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The magnetic and electronic properties of the Co-based spinel oxides ACo204 (A = Be, Mg, Ca, Zn, Cd) were
studied within GGA + U approach. It was found that the Co®* ion is in a low-spin state due to the effect of the
crystal field of octahedral symmetry. It is shown that Co>" ion undergoes a spin-state transition into the high-spin
state under the critical pressure of P = —10 GPa — —20 GPa. This pressure-induced spin-state transition is caused
by the redistribution of electrons between the ta,- and eg-orbitals arising with increasing interatomic distances.
The role of interatomic distances between Co>" ion and its ligands is discussed. Thin-film form also favors the
appearance of a high-spin state of Co>" ion. At the same critical pressure, there is a sharp increase in the majority

spin bandgap and a sharp decrease in the minority spin bandgap. These findings allow manipulating the spin
state of Co>" ions and bandgap width through the pressure or strain arising in thin films.

1. Introduction

Transition metal oxides with a spinel structure are of considerable
fundamental and applied interest [1-6]. The general configuration of
spinel can be written as A% B3 204, where bivalent A-site cations are in
the tetrahedral environment of oxygen atoms, and trivalent B-site cat-
ions are located in the octahedral sites. These compounds, along with
simple structures, have relevant and exciting physical and chemical
properties with a wide range of potential applications in modern elec-
tronic and spintronic devices [7-12]. For spintronic applications, it is
important to be able to control the spins of magnetic atoms by external
impacts [13,14] such as light irradiation [15], electric and magnetic
fields [16-19], temperature [20], or deformation [21]. Recently, we
reported that octahedrally coordinated trivalent Co®* ion in antiferro-
magnetic semiconductor Co304 undergoes the spin-state transition from
low-spin state to high spin state under pressure [22]. This suggests the
possibility of manipulating Co>* spins to control the magnetic properties
in other spinels with octahedrally coordinated Co®" ions. In the present
paper, we have performed an ab initio investigation of the magnetic and
electronic properties of the spinel cobalt oxides ACo204 and analyzed
the ways to control the spin state of Co>" ion and, consequently, the
magnetic state of spinel itself.

The most investigated spinel cobalt oxides ACo204 are ones con-
taining Ca [23-26] and Zn [23,27-29] as A-site cations. First-principles
investigations predict CaCo204 to have good stability, low activation
energy barrier, and high energy capacity [23,24] that make it a
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promising candidate Ca-ion cathode material for rechargeable Ca-Ion
batteries. CaCo204 having high electrical conductivity is investigated
by experimental methods to obtain it as an earth-abundant electro-
catalyst for oxygen evolution reaction [25,26]. ZnCo04 synthesized by
different methods is also regarded as a lithium-ion batteries anode ma-
terial due to its stable and high capacities [23,27]. The band structure
and density of states based on DFT and subsequent growth of ZnCo204-
CNT composite [28,29] show high energy density, low cost, easy prep-
aration, environment friendliness, and multiple application that can be
used as electrodes for both supercapacitors and lithium-ion batteries.
The most unexplored materials from the investigated list are MgCo204
[30,31], CdCo204 [32], and BeCo,0.

The paper is organized as follows. In Sec. II we give a brief
description of the calculation details, in Sec. IIL.1 the results of struc-
tural, magnetic, and electronic properties of the spinel are reported. In
Sec. II1.2 we discuss the pressure-induced spin-state transition of Co>*
ion. In the last Section, we make conclusions.

