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Abstract

In this work, we have investigated the electronic and magnetic properties of gadolinium Gd-doped TiysMg, sN alloy. The
supercell of 32 atoms was generated by the Alloy Theoretic Automated Toolkit (ATAT), and then we have used first-
principles calculations performed by the full-potential linearized augmented plane wave method based on the spin density
functional theory within the generalized gradient approximation of Perdew-Burke-Ernzerhof and the modified Becke-Johnson
potential. We have also performed GGA + U calculations describing the strong correlation between the 4f electrons in Gd. Both
GGA and mBJ calculations have shown that Tiy sMg sN alloy depicted a semiconductor character with band gaps of 0.403 eV
and 1.184 eV, respectively. The calculated atomic-resolved densities of states of TigGd>,MggN ¢ alloy predict the half-metallic
character (HMs) with ferromagnetic order (FM) using the modified Becke-Johnson potential mBJ. We have also estimated the
Curie temperatures by using the Heisenberg model in the mean field approximation.

Keywords L/APW + /o - DFT + U - Magnetic structure - Diluted magnetic semiconductors

1 Introduction

Since the discovery of the half-metallic (HM) ferromagne-
tism character by Groot et al. in AMnSb (A = Ni, Pt) [1] in
1983, the scientific community has not ceased to dig in this
voice for the purpose to find new HM ferromagnets, which
are more promising for spintronic devices applications [2].
As it’s known for the electronic structure of the half-
metallic ferromagnets, the two spin bands show a different
character where the majority spin band is metallic and the
minority spin band is semiconducting with the gap at the
Fermi level leading to 100% carrier spin polarization. The
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motive behind all these researches is to replace the conven-
tional electronic materials by more new competitive mate-
rials where a degree of freedom, offered by the spin, plays
an important role allowing a gain of speed in data process-
ing communication and low energy consumption [3]. In the
past decade, a lot of many half-metallic ferromagnets have
been carried out listed up to now in three main classes [4]:
Heusler alloys such as Mn,VZ (Z = Ga, Ge, Sn, Al, In) [5];
binary systems with zinc blende (ZB) or diamond struc-
tures such as MnBi and MnAs [6, 7]; and oxides such as
CrO, [8] and Fe;04 [9]. However, the majority of these
half-metallic ferromagnets mentioned above are based on
Mn?* since their physical properties are not complicated.
The 3d states are half occupied, and there is no orbital
moment (S = 5/2, L = 0) according to Hund’s rules. In
addition, these states can be inserted without any influence
on the crystallographic structure [10]. But for the most of
them, the main disadvantage is that they have low Curie
temperatures, it is well below room temperature, and rarely
do they reach to 100% in spin polarization [11].

To contribute to the quest for new half-metallic ferromag-
nets and based on the works of Bjorn Alling [12], we present
an ab initio study on the doping effect on the electronic and
magnetic structure of Gd-doped Tig sMg, 5N alloy.
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The paper is organized as follows: Section II gives a brief
description of the method used in the calculations. The calcu-
lated results are presented and analyzed in Section I1I. A sum-
mary is presented in Section V.

2 Methodology

The calculations presented here are performed with the code
“mcsqs” implemented in the Alloy Theoretic Automated
Toolkit (ATAT) [13] to find the structure that best matches
the correlation functions of random alloys by leaving from
TiN primitive cell witha=4.24 A [12]. In this work, weused a
special quasirandom structure (SQS) [14] approach to mod-
ulate our configurationally disordered alloy TiMgN. We note
also that the 32 atoms SQS given in Fig. 1 reproduce the
multisite correlation functions of perfectly the fcc alloy.
After the determination of the structure and in order to inves-
tigate the electronic and magnetic properties of our alloy, we
have performed ab initio self-consistent calculations based
on the density functional theory (DFT)[15, 16] implemented
in the Wien2k code developed by Blaha and Peter et al. [17].
The atoms were represented by the full-potential linearized
augmented plane wave (FPLAPW) method [18]. In this
method, the wave functions, charge densities, and potentials

