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ABSTRACT

In this work using the first-principles in the framework of Density Functional Theory the structural properties, electronic
structure and magnetism of Ti-doped w-BN are studied. Our calculations were performed with the ultrasoft
pseudopotentials method, employed exactly as implemented in Quantum ESPRESSO code. For the By gs7s Tigoe2sN and
Bo.g75Tio.125N concentrations it is found a ferromagnetic and half-metallic behavior with 100% carrier spin polarization of
the conduction carriers in the ground state. The calculations showed that the substitution of a Ti atom at the B site
(Bo.937s Tigos2sN compound) introduces a magnetic moment of 1.0 pg, while two Ti atoms substitutions (BggzsTig12sN
compound) introduce a magnetic moment of 2.0 pg. These magnetic properties come from hybridization and polarization
of states Ti-3d and their first neighboring B-2p and first neighboring N-2p atoms. Calculated magnetic properties indicate
that Ti-doped w-BN compound can potentially be used in diluted magnetic semiconductors or as spin injectors.
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ESTRUCTURA ELECTRONICA Y COMPORTAMIENTO SEMIMETALICO Y
FERROMAGNETICO DEL SISTEMA BN DOPADO CON Ti ESTUDIADO USANDO
PRIMEROS PRINCIPIOS

RESUMEN

En este trabajo usando primeros principios en el marco de la Teoria del funcional de la Densidad, se estudiaron las
propiedades estructurales, la estructura electrénica y magnetismo del w-BN dopado con Ti. Nuestros calculos fueron
ejecutados con el método de pseudopotenciales ultrasuaves, tal como estd implementado en el codigo Quantum
ESPRESSO. Se encontr6 que las concentraciones BogoszsTioossN Y BosgrsTioisN  poseen un  comportamiento
ferromagnético y semimetalico con una polarizacion de espin del 100% de los portadores de conduccién en el estado base.
Los célculos muestran que la sustitucion con un atomo de Ti en el sitio del B (compuesto BgeszsTigos2sN) introduce un
momento magnético de 1.0 pg, mientras que la sustitucion con dos atomos de Ti (compuesto BggzsTig12sN) introduce un
momento magnético de 2.0 pg. Estas propiedades magnéticas provienen de la hibridacion y polarizacion de los estados Ti-
3d y de sus primeros vecinos N-2p y B-2p. Estas propiedades indican que w-BN dopado con Ti puede ser potencialmente
usado como un semiconductor magnético diluido o como inyectores de espin.

Palabras Claves: w-BN, comportamiento semimetalico, propiedades electrénicas y magnéticas.
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1. INTRODUCTION

In recent years, many experimental and theoretical
studies on the properties of boron nitride (BN) [1-5]
due to its excellent physical, mechanical, and
thermal properties, such as high-temperature
stability, chemical inertia, a high degree of hardness,
a low coefficient of thermal expansion, a high
melting point, and high thermal conductivity [6-9].
BN is a semiconducting material BN and has a
broad range of potential applications, such as in
high-temperature ceramic material that can
withstand an extremely harsh environment, radio
frequency and high-frequency high-power laser
diodes, light-emitting diodes operating in the
ultraviolet region, solar detectors, field-effect
transistors, and high electron mobility transistors
[10-15]. Owing to the variable bonding character,
BN can exist in different crystallographic phases,
such as zincblende (cubic) boron nitride (c-BN)
[16-18], wurtzite (w), boron nitride (w-BN) [17, 19,
20], hexagonal (h) boron nitride (h-BN) [4, 5], and
rhombohedral (r) boron nitride (r-BN) [1, 2]. Boron
nitride has been experimentally grown in hexagonal
[5], zinblende [18], and wurtzite [20] phases. At the
same time, theoretical and  experimental
investigations have shown that h-BN and r-BN are
easily compressible, while the sp® hybridized in c-
BN and w-BN phase belongs to the class of
superhard materials. Over the last few years, BN has
received extensive attention because of its possible
use as a diluted magnetic semiconductor (DMS)
with potential applications in the field of spintronic.
For these applications, ferromagnetism at room
temperature is a requirement. Recently, high-
temperature ferromagnetism has been reported by
many researchers for several types of transition-
metal (TM)-doped semiconducting oxides and
nitrides [21-23]. Kurdyumov et al. [19] and Soma et
et al. [20] grew and characterized w-BN. Ohba et al.
[24] studied the structural, dielectric and dynamic
properties of w-BN using first-principles
calculations. He et al. [25], by means of DFT,
proved that TM (TM =V, Cr, and Mn)-doped BN
nanotubes can be used in spintronic. Boukra et al.
[26], using first-principles calculations, showed that
Mn-doped c-BN exhibits half-metallic and magnetic
behavior. Lopez et al. [27] investigated the
electronic and magnetic properties of Mn adsorption
on the w-BN(0001) surface. However,
investigations of Ti-, V- and Cr-doped w-BN in

