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Abstract—The physical properties of the NiB4O7 and CoB4O7 tetraborate compounds in three structural
modifications with the sp. gr. Pbca, Cmcm, and P6522 have been calculated using the density functional the-
ory in the VASP software package. The pressure dependences of the enthalpy of the compounds in the inves-
tigated structural modifications have been calculated. The calculated electron densities of states and band
structures showed that the compounds under study in all the considered modifications are dielectrics with a
band gap of 3–4 eV. The calculation of the magnetic exchange constants in the Heisenberg model have shown
qualitative agreement with the experiment.
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1. INTRODUCTION
Recently, much attention has been paid to the

search for new borate compounds obtained at high
pressure and temperature. The synthesis of new mate-
rials is stimulated both by the attempts to classify data
on various synthesized modifications according to the
growth conditions and composition and by the search
for new materials with extraordinary (optical [1, 2]
and magnetic [3]) properties. Such materials include
the family of borates with the general chemical for-
mula Me+2B4O7. These compounds are implemented
in the α-SrB4O7, α-ZnB4O7, and β-ZnB4O7 structures
containing BO3 triangles and/or BO4 tetrahedra. As
was shown experimentally [1–8], depending on the
radius of the Me+2 ion and external conditions, the
tetraborate compounds are formed in these three
structural types, with rare exceptions [9].

In this study, crystals of nickel tetraborates NiB4O7
(NiBO) and cobalt tetraborates CoB4O7 (CoBO) are
investigated. Both compounds exist in the phase with
the sp. gr. Cmcm (β-NiB4O7 [10] and β-CoB4O7 [11])
with similar lattice parameters and atomic coordinates
and obtained at a pressure of 7.5 GPa. In addition, a
phase of cobalt tetraborate α-CoB4O7 with the
sp. gr. Pbca is known [12]. The magnetic properties of
this phase were studied in [13]; the antiferromagnetic
ordering at a temperature of ~5 K was established.
Recently [3], a new structural modification of nickel
tetraborate γ-NiB4O7 with the sp. gr. P6522 was

obtained. The study of the magnetic properties of the
NiB4O7 in the P6522 phase carried out in [3] showed
that this compound is the so-called one-dimensional
Heisenberg antiferromagnet.

The main aim of this study is to examine, using
ab initio calculations, the possibility of transitions
between structural modifications in the NiB4O7 and
CoB4O7 compounds under hydrostatic pressure and
investigate their electronic, optical, and magnetic
properties in the phases with the Pbca, Cmcm, P6522
structures.

2. CALCULATION TECHNIQUE

The calculations were performed in the Vienna
Ab initio Simulation Package (VASP) [14, 15] using
the Projector Augmented Wave (PAW) pseudopoten-
tials [16, 17]. The configuration of valence electrons is
3d94s1 for Ni ions, 3d84s1 for Co ions, 2s22p1 for B ions,
and 2s22p4 ions for O ions. The functional of the
exchange-correlation energy of electrons was taken
into account using the generalized gradient approxi-
mation (GGA) [18]. The number of plane waves was
limited to an energy of 600 eV; in the optimization of
the unit cell parameters, the Monkhorst–Pack grid
[19] was chosen to be 6 × 6 × 4 for the structures with
the sp. gr. Pbca; 4 × 6 × 6 for Cmcm; 8 × 8 × 2 for
P6522; and, for calculating the electronic band struc-
ture, 10 × 10 × 6 for the structures with the sp. gr. Pbca,
468
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Fig. 1. Structures of the NiB4O7 and CoB4O7 tetraborate compounds with the sp. gr. (a) Pbca and (b) Cmcm.
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Fig. 2. Structures of the NiB4O7 and CoB4O7 tetraborate compounds with the sp. gr. P6522.
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8 × 14 × 14 for Cmcm, and 14 × 14 × 4 for P6522. In
the calculation of the magnetic properties for enlarged
cells, the Monkhorst–Pack grid was chosen to be
twice as small in the corresponding direction. The
strong correlations of d electrons of Ni and Co ions
were taken into account using the GGA + U method
in the Dudarev approximation [20]. The parameters
and coordinates of atoms were optimized until the
residual forces on the ions became weaker than
1 meV/A. In this work, the parameter U for Ni and Co
ions is 4.5 eV. The structures of compounds were
drawn in the VESTA program [21].