2. Calculation details

Ab initio calculations were performed using the VASP package [33]
with projector augmented wave (PAW) pseudopotentials [34]. The
valence electron configuration 3d74s® was taken for Co atom, 2 s2, 3 sz,
3523p6452, 3d1%4s2, 4419542 configurations were taken for Be, Mg, Ca, Zn
and Cd atoms, correspondingly and 2s22p* was taken for O atoms. The
exchange—correlation functional within the Perdew-Burke-Ernzerhoff

Received 8 November 2021; Received in revised form 17 February 2022; Accepted 18 February 2022

Available online 21 February 2022
0304-8853/© 2022 Elsevier B.V. All rights reserved.


mailto:jvc@iph.krasn.ru
www.sciencedirect.com/science/journal/03048853
https://www.elsevier.com/locate/jmmm
https://doi.org/10.1016/j.jmmm.2022.169206
https://doi.org/10.1016/j.jmmm.2022.169206
https://doi.org/10.1016/j.jmmm.2022.169206
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmmm.2022.169206&domain=pdf

V.S. Zhandun and O.N. Draganyuk

(PBE) parameterization [35] and the generalized gradient approxima-
tion (GGA) have been used. The plane-wave cutoff energy 500 eV is
taken and 8x8x8 Monkhorst-Pack mesh of special points [36] was used
for the Brillouin-zone integration. GGA + U calculations were performed
within Dudarev’s scheme [37] with U = 4.5 eV for Co ion (following
Ref. [38]). Since the experimental reports about a synthesis of BeCo204
spinel are absent, we have checked the phase stability of this compound
by comparing the total energy of BeCo204 spinel to that of the set of
competitive phases (BesCo, Be3Co, Co304, CoO, BeO, BeCo, Be, CoOs,
Co, Oo) for the calculation of the phase formation enthalpy [39]. The
obtained negative phase formation enthalpy (Hcp = —0.014 eV/cell)
indicates that BeCo204 is thermodynamically stable.

3. Results and discussion

1. Structural, electronic, and magnetic properties of ACo204 spinels (A
= Be, Mg, Ca, Cd, Zn)

The spinel structure AB;O4 has a face-centered unit cell with space
symmetry group Fd 3 m (Fig. 1a). As mentioned in the Introduction,
Co>* ions are located in the center of oxygen octahedrons; A2" ions are
located in the center of oxygen tetrahedrons. However, it is experi-
mentally found that CaCo204 crystallizes in the orthorhombic structure
with space symmetry group Pnma (Fig. 1b), consisting of an edge- and
corner-shared CoOg octahedral network [40]. Therefore, we have
calculated the total energy of both structural types for all compounds to
find the lowest energy crystal structure depending on A-site cations.
Indeed, it was obtained that CaCoy04 prefers orthorhombic structure,
while other cobaltites have the cubic structure as the lowest energy
structure (Table 1, first column). At that, the increase of the atomic
number of A-site cation decreases the difference in energies between
structures.

The calculated lattice parameters after full optimization of the ge-
ometry are shown in Table 1. The calculated here values are close to the
experimental ones for ZnCo,04 (a = 8.120 [41] a =8.1267 ;\, 8.1020 ;\,
8.1103 A and 8.1150 A [42]), CaC0204 (a = 8.789(2) A, b = 2.9006(7) A
and ¢ = 10.282(3) A. [40,43]), and MgCoz04 (a = 8.09 A [29] and
8.02-8.12 A for different thermal treatment temperature [30]) spinels.
The fourth and fifth columns of Table 1 show the A%* - O bond lengths in
the AO, tetrahedrons (dier) and Co®* - O bond lengths in the AOg octa-
hedrons (doct). As seen, the distances inside the tetrahedrons and octa-
hedrons are changed nonlinearly. So, in BeCo304 distances inside the
CoOg octahedrons are larger than ones inside BeOy tetrahedrons.
However, in Mg-based spinel, these distances are practically compara-
ble, while the distances inside the tetrahedrons begin to prevail. In Ca-,
Zr-, and Cd-bases compounds the distances inside the CoOg octahedrons
become less than ones inside oxygen tetrahedrons. At that, the Co>* - O
bond lengths are increased more slowly than A%* - O distances. We have
also calculated and compared the Co—O and A—O bond orders within
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the approach suggested in Refs [44]. The sums of bond orders of A-site
and Co ions are shown in Table 1. It was obtained that i) The summary
bond order (SBO) of the Co ion is one and a half to two times greater than
the SBO of the A-site cation; ii) the change of SBO is well correlated with
the change of the distances within CoOg groups. Thus, CoOg octahedra is
more rigid bonded than AO4 tetrahedron, however the bond order
decrease with the increase of the atomic number of A-site cation and
lattice parameter.