volume, whether theoretical or experimental, are
rare. For this reason, in the present paper we present
a systematic theoretical study of the structural,
electronic, and magnetic properties of the Ti-doped
w-BN, Bo.ga7s To.0625N and Bo.g7s T lo.125N
concentrations, due to potential applications in
dilute magnetic semiconductors, spin injectors, and
other applications in spintronic.

2. COMPUTATIONAL DETAILS

The calculations were performed within the DFT
framework using the Quantum ESPRESSO package
[28]. The correlation and exchange effects of the
electrons were dealt with using the generalized
gradient approximation (GGA) of Perdew, Burke,
and Ernzerhof (PBE) [29]. Electron-ion interactions
were treated with the pseudopotential method [30,
31]. The electron wave functions were expanded
into plane waves with a Kkinetic energy cutoff of 40
Ry. For the charge density, a kinetic energy cutoff
of 400 Ry was used. A 6x6x4 Monkhorst-Pack
mesh [32] was used to generate the k-points in the
unit cell. The calculations were performed taking
into account the spin polarization. To calculate the
structural, electronic, and magnetic properties of
pure BN, a 32-atom 2a x 2b x 2c¢ wurtzite supercell
was considered. The  BgossTiooszsN  and
Boss Tio12sN  concentrations were obtained by
substituting one and two B-atoms in the supercell in
the positions shown in Fig.1. Pure w-BN and the
Bo.9375 Tioos2sN and Bggrs Tip12sN compounds were
modeled according to the special quasirandom
structures approach [33], and the disorder aspects
were ignored.

Figure 1. Unit cell of the ternary compound: (a)
Bogars TiooszsN (D) BogrsTio12sN  after  structural
relaxation.
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3. RESULTS AND DISCUSSION

3.1 Structural parameters

To determine the structural properties in the ground
state, such as the lattice constant (a,), the bulk
modulus (By), the c/a ratio, and the total energy (Eo)
of pure BN, BogarsTioossN and Bogrs Tg12sN
concentrations in the wurtzite structure, the total
energy of the crystal was minimized as a function of
supercell volume. The results were fit to the
Murnaghan equation of state [34]. Additionally, the
total energy variation was calculated as a function of
the volume for the ferromagnetic (FM) and
antiferromagnetic (AFM) phases in order to find the
most favorable magnetic phase of the Ti-doped w-
BN compounds. For this purpose, the BogzsTig125N
compound was used to get even numbers of Ti atom
for switching spin state up and down. Figure 2
shows the energy-volume curves for Byg.gszsTios2sN
and Bgg7sTig125N concentrations.
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Figure 2. Total energy as a function of volume for (a)

BO.9375Ti0.0625N (b) B0.875TiO.125N-

We can see in Figure 2(3) for the Bo_9375Ti0_0625N
compound the calculated total energy of spin
polarized state (FM phase) is lower than that of the
non-spin polarized state (non-magnetic phase) by
about 66.4 meV, while for the Bo_g75Ti0_1z5N
compound in the ground state the calculated total
energy of spin polarized state (FM phase) is lower
the AFM state, being the total energy differences
between the FM and AFM states (AE = Erm -Earm)
by about 45,23 meV, which indicates that the
ground state of Ti-doped BN is ferromagnetic.

The lattice constant, the c/a value, the bulk modulus
(Bo), the total energy (Eo), and the magnetic moment
(up) per cell are listed in Table 1, along with
available experimental data and from other
theoretical studies.

The calculated lattice constant (2.555 A) for pure
BN is in excellent agreement with that of
experimental results (2.553 A) [20]. Additionally,
the lattice constant and c/a ratio agree well with
values reported in other theoretical studies [24, 35],
since they differ by less than one percent. The bulk
modulus of w-BN agrees well with other theoretical
studies [24, 35], with an error of about 0.97%.
Calculated bulk modulus for w-BN is close to that
of diamond (442 GPa). This may be attributed to the
strong sp® B-N bonding and to a structure similar to
diamond. We note that the values of the bulk
modulus of the pure BN, BogszsTigoeesN and
Bo.s7sTip 125N concentrations are higher, which
confirms that they are quite rigid, making them good
candidates for possible application in devices
operated at high temperature and high power, as
well as in hard coatings.

