalt ions and eight oxygen ions. The unit cell contains two non-
equivalent cobalt ions with different valence, namely, two Co2+ ions
and four Co3+ ions which are locating on tetrahedral and octahedral
sites, correspondingly. Four oxygen ions forming a tetrahedron

surrounds bivalent cations, and trivalent ions are surrounded by six
oxygens ions located in the vertices of the octahedron. At that, each
oxygen ions is connected with one bivalent and three trivalent cobalt
ions. The geometry of the structure was fully optimized within GGA.
The calculated optimized lattice parameter of Co3O4 a = 8.09 Å is very
close to experimental ones [30,53]. The G0W0 calculations have been
performed with the same structural parameters.

As an initial step, we calculated the energy of the ground magnetic
state of Co3O4. As can be seen from Table 1 the antiferromagnetic state
is more energy favorable than the ferromagnetic one. In this state, the
magnetic moments on Co2+ ions located in the center of oxygen tet-
rahedra are antiparallel and have the absolute value µ = 2,26 µB,
whereas magnetic moments on four Co3+ ions are equal zero. We also
calculated the different magnetic structures with non-collinear direc-
tions of magnetic moments on Co2+ ions by taking into account spi-
n–orbit coupling (SOC). As can be seen from Table 2, the anti-
ferromagnetic state with the ordering of magnetic moments along
[1 1 1] direction is the most favorable by energy. It should be noticed
that the experimental investigation of the magnetic structure in Ref.
[40] also reveals that magnetic moments are ordering along [1 1 1]
direction. The calculated energies of spin–orbit coupling (SOC) for
Co2+ and Co3+ ions are differ: ESOC (Co2+) = −0.019 eV and ESOC
(Co3+) = −0.027 eV.

As an oxide semiconductor with a transition metal having a complex
magnetic structure, Co3O4 is rather difficult to describe using ab-initio
methods. The underestimating of the bandgap of transition metal
compounds are known to lack of density functional theory (DFT)

Fig. 1. Unit cell of Co3O4 (a), CoO6 octahedron (b) и CoO4 tetrahedron (c).
Brown, blue and red balls show Co2+, Co3+ and oxygen ions, correspondingly.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

Table 1
The total energies (E) and magnetic moments (µ) on Co2+ ions for ferromag-
netic (F) and antiferromagnetic (AF) ordering of magnetic moments.

Magnetic ordering E (eV) µ (µB)

F −94,582 2,21
AF −96,088 ± 2,26

V.S. Zhandun and A. Nemtsev Journal of Magnetism and Magnetic Materials 499 (2020) 166306

2



approach. To overcome this problem Hubbard repulsion U is often
taking into account within the DFT + U scheme. However, this ap-
proach also is not without lack, namely, the choice of U and the pro-
blem of double accounting. Although there are many different forms of
double-counting corrections that are in use [54], it is rather difficult to
make a convincing derivation of the right form of this correction due to
the non-linear nature of the DFT approach. In turn, the GW method has
proved its worth in the description of compounds with transition me-
tals. Moreover, the GW method allows describing excited states more
correctly than the DFT approach, which is especially important when
describing the energy gap in semiconductors. Therefore we perform the
calculation of Co3O4 electronic properties using a GGA + U approach
as well as G0W0 approximation in conjunction with standard DFT-GGA.
The obtained DOS is shown in Fig. 2. The states in the range of [−2.5,
+2] eV around Fermi energy are formed by d-states of both Co ions
with a slight admixture of p electrons of O and Co. The valent p elec-
trons of oxygen ions are delocalized in the wide energy region of [−8.5,
−3.5] eV along with a slight admixture of Co d-electrons. As seen we
obtain the presence of the energy gap within the DFT-GGA approach
but its width is quite small (about 0.2 eV) as compared with experi-
mental data. GGA + U and G0W0 approximations result in a slight
increase in the bandgap. G0W0 approximation makes the bandgap
about 0.6 eV while GGA + U make it about 0.35 eV. At that G0W0
shifts deeper valence bands stronger than bands near the Fermi energy.

The band structures obtained within three approximations are
shown in Fig. 3. The classifications of bands are given following their
symmetries in the point Г of Brillouin zone. The most bands near the
Fermi energy are formed by d-states of both Co ions with a small ad-
mixture of p-states of O atoms for conductive bands. The eg-electrons of
Co2+ atoms form the closest to the Fermi energy filled band (Eg),
whereas the t2g-states of Co2+ atoms form the first empty band (T2g).
In the greater part of the Brillouin zone, the gap width is about 1 eV
(the maximal value is in Г point), however in W-X and Г-W directions
the gap narrows. The maxima of the valence band and the minima of
conductivity band are located in the X point of Brillouin zone, where
the bandgap narrows down to 0.2 eV within GGA approximation.
GGA + U and G0W0 approximations result in the shift of bands away
from the Fermi level. At that G0W0 approximation shift the bands
stronger than GGA one (on the average by 0.15–0.2 eV).