The densities of electronic states and band structures of Co-based
spinels are given in Figs. 2 and 3. As seen, all compounds are in-
sulators with an energy bandgap varying from 1.95 eV to 2.67 eV. The
bandgap width increases with the decrease of the lattice parameter
(Table 1). This behavior is since with a decrease in the lattice constant,
the interatomic distance will decrease. As a result, the interatomic
interaction increases, and the valence electrons become more bound
inside the atom. Consequently, more energy is required to transfer
electrons from the valence band to the conduction band, which is re-
flected in an increase in the bandgap. The densities of states and band
structures of all compounds are quite similar. (Since the band structures
of all compounds are similar we give them for Mg- and Zn-based co-
baltites only). The delocalized d-electrons of Co®>" ion form the states
near the Fermi energy in the energy range about (-2; 0) eV (filled tog-
states) and (+2; + 4) eV (empty e,- states). P-electrons of oxygen are
delocalized in the wide energy range and hybridize with tyg-electrons of
Co>* ions near the Fermi energy. Notice, that the increase of the atomic
number of A-site cations leads to the narrowing of the energy region of
the density of states. All compounds have the direct bandgap in the X
point of the Brillouin zone, where the transition between valence Tz
band and conductive E; band gives a contribution to low-energy
absorption.

To obtain the lowest energy magnetic state we have calculated the
total energies of ferromagnetic (FM), antiferromagnetic (AFM), and
nonmagnetic (NM) phases. As seen from Table 1, all compounds were
found to be non-magnetic (The non-magnetic state here means the
absence of a magnetic moment on the cobalt ion at T = 0 K). AFM
ordering is lower by energy than FM ordering for MgsCoO4, CaCo0204,
and CdCoy04. However, the energy difference between magnetic (AFM
or FM) and non-magnetic states is about 1 eV and decreases with an
increase in the atomic number of A-site bivalent cation. The reason for
the non-magnetic ground state is clear from the simple consideration. An
octahedral environment of Co®! ion leads to the splitting of Co>" d-
electronic states into lower energy threefold degenerated tag-states and
higher energy twofold degenerated eg-states. Indeed, as seen from Fig. 2,
the Co3* tyg-states are found below the Fermi energy and form the
valence band, while eg-states are located upper by energy and form the
conduction band. Crystal field splitting energy between t2g and eg states
of Co®" ion is equal to the energy bandgap width (Fig. 2, Table 1). Since
Co®" jon has 3d° valence electronic configuration, ty, states are
completely occupied by electrons, while the overlying eg-states are

Fig. 1. (a) Cubic structure (Fd 3 m); (b) orthorhombic structure (Pnma). Blue, green and red colors denote Co®t0g and X0, polyhedra and oxygen atoms,

correspondingly.
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Table 1
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The energy difference between cubic and orthorhombic phases (AEcyp.orh), calculated lattice parameters, distances inside oxygen tetrahedra (die;) and octahedra
(docr), the sum of bond order (SBO) of A-site and Co ions, the energy difference between ferromagnetic (AEgy. nv), antiferromagnetic (AEapy. nv) and non-magnetic

phases, energy bandgap (Ey).

AEcup-ort (€V) Lattice parameter (s) (A) diee A) doee (B) SBO(A) SBO(Co) AEpyam (€V) AEzpynm (€V) E, (eV)
BeCo,04 —2.728 7.72 1.71 1.91 1.53 3.06 1.2628 1.5245 2.67
MgC0204 ~1.241 8.15 1.96 1,93 1.39 3.00 1.1948 0.8764 2.53
CaCo,04 +0.715 8.86 2.24 1.95 1.81 2.89 0.562 0.321 1.95
2.93
10.35
ZnCo204 —2.367 8.15 1.97 1.93 2.28 3.01 1.2556 1.2983 2.45
CdCo,0,4 -1.015 8.43 213 1.95 2.44 2.92 1.0143 0.6185 2.29
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Fig. 2. Total and projected densities of states (DOS) of (a) MgCo,04; (b) CaCo,04; (c) ZnCos04; (d) CdCo204. The zero on the energy axis is the Fermi energy.