For the Bog.gszsTinos2sN compound a similar result
was obtained for Casiano et al. [36] in your study of
BixTixN (X 0.0625) using first-principles
calculations.

Table 1. Lattice constant, c/a ratio, bulk modulus, total energy, and magnetic moment per cell of pure BN, By gs75Ti.0625N
and BygrsTip1zsN in the wurtzite structure. * Experimental Reference [20]. ® Theoretical Reference [24]. ¢ Theoretical

Reference [35].

Compound a(A) cla B, (GPa) Eo (eV) M (pglcell)

2.555 1.655 398.65 - 5717.368 0.0
BN 2.553? - - - -
2.532° 1.654° 396" - -
2.556° 1.656° 403° - -

Bo 9375 Tio.0e25N 2.587 1.696 323.76 -7212.934 1.0

Bos75Tio.125N 2.614 1.710 366.72 -8709.705 2.0
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We can see in the table 1, when one and two B
atoms in the 2a x 2b x 2c supercell is substituted
with Ti atoms, the lattice constant in the
BogarsTloos2sN  and  BggrsTip1sN - compound
increases with respect to pure w-BN. This increase
in the parameters may be due the radius of the Ti
atom (1.47 A) is much bigger than the atomic radius
of B (0.98 A). A similar behavior has been reported
by Fan et al. [37] for AlygszsTigos2sN Compound in
the wurtzite structure.

3.2 Electronic and magnetic properties

The theoretical lattice constants and the c/a ratio of
pure BN, BooarsTioossN  and  BogrsTio.12sN
compounds in the wurtzite structure, listed in Table
1, were used to calculate the band structure and the
spin-polarized density of states (DOS) along the
high-symmetry paths in the first Brillouin zone. The
band structure for pure BN and the Bggs7sTio.0s25N
and BggzsTig 125N compounds are shown in Fig. 3.

Fig. 3(a) shows the band structure of pure BN. This
confirms the indirect semiconductor behavior, with
the top of the valence band located at the T" point
and the bottom of the conduction band at the K
point of the Brillouin zone. We found an indirect
band gap of about 5.4 eV. This value was calculated
using the pseudopotential method and the GGA
approximation; the magnitude of this gap agrees
well with values reported in other theoretical papers,
for example, 5.23 eV [35] calculated via the FP-
LAPW-GGA method, 5.45 eV [38] calculated via
LMTO-LDA, and 5.81 eV [39, 40] calculated via
the OLCAO-LDA method. We note that the band
gap calculated in the present paper (5.4 eV) is very
close to the value of reference [38] calculated with
the LDA approximation. This can be attributed to
the fact that B and N atoms are light, and “since the
variation of the electronic charge density in the light
elements is small, the charge density gradient
corrections involved in GGA are not large, and
consequently this exchange correlation functional
gives results similar to LDA, which is based on a
uniform electron gas approximation with no
gradient correction” [41].

Figures 3(b) and 3(c) show the band structure of the
ternary Bo_9375Ti0.0625N and BO.875Ti0.125N Compounds,
respectively. We can observe that the minority spin
(down) states preserve a band gap, with an energy
gap 3.13 eV and 3.16 eV, respectively; but in the
majority spin (up) states thereis a penetration

towards the prohibited energy zone of the states 3d-
Ti in greater proportion and states 2p-N and 2p-B in
lesser proportion. Therefore, due to the substitution
of a boron atom with Ti-atoms in the w-BN
structure, it loses its semiconductor nature.
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Figure 3. Band structure for (a) BN (b) Bo.gazs Tioos2sN (C)
Bo.g75Tho.125N Compounds

The allowed ternary compounds exhibit half-
metallic behavior, because spins up are conductors
and spins down are semiconductors. We can see that
the spin up orientation of the ByggszsTios2sN and
Boss Tlp12sN  compounds is partially filled and
exhibits dispersed bands near the Fermi level. High
polarization of the conduction carriers is confirmed
by the fact that the Ti atom dopants couple
ferromagnetically and that there is a high presence
of conduction carriers in the majority spin channel.
These compounds exhibit a spin polarization of
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100% of the conduction carriers, and they are
responsible for the conduction in Ti-doped w-BN.
This is a requirement for spin injectors [42, 43].
This finding suggests that these ternary compounds
can be efficiently used in spintronics.