One more strong advantage of the GW approach is the possibility of
the description of the spectral weights of quasiparticle states. The
spectral weights (as they defined in Ref [52]) can be viewed as an in-
dicator of the interaction strength in k space. Indeed, in a system with
no interaction or with weak interaction between electrons spectral
weight Znk is close to unity, whereas in the systems with the interaction
between electrons Znk < 1 and it decreases when the interaction be-
comes stronger. Therefore the analysis of spectral weights behavior
provides a deeper understanding of the electronic properties of a ma-
terial. We obtain that the spectral weight Znk for bands near the Fermi
energy much less than unity, and it ranges from Znk = 0.45–0.47 for
valence bands to Znk = 0.51–0.54 for conductive bands. Thus, the

Table 2
The total energies (E) of Co3O4 for different directions of magnetic moments on
Co2+ ions.

Direction of magnetic moments on both Co2+ ions E (eV)

[1 1 1] −96,145
[1 1 0]
[1 1 0] −96,162
[-1-1 0]
[1 1 1] −96,163
[-1-1-1]
[1 1 1] −96,138
[-1 1 1]
[1 0 0] −96,158
[0 1 0]
[1 0 0] −96,161
[1 1 1]

Fig. 2. Total densities of electronic states (DOS) near the Fermi energy for
Co3O4 in GGA (black line), GGA + U (red line) and G0W0 (blue line) ap-
proximations. The zero on the energy axis is the Fermi energy. Negative values
of DOS correspond to the spin-down states. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this
article.)

Fig. 3. Band structure of Co3O4 obtained within (a) GGA (black line), (b)
GGA + U (red line) and G0W0 (blue points) approximations. Bottom panel
shows band structure near the Fermi level. The zero on the energy axis is the
Fermi energy. (For interpretation of the references to colour in this figure le-
gend, the reader is referred to the web version of this article.)
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behavior of spectral weights indeed shows that the d-electrons of Co
ions have strong interaction.

In Fig. 4 we compare the dependencies of the optical properties of
Co3O4, such as an absorption coefficient and a refractive index, on the
wavelength within GGA and G0W0 approximations. As can be seen,
both optical characteristics have a similar shape and behavior and the
distinction between them are only slight. Absorption coefficients have
two pronounced peaks in the UV region at wavelength about 50 and
200 nm. The analysis shows that the main contribution to the formation
of the second peak comes from transitions from filled p-bands in the
low-energy range to the empty d-bands (see Fig. 2b). In the range of low
lambda the absorption peak arises due to the transitions from depth s-
bands to the conductivity bands (not shown in Fig. 2). The energy of
such transitions (ω ~ 20–30 eV) just corresponds to the wavelengths
λ ~ 40 – 60 nm. In the region of 350–800 nm, the broad absorption
band is located. It is forming by the transitions from filled d-bands near
the Fermi energy to empty d-bands. It should be mentioned that the
behavior of the absorption spectrum in the range from 300 nm is close
to experimentally obtained in Ref. [55] (Fig. 2c).

As known the crystal field leads to the split of d-electron states into
threefold degenerated t2g- and twofold degenerated eg-states.
Moreover, the tetrahedral symmetry tends to the decrease of eg-states
energy and increase of energy of t2g-states, in the case of octahedral
symmetry the situation is reversed. The contributions of t2g- and eg-
states in the density of electronic states of both Co ions are shown in
Fig. 5a and b and in Table 3 the occupation numbers of both Co ions are
given. The Co3+ t2g-states are concentrated at the top of the valence

band, about −1 eV, while eg-states are centered at +1.5 eV. The Co2+

eg-states are located at about −0.5 eV and about −2.2 eV in the va-
lence band, while t2g-states are hybridized with eg-states at −2.2 eV
and give a contribution to the conduction band at +0.8 and 1.5 eV. As
can be seen, Co3+ ion located in the octahedral environment has fully
occupied low-lying minority and majority t2g-states while minority and
majority overlying eg-states are almost empty. This results in the ap-
pearance of the low-spin state of Co3+ ion. As for Co2+ ion located in
the tetrahedral environment, all low-lying eg-states and majority
overlying t2g-states are filled by electrons, but minority overlying t2g-
states are only partially filled. Thus, unpaired overlying t2g-electrons
give a contribution to the appearance of the large magnetic moment on
Co2+ ion.

3.2. Magnetic and optical properties under pressure

Since Co3+ ions are in a low-spin state the applied pressure can lead
to the spin-crossover into the high-spin state of this ion. To check this
possibility we performed the calculation of electronic and magnetic
properties of Co3O4 under the tensile and compressive strain. The re-
sults are shown in Fig. 6 and Table 4. As seen from Fig. 6, the main
peculiarity appears at the pressure P = -40 GPa. The magnetic moment
on Co3+ ion has an abrupt leap from zero to almost 2 μB. Such a sharp
appearance of the magnetic moment related to the redistribution of
electrons between t2g and eg orbitals (Table 4). If at optimized para-
meter eg states were almost empty, at compressive pressure P = -40
GPa majority eg states shift below the Fermi energy, whereas minority

Fig. 4. Optical absorption (a) and reflection (b) spectra in GGA (black line) and G0W0 (red line) approximations; (c) the comparison of experimental and G0W0
absorption spectra. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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eg states stay almost empty. On the contrary, minority t2g states de-
vastated by almost half, filling the majority eg-states (Fig. 7). So, we can
suggest that electrons became more delocalized and smeared between
orbitals resulting in an abrupt appearance of the magnetic moment.
Such transition of Co3+ ion from low-spin state to the high-spin state
opens a possibility for experimental control and change of the magnetic
state of Co3O4 by pressure or strain. Notice that the similar behavior of
Co3+ ion under was discussed in GdCoO3 during expansion [56].