Negative values of DOS correspond to the minority spin states.

almost empty. This leads to the appearance of a low-spin state in the
Co®' ion and a lowering of non-magnetic state energy in the studied
cobaltites.

The question of why the magnetic state becomes more stable with the
increasing atomic number of the A-site cation can be considered in terms
of Co-O distances inside CoOg octahedra. Indeed, the increase of the
atomic number of the A-site cation results in the increased distance
between Co>' and its nearest neighbors. In turn, this leads to the
decrease of crystal electric field caused by oxygen environment and
decrease of the crystal field splitting energy (see bandgap width column
in Table 1). Since the magnetic state is sensitive to the interatomic
distances between Co®>" and its oxygen environment, this explains the
lowering of the magnetic state energy with the increase of the distances

inside Co®t0® octahedron (Table 1).
2. The pressure-induced spin-state transition of Co>" ion

Let us consider the ways how we can transfer Co>" ions from a low-
spin state to a high-spin state. Firstly, it has been suggested that applied
pressure can lead to the spin-crossover of Co®* ion from the low-spin
state into the high-spin state. To test this hypothesis we have per-
formed the calculation of electronic and magnetic properties of ACo204
spinels under hydrostatic pressure. Since we need to decrease the
splitting between tag and ey states (i.e. energy bandgap as we have seen
above) to allow d-electrons to occupy high-energy e,-states, the applied
pressure should increase lattice parameter and interatomic distances, i.
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Fig. 3. The band structures of MgCo,04 and ZnCo,04. Zero corresponds to the Fermi energy.

e. it should be negative. The FM, AFM, and NM configurations were
checked as the ground magnetic state. Fig. 4a shows the dependence of
magnetic moments on the negative (tensile) pressure. Indeed, at the
critical pressure (P = —10 GPa for CaCo204, P = —15 GPa for MgCo0204
and CdCoy04, P = —20 GPa for BeCo,04 and ZnCo,04) Co®" ion
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Fig. 4. (a) The pressure dependence of Co®* ion magnetic moments; (b) The
pressure dependence of interatomic distances inside AO4 tetrahedrons and
CoOg octahedrons.

undergo an abrupt transition from low-spin state to high-spin state with
the magnetic moment of about 3pp. The spin state transition observed in
Fig. 4a is due to the redistribution of d-electrons between the ty; and eg
orbitals under pressure (Table 2, Fig. 5).

Indeed, the magnetic state is sensitive to the interatomic distances
between magnetic species and their ligands. As seen from Fig. 4b, the
distances inside CoOg octahedrons increase with pressure. The distances
inside AO4 tetrahedrons are increased more pronounced than distances
inside CoOg octahedrons once more suggests stronger bonds between Co
and oxygen atoms and agreeing with the results obtained from bond
orders analysis (Sec.IIL.1, Table 1). Note that an increase in the atomic
number of A-site cation (i.e. lattice parameter) leads to a more pro-
nounced change in the interatomic distances. An increase in the dis-
tances inside the CoOg octahedra with pressure leads to a weakening of
the crystal field and a decrease in the tg-€g splitting. When the critical
pressure is reached, the crystal field is reduced so that competing Hund
intra-atomic interaction allows the electrons transfer from the filled
minority spin tg - states to the early empty majority spin ey states
(Table 2, Fig. 5), thereby creating a magnetic moment on the Co>" ion.
From the structural point of view, this process is similar to the known
Jahn-Teller effect induced by strain. We compared the Co-O distances in
the NM of and FM phases at the P = —20 GPa and found that these
distances are larger in the low-energy FM phase, i.e. it is energetically
more favorable to increase the distances within the CoOg group. Notice,
a similar mechanism of spin-state transition of Co>* ion was also dis-
cussed for Co304 under pressure [45] and strain [46]. The spin-state
transition due to the thermal extension was also discussed in LaCoO3
[47] and GdCoO3 [48] under temperature. Following [50] we have
estimated the exchange arising between Co ion and its anion environ-

