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Abstract

In this paper we carry out computational calculations using
pseudopotential method within density functional theory and
employing computational Quantum ESPRESO package, for
study the magnetic behavior of AlggsrsTioossN  and
Gao.esrs Toos2sN compounds in zincblende phase. The density
states calculation show that the two compounds have a
ferromagnetic behavior, being the AlpgsrsTioos2sN metallic
with a magnetic moment of 0.85 pg/cell, while the
Gao.e3rs Tioos2sN is half-metallic with a magnetic moment of 1.0
pg/cell. The magnetic properties come from of the hybridization
and polarization of 3d-Ti and 2p-N orbitals. Being of main
contribution of 3d-Ti states.
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INTRODUCTION

The group 11 nitrides semiconductors such as aluminum nitride
(AIN) and gallium nitride (GaN) has been studied in the last
few decades. These investigations are motivated by application
in laser diodes, in high-voltage [1], optoelectronic devices,
photo-detectors [2-4], high-temperature microwave
applications [5, 6], and micro-electronic devices working in the
ultraviolet region [7-10]. Under normal temperature and
pressure conditions AIN and GaN crystallize in the wurtzite
structure However, depending of the substrate and the growth
conditions, zincblende phase can be obtained [11, 12].
Recently, AIN and GaN in cubic zinchlende phase has been
grown by different experimental techniques, such as solid-state
reaction [13], molecular beam epitaxy MBE [14], the vapor—
liquid—solid (VLS) route [15], and reactive pulsed laser
deposition [16], while GaN has been grown by means of
metalorganic chemical vapor deposition [17, 18] and molecular
bean epitaxy (MBE) [19-22]. Though it is expected that AIN
and GaN cubic zincblende phase applications will be similar to
those developed for AIN and GaN wurtzite, many researchers
have found several advantages of the zincblende over the
wurtzite structure [23-25], because the zincblende phase of
AIN and GaN doesn’t have a polarized internal electric field
[26], due to its high crystallographic symmetry. The absence of
an internal electric field in AIN and GaN zincblende improves

its electronic properties, because of higher carrier mobility,
higher drift velocities, and better doping efficiencies [23-25].
At the same time, there are additional advantages for group-1II
semiconductors in the cubic phase; for example, in GaN
zincblende its was found that there is a reduction in the
radiative radiation time by two orders of magnitude compared
to GaN wurtzite [27]. Actually, several theoretical
investigations [28-37] and experimental studies [38—47] have
found that AIN and GaN doped with transition metals (TM)
[48-50] turned out to be a good diluted magnetic
semiconductor for use in spintronics devices. All these studies
of TM-doped AIN and GaN were made in the wurtzite
structure, in spite of the fact that AIN and GaN cubic zincblende
phase has been grown and many advantages of AIN and GaN
in cubic phase with respect to AIN and GaN wurtzite phase
have been reported, the theoretical or experimental studies of
Ti doped AIN and GaN cubic zinchlende phase are scares. For
this reason, in this paper we did detailed study of electronic and
magnetic properties of Alo.gszsTio.0s25N and Gag.eszs Tio.os2sN in
cubic zincblende phase.

COMPUTATIONAL METHOD

In this paper calculations were performed using the Quantum
ESPRESSO computational code [51] based in the
pseudopotential method [52, 53] within density functional
theory (DFT) [54, 55]. The correlation and exchange effects
between electrons the correlation and exchange interaction
between electrons were included with the generalized gradient
approximation (GGA) of Perdew, Burke, and Ernzerhof (PBE)
[56]. For the expansion of the electronic function in plane
waves, we used a value of kinetic energy cutoff of 40 Ry.
Brillouin zone integrations were performed with the special k-
point method over a 6x6x12 Monkhorst-Pack mesh [57] for a
unit cell. To simulate AIN and GaN “pure in the zincblende
structure, we constructed a 2a X 2b X 1¢ supercell with 32 atoms
(fig. 1). For the concentration AlggsrsTioos2sN and
Gao.ears Tio.os2sN, one of the Al (and Ga) atom was replaced with
one Ti atom in the supercell. For the pure AIN and GaN
COI’T]pOUI’]d, and A|o,0625Tio,9375N and Gao,oesti0,9375N
concentrations, were performed a relax type calculation in
which all atoms in the supercell move in the three directions.
All calculations were carried out with spin polarization and the
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optimization process ended when the forces became smaller
than 10 eV/A. The convergence threshold for self-consistent
field iteration was 10° eV.