3. BEHAVIOR UNDER PRESSURE

The structures of the investigated compounds are
shown in Figs. 1 and 2. The phase with the sp. gr. Pbca
(Z = 8) consists of boron-oxygen tetrahedra and trian-
gles forming a sparse grid with a low (~2.9 g/cm3) den-
sity [12]. The structures with the sp. gr. Cmcm (Z = 4)
and P6522 (Z = 6) consist of boron oxygen tetrahedra
and are more densely packed (~3.9 g/cm3) [3].

Taking into account the similarity of Ni and Co
ionic radii and the presence of an isomorphic β-phase
for nickel and cobalt tetraborates with the sp. gr. Cmcm
with similar structural parameters, we can assume that
PHYSICS OF THE SOLID STATE  Vol. 63  No. 3  2021
both compounds can exist also in the above-men-
tioned Pbca and P6522 phases.

To estimate the pressures at which the NiBO and
CoBO compounds can exist in the Pbca, Cmcm, and
P6522 phases, the relaxation of cell parameters and ion
coordinates at certain hydrostatic pressures was per-
formed. In addition, the pressure dependence of the
enthalpy of the polar Pmn21 phase was investigated,
although this phase was not experimentally observed
in the compounds under study. At each pressure, the
enthalpies H = E + PV (E is the total energy of the
crystal, P is the pressure, and V is the cell volume) per
formula unit were compared. The pressure depen-
dences of the enthalpy for the NiBO and CoBO com-
pounds are shown in Figs. 3 and 4, respectively; the
energy of the α phase with the sp. gr. Pbca for the
investigated compounds was taken as a reference
point, since this phase has the lowest energy under
normal pressure.

Let us consider the pressure dependences of the
enthalpy for different phases of the NiBO compound
(Fig. 3). It can be seen that, at a pressure of ~2.1 GPa,
the phase with the γ-NiBO (P6522) symmetry
becomes energetically more favorable than the phase
with the α-NiBO (Pbca) symmetry and, with a further
increase in pressure, above 5.5 GPa, the phase with
the β-NiBO symmetry (Cmcm) becomes more favor-
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Fig. 3. Pressure dependence of the enthalpy difference
between the NiB4O7 compounds in four structures. A ref-
erence point is the energy of the compounds with the
sp. gr. Pbca.
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Fig. 4. Pressure dependence of the enthalpy difference
between the CoB4O7 compounds in four structures. The
reference point is the energy of the compounds with the
sp. gr. Pbca under zero pressure.
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Table 1. Calculated band gaps ΔE and ΔE1 of the NiB4O7
and CoB4O7 compounds in different structures

Parameter
NiB4O7 CoB4O7

P6522 Cmcm Pbca P6522 Cmcm Pbca

ΔE, eV 3.1 2.9 3.2 3.8 3.9 3.9
ΔE1, eV 2.7 2.5 2.0 1.4 1.5 1.0
able than both the Pbca and the P6522 phase. These
results do not contradict the experimental data [3],
according to which NiBO is not synthesized under
normal pressure, the phase with the γ-NiBO structure
(P6522) is obtained at a pressure of 5 GPa, and the
phase with the β-NiBO structure (Cmcm), at a pres-
sure of 7.5 GPa.

Let us now consider the obtained dependences of
the enthalpy for different phases of the CoBO com-
pound (Fig. 4). At zero pressure, the Pbca phase is
energetically more favorable, while the phases of the
γ-CoB4O7 (P6522) and β-CoB4O7 (Cmcm) types have
similar enthalpies (the P6522 phase is more favorable
by 0.01 eV). In the vicinity of ~3.1 GPa, the enthalpy
dependence curves of the three phases intersect and,
then, the β-CoB4O7 phase becomes most favorable.
However, the enthalpy difference between the
γ-CoBO (P6522) and β-CoBO (Cmcm) phases in the
range from 3 to 5 GPa is insignificant, which may be
indicative of the coexistence of these two phases in this
pressure range. In addition, it is worth noting that the
β-CoB4O7 synthesis occurred at a pressure of 7.5 GPa
[11].