As for bandgap, it slightly decreases with positive hydrostatic
pressure. The negative pressure, on the contrary, slightly increases the
bandgap. However, at the critical pressure, when the spin-state

Fig. 5. Partial densities of d-electronic states (d-DOS) for Co2+ (a) and Co3+ (b)
ions. Black lines show t2g-states, eg-states are shown by red line. The inset
shows the d-DOS of one of two Co2+ ions. The zero on the energy axis is the
Fermi energy. Negative values of DOS correspond to the spin-down states. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

Table 3
Occupation numbers of Co ions in Co3O4.

d-state Occupation numbers

Co2+ Co3+

major. state minor. state major. state minor. state

t2g 1 0.27 1 1
eg 1 1 0.15 0.15

Fig. 6. The hydrostatic pressure dependencies of magnetic moments on Co3+

ion (blue line) and both Co2+ (red and black lines). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)

Table 4
Occupation numbers of Co2+ and Co3+ ions in the dependence on the hydro-
static pressure (P).

P (GPa) d-state Occupation numbers

Co2+ Co3+

major. state minor. state major. state minor. state

0 t2g 1 0.27 1 1
eg 1 1 0.15 0.15

−40 t2g 1 0.23 0.84 0.6
eg 1 0.92 0.73 0.27

Fig. 7. Partial densities of d-electronic states (d-DOS) for Co3+ ion at the
pressure P = −40 GPa. Black lines show t2g-states, eg-states are shown by red
line. The zero on the energy axis is the Fermi energy. Negative values of DOS
correspond to the spin-down states. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this
article.)
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transition occurs, the bandgap collapses due to the mentioned above
redistribution of t2g- and eg-electrons, and the compound becomes
metallic.

At last, in the Fig. 8 the dependencies of the absorption coefficient
and refractive index under tensile and compressive hydrostatic pressure
are shown. The compressive pressure shifts the absorption spectrum in
the shortwave region and results in an increase of the absorption
coefficient. The tensile pressure leads to the shift of the absorption
spectrum in the longwave range and the absorption coefficient de-
crease. The same behavior is also observed for the refraction index.

4. Conclusion

In conclusion, we have performed the calculation of magnetic,
electronic and optical properties of the antiferromagnetic insulating
spinel Co3O4 within GGA, GGA + U, and G0W0 approximations. Since
the GW approximations are more physically sound by construction due
to the more accurate description of excited bands we believe that the
obtained results would be useful for a deeper understanding of the
physics of spinel with the transition metal. The calculation of Co3O4

within G0W0 approximations increases the bandgap comparing with
GGA and GGA + U approximations. However, the agreement with the
experiment is not as good as we expected. This can be related to the
absence of self-consistency in G0W0 approximation what makes it
sensitive to the input GGA band structure. The accounting for vertex
corrections to GW also can help to improve the description of the gap.

Nevertheless, G0W0 approximation is the easiest way to calculate the
energies of excitation bands and their spectral weights which are not
available within the standard DFT approach. It was found that the GW
calculations produced a decrease of the spectral weights of the quasi-
particle bands down to 0.5. This indicates the presence of strong elec-
tronic d-d interactions. For a deeper understanding of the physics of
these compounds and checking our predictions about the reduction in
spectral weight, it would be useful to carry out ARPES (angle-resolved
photoelectron spectroscopy) experiments on spinel Co3O4. The com-
parison of the optical spectra obtained in the ab initio calculations
within the VASP in GGA and G0W0A shows that in general their shape
and behavior are similar. Co3O4 has the large absorption peaks at about
50 nm and 200 nm and broad absorption band in the longwave range.
The main contribution in the absorption in the visible light range is
mainly given by d (Co)-d(Co) transitions, whereas peaks in the ultra-
violet range came from p (O)-d (Co) transitions.

At last, we obtained that tensile pressure can lead to the abrupt
appearance of the magnetic moment on Co3+ converting it from the
low-spin state into the high-spin state due to the redistribution of d-
electrons. This opens up the possibility of manipulating spin state by the
strain that is important for the spintronics applications. So, our theo-
retical predictions can stimulate experimenters and technologists for
designing new spintronics materials based on spinel Co3O4.

Fig. 8. Optical absorption (left) and reflection (right) spectra in the dependence on the positive (a, b) and negative (c, d) hydrostatic pressure.
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