In order to study the atomic contribution to the
ferromagnetism, we calculated the total density of
states (TDOS) and partial density of states (PDOS)
for the BO.9375Ti0.0625N and Bo,375Tio,125N Compounds.
The TDOS and PDOS are shown in Fig. 4 (a and b).
The total density of states confirms that due to the
Ti-atom substitution at the B site, the compounds
have a half-metallic character. Fig. 4 (a and b)
shows that the valence band between -10 and -3 eV
originate mainly from hybrid states 2p-B and 2p-N.
Additionally, in the valence band near the Fermi
level, the spin-up density is mainly dominated by
the 3d-Ti states and to a lesser extent by the 2p-B
and 2p-N states, which cross the Fermi level. This
indicates that all the magnetic properties come from
strong hybridization between 3d-Ti and 2p-N states
mainly, with a minimum contribution by 2p-B. A
similar result was obtained by Boukra et al. [26] in
their first-principles study of the magnetic properties
of Bo.g37sMng0e25N in the zinchlende phase.

As we can see in Fig. 4 (a and b), the TDOS
confirms the presence of some unoccupied states at
the top of the valence band near the Fermi level,
because there is no contribution of spin down in the
valence band and the majority spin exhibits a
hybridization between the 3d-Ti, 2p-B, and 2p-N
states, resulting in a magnetic moment of 1.0 p/cell
for the BoossTioossN and 2.0 pylcell  for
BosgrsTin12sN  compounds,  respectively. These
magnetic moment values are integers; therefore, this
again confirms that each compound is half-metallic.
In Figure 1 (a and b) and Figure 4 (a and b), we note
that the tetrahedral crystal field formed by N-ions
split fivefold 3d-MT (Ti, V and Cr) states into
threefold degenerate high-energy tyy (dy, dy, and
dy;) and twofold degenerate low-energy eq (dzz and

d,—d,) States. The crystal field splitting energy
X y

(defined as the energy difference between the e, and
toq States) is lesser than the exchange splitting energy
(defined as the energy necessary to pair up electrons
in the same orbitals), resulting in empty spin-down
states which merge with the conduction band states.
The hybridization between the 3d-Ti, 2p-B, and p-
2p states induces finite magnetization in Ti as well

as neighboring N- and B-atoms. We calculated the
contribution of each atom to the total magnetic
moment: for BgoarsTipossN we found that main
contribution to the magnetic moment is by the 3d-Ti
orbitals (0.88 ), while each of the neighboring N
and B atoms also contribute a small part (0.011 p,
and 0.034 g, respectively.Whereas for the
Boss Tio12sN compound the local contribution is
0.86 Wy, for the Ti atom and 0.019 s and 0.031 py
for the N and B atoms, respectively. In both
compounds, the main contribution to the magnetic
moment comes from the Ti atom. Boukra et al. [26]
obtained a similar result in their first-principles
study of the magnetic properties of the Mn-doped c-
BN compound. Additionally, a similar behavior has
been found for other Il nitrides, for example V-
doped GaN [44], Ti-doped AIN [45], V-doped AIN
[46], and MT (MT =V, Cr, Mn, Fe, Co, Ni)-doped
AIN [47], where the main contribution to the total
magnetic moment comes from the MT ion.
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Figure 4. Total and partial density of states of the
allowed ternary compounds (a) ByggsrsTipossN (D)
Bo.875Tio.125N Compounds.

4. CONCLUSION

First-principles  total energy calculations to
determine the structural, electronic, and magnetic
properties of the Bo_9375Ti0_0625N and Bo_875Ti0_125N
compounds were carried out. The calculated values
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of the bulk modules were quite high; therefore, the
ternary compounds are quite rigid. Therefore, could
be used in devices operating high temperatures and
for hard coatings. Also, we found that the
compounds exhibit ferromagnetic and half-metallic
behavior, due to the hybridization and polarization
of 2d-Ti, 2p-N, and 2p-B orbitals that cross the
Fermi level. Finally, we found that the
Bo,g375Ti0.0525N and BO.375Ti0.125N Compounds exhibit
magnetic properties with magnetic moments 1
and 2 p, per supercell, respectively. Therefore, these
compounds are possible candidates for spintronic
applications.
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