In the investigated compounds, the enthalpy of the
phase with the Pmn21 structure is energetically
extremely unfavorable (the energy difference is ~1 eV)
at all the applied pressures.

4. ELECTRONIC PROPERTIES
For all the investigated structures of the NiBO and

CoBO compounds, the electronic band structure and
the electron densities of states were calculated. The
calculated total densities of states (TDOS) and partial
PHY
densities of states (PDOS) of electrons for the NiBO
and CoBO compounds of different structural types are
not qualitatively different. Due to the minor differ-
ences between the electronic states of the compounds
under study in three structures, Fig. 5 shows the calcu-
lated electronic band structures; Fig. 6, the electron
densities of states in the NiBO and CoBO compounds
in the phase with the sp. gr. Cmcm; and Fig. 7, the
TDOS for other structures. All the TDOS and PDOS
are normalized to formula unit. The band gaps ΔE for
different structures of the compounds are given in
Table 1.

The calculated TDOS and PDOS of electrons for
the NiBO and CoBO compounds of different struc-
tural types are not qualitatively different. The valence
band structure is nearly identical for all the structural
modifications of the investigated compounds. It con-
sists of the d states of Ni and Co atoms (the band cen-
ter is in the range of –4…–1 eV), the s and p states of
B atoms (the center and bottom of the band are
between –10…–4 eV), and the p states of O atoms (the
center and top of the band).

Small differences in the electronic structure of dif-
ferent phases of the compounds under study are
SICS OF THE SOLID STATE  Vol. 63  No. 3  2021
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Fig. 5. Calculated electron band structures of (a) the NiB4O7 and (b) CoB4O7 compounds in the structure with the sp. gr. Cmcm.
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Fig. 6. Calculated (1) total and partial densities of states of electrons for (2) Ni and Co metal atoms, (3) B atoms, and (4) O atoms
in (a) the NiB4O7 and (b) CoB4O7 compounds in the structure with the sp. gr. Cmcm.
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observed in the conduction band. In all the investi-
gated cases, the narrow lower part of the conduction
band is separated from the main part (this ΔE1 energy
PHYSICS OF THE SOLID STATE  Vol. 63  No. 3  2021
intervals are given in Table 1). This lower part of the
conduction band consists of the d states of electrons of
metal atoms. Depending on structure and composi-
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Fig. 7. Calculated electron densities of states for (a, c) the NiB4O7 and (b, d) CoB4O7 compounds in the structure with the sp. gr.
Pbca and P6522.
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tion, the bottom of the conduction band changes its
position relative to the upper part of the valence band,
which, in turn, changes the band gap. The widest band
gap is observed in the structure with the sp. gr. Pbca
and the narrowest one, in the Cmcm structure
(Table 1). The upper part of the conduction band for
all the structures and compounds consists of the p
states of electrons of the B atom.

5. OPTICAL PROPERTIES

For nickel and cobalt tetraborates, the frequency
dependence of the dielectric function was calculated
[22]. The frequency dependence of the absorptance α
was calculated from the formula

(1)

where ε(ω) is the complex permittivity and ε'(ω) is the
real part of the permittivity. Figure 8 shows the average
calculated value of the wavelength dependence of the
absorptance, since no strong anisotropy was found in
these compounds.

Using the obtained dependences, one can deter-
mine the absorption edge of the material, which was
found to be ~400 nm in nickel tetraborate and
~320 nm in cobalt tetraborate. This is due to the nar-
rower band gap in nickel tetraborate and, since the dif-
ference in the band gap between the structures is not
large, the absorption edge in these compounds differs
insignificantly. No experimental data on the optical
absorption of the compounds under study were found
in the literature.