ment as follows: Jgo0 = ﬁ. The obtained results at the pressure of P

= 20GPa are: Jg, 0 = 0.12, 0.24, 0.52, 0.28, 0.48 eV/(pB)2 for X = Be,
Mg, Ca, Zn and Cd correspondingly. As seen, the coupling between Co>*
ion and its oxygen environment increase with the increase of the dis-
tance within the first coordination sphere of Co>* ion. In addition, the
increase of the interatomic distances results in the decrease of the
hopping integral t;; between Co and O ions. As it was shown in [49], the
small values of hopping integral in the octahedral-coordinated ionic
groups contribute to the establishment of magnetic order.

As for the energy bandgap, its dependence on pressure is shown in

Table 2
Occupation numbers of MgCo,04 and ZnCo,04 under and without applied
pressure (P).

P (GPa) MgCo,04 ZnCo,04
g1 tog) g1 €gl togr tog) g1 gl
0.96 0.96 0.07 0.07 0.95 0.95 0.08 0.08
—-20 0.96 0.37 1.0 0.23 1.0 0.37 1.0 0.25
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Fig. 5. The total and projected densities of states (DOS) of (a) MgCo204; (b) ZnCo204 under applied pressure P = -20 GPa. The zero on the energy axis is the Fermi

energy. Negative values of DOS correspond to the minority spin states.
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Fig. 6. The pressure dependence of energy bandgaps of BeCo,0,4, CaC0204,
MgCo0,04, and ZnCo,04 spinels. Black color corresponds to majority spin state
bandgaps, the red color corresponds to minority spin state bandgaps.

Fig. 6. At the critical pressure of the spin-state transition from a low-spin
to a high-spin state, there is also a sharp decrease in the bandgap for
minority spin states. At the same time, the energy bandgap for majority
spin states also increases abruptly. With a further increase of the pres-
sure, the bandgap decreases smoothly down to zero. Such behavior of
energy band gap under applied pressure is associated with the redistri-
bution of d-electrons between the orbitals under applied negative
pressure. As can be seen from Fig. 5, at a pressure above the point of the
spin-state transition, the majority spin eg-states are filled with electrons
and shift below the Fermi energy, increasing the energy gap for majority
spin states abruptly. At the same time, minority spin ty, states, on the
contrary, shift above the Fermi energy, thereby abruptly decreasing the
gap for spins down.

Another way to create a high-spin state of Co>* ion in the octahedral
site is the fabrication of thin film. We have performed the calculation of
the thin film of AC0304 spinels within slab geometry. The thickness of
the thin film was taken as five-unit cells; the vacuum thickness was taken
as nine-unit cells. Both the lattice parameters and the internal atomic
coordinates of the thin film were optimized for FM, NM, and different
AFM and ferrimagnetic states. The ferrimagnetic state with an opposite
direction of the magnetic moments in neighbor planes along the c axis
turns out to be the lowest in energy for all thin films. The values of
magnetic moments vary with the thickness of thin film. Thus, Co>* ions

have the maximal value of magnetic moment (pmax ~ 3 p) on the sur-
face of thin film and then the magnetic moments decrease deeper into
the film. The minimum value (ppi, in Table 3) is reached at the center of
the thin film. The lattice parameter of the films increased in comparison
with the bulk crystal by about 5.5%, after optimization of the thin film
geometry (Table 3). This increase corresponds exactly to the tensile
stress, which, as was shown earlier, can lead to the transition of the Co>*
ion to the high-spin state.