45;%'5

Figure 1. Conventional unit cell of pristine AIN and GaN in
the zincblende structure. Source: Authors

RESULTS AND DISCUSSIONS
Structural properties

The lattice constant and bulk modullus of the AIN, GaN,
Alg.eszs Tioos2sN and GagasrsTioossN in zincblende structure,
were determinate fitting the calculated energy-volume values
to the Murnaghan equation of state [58]. Additionally, for the
AlogsrsTioos2sN  and  GaogsrsTioos2sN - compounds — we
determined the character magnetic, namely ferromagnetic (FM)
and antiferromagnetic (AFM) phase was calculated, several
AFM configurations with different spin orientations were
calculated until obtaining the energetically most stable
structure. The figure 2 show the energy vs volume curves for
the ternary compounds in the FM and AFM magnetic phases.
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Figure 2. Total energy vs volume curves for Alg.gszsTio.os2sN
and Gag.g3rs Tio.0s2sN in zincblende structure. The points are

the calculated values and the continuous curve is the fit.
Source: Authors

The main equilibrium parameters of AIN, GaN, Alg.e375Tio.0625N
and Gao.gsrs Tlo.0s2sN. are listed in table 1 along with available
data reported experimental and theoretically for other authors.

The values of lattice constant and bulk modullus for AIN and
GaN compounds calculated in this work, are in good agreement
with reported from other theoretical and experimental
investigation. Being the maximum discrepancies of ~ 1.22%
and ~ 5.82% for GaN; while for AIN the discrepancies are ~
0.26% and ~ 2.90%, for lattice constant and bulk modullus
respectively. These discrepancies are smaller, which show the
reliability of our present calculation

Table 1. Lattice constant () and bulk modullus for AIN,
GaN, Alg.gs7s Tio.0625N, and Gao ea7s Tio.0625N.

Bo

Compound a(R) (GPa)
43815 | 206.52
Pristine-AIN 4.38002 | 212.70°
4.3790° | 211.78¢
4.3700¢ | 202.00¢

4,556 201.75

Pristine-GaN

4.590f | 206.909

4.500" 190M

Algoezs TioessN | 4.3886 | 186.98
Gag.oe25Vo.9375N 45220 | 196.94

2Theoretical [5]

b Theoretical [59]
¢Theoretical [60]
4Theoretical [61]
¢ Experimental [62]
fTheoretical [63]
9Theoretical [64]
" Experimental [65]

We observe that the lattice constant of the Alo.gszsTio.os2sN iS
smaller than the lattice constant of Gag.e375 Tio.0625N, this happen
because the atomic radius of the Al is smaller than of the Ga.
atom Additionally, as we can see in the figure 1, the two
Alggz75 Tio.0625N and Gag.ez75 Tio.0625N COTT]pOUI’]dS the FM phase
es most favorable, the difference of energy between AFM and
FM phase AE = E v - Epy are: 321 mV and 655 mV,
respectively. Hence, he ground state of AlggsrsTio0s2sN and
Gao.ears Tio.os2sN zincblende is ferromagnetic.
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Electronic Properties

To evaluate the electronic and magnetic properties, we
calculated the spin-polarized density of states (DOS) along the
symmetry path of Alo.oszsTio0s2sN and Gao.gars TiooszsN in the
zincblende structure. The DOS were calculated with the
equilibrium lattice constant show in table 1. The DOS of the
two compounds are illustrated in the figure 3(a)-(b),
respectively. Where we have chosen the Fermi Level as zero of
energy.
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Figure 3. Total and partial density of states of (a)
A|0Ag375TioA0625N, (b) Go.9375 Ti0.0625N compounds. Source:
Authors.

The DOS for AlgosrsTioossN shows a metallic behavior,
because the two spin channels cross the fermi level, while the
DOS of GoosrsTioos2sN compound reveals a half-metallic
character, with the spin down being semiconducting and the
spin up being metallic. For Go.eszsTioos2sN due to the spin up
orientation’s being partially filled, there are sufficient states
behaving like free holes. Consequently, these compounds have
100% spin polarization of the conduction carriers and satisfy
this requirement for use as spin injectors.

We can see in the figure 3 the DOS of the two compounds
shows that the spin density is mainly situated around the Ti
atom, with a minimum contribution from the first-neighboring
N atoms. For this reason, near the Fermi level the main
contribution to the total DOS comes from the 3d-Ti orbital,
with a minimum contribution from the 2p-N orbital. The
hybridization and the polarization between 3d-Ti and 2p-N
generate  magnetic  effects in AlogsrsTioos2sN  and
Gao.ez75 Tio.0s2sN compounds with a finite magnetic moment,
with values of 0.85 g, 1.0 py per cell, respectively. We note
that the magnetic moment value of GagezsTlo.ga7sN is integer,
this prove again their half-metallic ferromagnetic behavior.

CONCLUSIONS

In summary, we studied electronic and magnetic properties of
A|o,9375Tio,oez5N and Gao,9375Ti0,0625N compounds zincblende
structure, using computational calculation within of density
functional theory. We found that the two compounds have
ferromagnetic behavior, but Alo.eszsTio.0s2sN compound have
metallic character with a magnetic moment of 0.85 py/cell,
while the Gag.g375 Tio.062sN compound has half-metallic behavior
with a magnetic moment of 1.0 pg/cell. The magnetic properties
come from hybridization and polarization between metallic
states 3d-Ti and nonmetallic states 2p-N. Due to the half-
metallic ferromagnetic character of Gao.gsrsTioos2sN is a good
candidate for application in the diluted magnetic semiconductor
field.
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