ε ω − ε ωωα ω =
( ) '( )2( ) ,

2c
PHY
6. MAGNETIC PROPERTIES

Divalent nickel and cobalt ions are magnetic and
have spins s = 1 and s = 3/2, respectively. To determine
the ground magnetic state and the parameters of the
exchange interaction in the NiBO and CoBO crystals,
we calculated the total energies for each structural
modification of the crystals under study taking into
account the spin polarization with different types of
magnetic ordering. The exchange interaction con-
stants were estimated in the framework of the classical
Heisenberg model

(2)

In the structure with the sp. gr. Pbca, the unit cell
contains eight magnetic atoms, which form zigzag
chains along the a direction (Fig. 9). Here, each mag-
netic ion has two nearest neighboring magnetic ions in
the chain (exchange constant J1) and one in the neigh-
boring chain (exchange constant J2). The discussed
magnetic structures are shown in Fig. 9.

In the structure with the sp. gr. Cmcm, the unit cell
contains four magnetic atoms. To describe the mag-
netic configurations, the cell was doubled along the c
axis. In this structure, magnetic atoms form layers in
the (bc) plane (Fig. 10). Each magnetic ion has six
nearest magnetic ions, which form a distorted hexa-
gon: the interaction with four neighbors with the con-
stant J1 and with two neighbors with the constant J2.
The distance between the layers of magnetic atoms is
fairly large; therefore, the exchange interaction
between atoms in neighboring layers was ignored. The
investigated magnetic structures are shown in Fig. 10.

= − 
,

1 ˆ ˆ .
2 ij i j

i j

H J S S
SICS OF THE SOLID STATE  Vol. 63  No. 3  2021
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Fig. 8. Calculated dependence of the absorptance α on the wavelength for (a) the NiB4O7 and (b) CoB4O7 compounds in different
structures.
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Fig. 9. Configurations of the magnetic moments in the structure with sp. gr. Pbca: (a) F, (b) AF1, and (c) AF2.
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In the structure with the sp. gr. P6522, the unit cell
contains six magnetic atoms. To examine the magnetic
configurations, the cell was quadrupled via doubling
the a and b axes. In this structure, magnetic atoms
form planes perpendicular to the c axis. Each magnetic
atom in the plane has six nearest magnetic ions form-
ing a regular hexagon (Fig. 11). The distance between
the layers of magnetic atoms is fairly large; therefore,
the exchange interaction between atoms in neighbor-
ing layers was ignored.

Although each magnetic atom has six equidistant
nearest neighbors, it is necessary to use two different
exchange constants. The nickel or cobalt ion in this
PHYSICS OF THE SOLID STATE  Vol. 63  No. 3  2021
structural type is surrounded by six oxygen ions form-
ing an octahedron. Such oxygen octahedra sharing
their vertices form infinite parallel chains in the plane
perpendicular to the c axis (Fig. 11). Thus, the
exchange constant J1 denotes the interaction of a mag-
netic ion with two nearest neighbors in the chain of
oxygen octahedra and the exchange constant J2, the
interaction of a magnetic ion with four nearest mag-
netic ions in neighboring chains.

The expressions of the energies of the investiga-
ted magnetic configurations though Hamiltonian
exchange constants (1) and the calculated energies of
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Fig. 10. Configurations of the magnetic moments in the structure with the sp. gr. Cmcm: (a) F, (b) AF1, and (c) AF2.

(a) (b)

J1
J2

J3

(c)

a

c
b

a

c
b

a

c
b

Fig. 11. (a) Chains of octahedra and configurations of the magnetic moments in the structure with the sp. gr. P6522: (b) AF1 and
(c) AF2.
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these configurations relative to the energy of the ferro-
magnetic state for the three structural types of the
NiBO and CoBO crystals are given in Table 2. The
obtained exchange interaction constants are given in
Table 3.
PHY
In [12], the value of the magnetic exchange for
cobalt tetraborate in the Pbca phase was estimated
from the experimental data (one constant of the
exchange interaction with three nearest neighbors was
taken into account), which was J = –(0.18–0.20) meV.
SICS OF THE SOLID STATE  Vol. 63  No. 3  2021
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Table 2. Calculated energies of the magnetic configurations
in different structures