As can be seen from Fig. 7, the density of states of the film is similar
to this in a bulk crystal when the tensile pressure is applied (Fig. 5).
Thin-film geometry leads to an increase in the lattice parameter and
distortions of oxygen octahedrons due to the change of symmetry and
surface effects. In turn, this leads to a removal of the degeneracy of ta,-
and eg-states and a decrease of crystal field, and the gap between empty
and filled d-states. It is also necessary to take into account the collapse of
the crystal field effect in the thin film which could be the result of
symmetry change along with that of the pressure. All these processes
-results in the splitting and smearing of Co®* electronic density of states.
As a result, we observe that the majority of eg-states turn out to be filled
and are located below the Fermi energy, while the minority t2g-states,
on the contrary, are empty and are located above the Fermi energy.
This leads to the appearance of a magnetic moment on Co>* ions and the
formation of a magnetic state in thin films (Table 3). This mostly applies
to surface and near-surface atoms, where the effect of the surface and
hence the symmetry change and distortion of the octahedrons are
greatest. Therefore, the magnetic moments of far from surface atoms are
less than surface atoms and in some compounds tends to zero (i.e. low-
spin state) (Table 3). Notice, the minority spin state bandgap in thin
films is closed, while the majority spin state bandgap stays open that
forms a half-metal electronic state in the spinel thin films (Table 3).

4. Conclusions

In summary, we have performed the investigation of magnetic and
electronic properties of the cobaltite spinels ACo204 (A = Be, Mg, Ca, Zn,

Table 3

The lattice parameters (a), maximal magnetic moments of Co®* ions (Mmax)s
minimal magnetic moments of Co>* ions (jim;,), and bandgaps for the majority
(Eg;) and minority (Eg,) spin states of spinel thin films.

BeCo,04 MgCo204 ZnCo504 CdCo,04
a (A) 8.17 8.60 8.51 8.97
Pmax (HB) 3.1 3.0 2.9 3.0
Bmin (UB) 2.7 1.2 1.8 0.9
Eg; (eV) 2.15 1.92 1.65 1.21
Eg, (eV) 0.00 0.00 0.00 0.00
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Fig. 7. The total and projected densities of states (DOS) of (a) MgC0504; (b) ZnCo,04 thin films. The zero on the energy axis is the Fermi energy. Negative values of

DOS correspond to the minority spin states.

Cd). Based on our calculations, all spinels have the cubic unit cell, except
for Ca-based spinel which has an orthorhombic structure in agreement
with the experiment. The lattice parameter increases with an increase of
the atomic number of the A-site cation. In all compounds, the octahe-
drally coordinated cobalt ion Co®' is in a low-spin state due to the
crystal field splitting of tas- and eg-states. This leads to all compounds
being in a non-magnetic state. We found that the spin state of the Co>*
ion and the magnetic state of the spinel can be controlled by pressure. At
a critical pressure of about P = -10 — —20 GPa, a sharp appearance of the
magnetic moment on Co®" occurs, which corresponds to the spin-state
transition of the Co®" ion into the high-spin state due to the redistri-
bution of d-electrons. This pressure-induced spin-state transition leads
to the Co-based spinels becoming ferromagnetic. The similar behavior of
the Co®* ion was early discussed in GdCoOs and Co304 during thermal
expansion [48,51]. The formation of low-spin state and high-spin state
are discussed in terms of interatomic distances between Co>" ion and its
nearest environment. The magnetic (ferromagnetic) state turns out to be
favorable by energy in thin spinel films also. All compounds are in-
sulators with the energy band gap varying from 1.95 to 2.67 eV. The
applied tensile pressure leads to the abrupt increase of the majority spin
bandgap and the decrease of the minority spin band gap at the critical
pressure of the spin-state transition. The mechanism of such behavior is
related to the shift of the ty¢- and eg-states under applied pressure. Thus,
our theoretical predictions can stimulate experimenters and technolo-
gists to develop new spintronic materials based on ACo304 spinels.
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