Configuration Expression NiB4O7 CoB4O7

Pbca ΔE, meV

F 2J1 + J2 0 0
AF1 2J1 − J2 −1.2 −1.7
AF2 −2J1 + J2 −0.6 −1.0

Cmcm ΔE, meV
F 4J1 + 2J2 0 0

AF1 −4J1 + 2J2 −0.2 −1.9
AF2 −2J1 −0.2 −2.4

P6522 ΔE, meV
F 2J1 + 4J2 0 0

AF1 2J1 − 4J2 0.1 0.1
AF2 −2J1 −10.1 −5.5

Table 3. Calculated energies of the magnetic configurations
in different structures

Parameter
NiB4O7 CoB4O7

J1, meV J2, meV J1, meV J2, meV

Pbca −0.3 −1.2 −0.2 −0.7
Cmcm −0.06 −1.21 0.09 −0.5
P6522 −5.1 0.03 −2.5 0.04
In this study, the calculated exchange interaction con-
stants for cobalt tetraborate in the Pbca phase were
J1 = –0.2 meV for two neighbors at a distance of
4.94 Å and J2 = –0.7 meV with one neighbor at a dis-
tance of 4.39 Å. Thus, we can say that the resulting
average value of the exchange interaction, which was
found to be 0.37 meV, is in satisfactory agreement with
the experimental value from [12].

In [3], a model for describing the magnetic proper-
ties of the γ-NiB4O7 compound was built on the basis
of the experimental data, which was used to establish
the one-dimensional character of the exchange inter-
action of magnetic moments along the chain of NiO6
octahedra (Fig. 11a), which is consistent with the
results of the calculation made in this work. Specifi-
cally, it was found that the value of the exchange inter-
action in the chain is greater than the value of the
exchange interaction between the chains by two orders
of magnitude (Table 3). As was noted in [13], the one-
dimensional character of the exchange interaction is
related to the following feature of this crystal structure:
the Ni–O–Ni superexchange can only occur along
the chain of octahedra, while in other directions there
are no such bonds.
PHYSICS OF THE SOLID STATE  Vol. 63  No. 3  2021
7. CONCLUSIONS

The main results obtained in this study were as fol-
lows. The pressure dependences of the enthalpy for the
NiB4O7 and CoB4O7 compounds in the structures
with the sp. gr. Pbca, Cmcm, and P6522 were calcu-
lated. It was shown that, in the cobalt tetraborate com-
pound, the energies of the β-CoB4O7 (Cmcm) and
γ-CoB4O7 (P6522) phases in the pressure range from 3
to 5 GPa are similar, which may be indicative of the
coexistence of these phases in this pressure range. In
nickel tetraborate, with increasing pressure, first the
γ-NiB4O7 (P6522) phase and, then, the β-NiB4O7
(Cmcm) phase become favorable, which is consistent
with the experiments [3, 10]. In addition, the elec-
tronic band structure and the electron density of states
for the NiB4O7 and CoB4O7 compounds in the inves-
tigated structures were calculated. The calculated
band gaps are given in Table 1. The wavelength depen-
dence of the absorptance was calculated and the
absorption edges of the material determined from it
were found to be ~400 nm for nickel tetraborate and
~320 nm for cobalt tetraborate.

The calculation of the magnetic properties of the
NiB4O7 and CoB4O7 compounds showed that the
ground states in different structural modifications are
the states with the antiferromagnetic spin ordering.
The magnetic exchange interaction constants were
calculated in the framework of the classical Heisen-
berg model (Table 3). In the cobalt tetraborate com-
pound, in the phase with the sp. gr. Pbca, the obtained
exchange constants agree with those obtained in [12].
For the γ-NiB4O7 compound with the sp. gr. P6522,
the calculation, as the experiment from [3], revealed a
one-dimensional character of the spin interaction.
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