Fig. 1 SQS-32 atoms for x = 0.5 in Ti;_MgN
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are extended into spherical harmonics without overlapping
muffin-tin spheres, and plane waves are used in the remain-
ing interstitial region of the unit cell. In the code, the states of
the heart and valence are treated differently. The core states
are treated by arelativistic approach of Dirac-Fock, while the
valence states are treated by a scalar relativistic approach.
The electronic exchange and correlation functions were
processed using the generalized gradient approximation of
Perdew-Burke-Ernzerhof [19] and the modified Becke-
Johnson potential [20], as well as their added versions on
the Coulomb interaction, GGA (mBJ) + U [21]. The U pa-
rameter of the Gd 4forbital varies from 0 to 8 eV. At the same
time, we used an appropriate set of k-points to calculate the
total energy. The bulk modulus and the equilibrium lattice
parameter were evaluated using the Murnaghan’s state equa-
tion [22] to adjust the volume curves as a function of energy.
The electronic states of the atoms in the crystal have been
chosen with the valence configurations of Ti, 3s23p63a’24s2 ;
Gd, 4f5d"6s*; Mg, 3s*; and N, 25*2p°. The values of 2.2
Bohr for the gadolinium, 1.8 Bohr for titanium, 1.8 Bohr
for magnesium, and 1.7 for nitrogen as the muffin-tin (MT)
radii were used. The total energy was minimized using a set
of 56 k-points in the irreducible sector of the Brillouin zone,
and the value of 7 for the cutoff energy was used. The self-
consistent calculations are considered to be converged only
when the calculated total energy of the crystal converged to
less than 1 mRy.

The substitutional defects are considered where two Gd
ions in the Ti sites were substituted for two possible configu-
rations, near and far as mentioned in Fig. 2.

3 Results and Discussion

3.1 Structural and Electronic Properties of the Alloy
Parent

To study the relative stability of TiysMgg sN alloy, we have
evaluated the formation and cohesion energies. The energy
formation is given by the formula:

1

AH = m [Etotal_fooﬁd_yEsBoﬁd_ZEfohd] (1)
where E, is the total energy of the unit cell and x ,y, and z are the
numbers of Ti, Mg, and N atoms, respectively, used in supercell. E2 .,
EB .., and EC ,, are the energies per Ti, Mg, and N atoms in
the alloy. The calculated energies of Ti, Mg, and N atoms are
—1707.28, —400.45, and —109.08 Ry/atom, respectively. The
energy formation value is —5.26 eV/atom, which confirm that
our alloy is thermodynamically stable.

The cohesive energy also a key factor for determination of
stability of crystal, defined as the energy that must be added to
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Fig. 2 Near (a) and far (b)
positions of Gd ions doped in
TipsMgosN alloy

the alloy to separate its components into neutral free atoms, is where X, y, and z are the numbers of Ti, Mg, and N atoms in

given by the formula: unit cell, respectively. E4, EZ  and ES,  are the energies

of the isolated atoms of Ti, Mg, and N, respectively.
The calculated energies for Ti, Mg, and N isolated atoms

1
Econ = ————— Erorar XE o VES i 2ES, 2
<oh ot E ion ™Y on™Eagon] @ are —1707.13, —400.55, and —108.90 Ry/atom, respectively.
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Fig. 3 The total and partial densities of states of Ti,Mg;_ N alloys obtained by the GGA-PBE calculations for 0 <x < 1. The Fermi level is taken at zero
energy
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Fig. 4 The total and partial densities of states of TiN, MgN compounds, and their corresponding alloy Tig sMgg sN obtained by the GGA-PBE and mBJ
calculations. The Fermi level is taken at zero energy

So the cohesive energy is —6.65 eV/ atom confirming the
stability of this structure.

The total and partial densities of states of pure crystals for
TiN, MgN, and their ternary corresponding alloy Tig sMgo sN
are show in Fig. 3. It can be observed that there is no band gap
at the Fermi level Er and hence both crystals TiN and MgN are
metallic. For TiN compound near the Fermi level, the DOS is
mainly contributed by Ti-d states, and the lowest valence band
is dominantly by N-p states. But for MgN compound, the
DOS in the vicinity of Ef is originated from N-p orbitals and
the bottom of the valence band from Mg-p states.

For x = 0.5, TipsMgysN alloy exhibits a semiconductor
character.

Recently, the semi-local Becke-Johnson (BJ) exchange-
correlation potential and its modified form proposed by Tran

Table 1 Total energies of TigGd,MggN |4 alloy before and after relaxed
atomic internal positions as function of the Hubbard potential

U(CV) Stablhty Elmrelaxed Erelaxed

0 AFM —60327.7224 —60328.3784
2 M —60327.6269 —60328.3404
4 M —60327.5335 —60328.3061
6 M —60327.4526 -60328.2717
8 M —60327.3805 —60328.2439
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and Blaha (TB-mBJ) have attracted a lot of interest because of
the remarkable correction reported on the gaps of bands for
semiconductors and insulators. In this work, we have also
investigated the performance of the TB-mBJ potential for
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Fig. 5 Magnetic phase stability as a function of the effective Coulomb
interaction of TigGd,MggN ¢ using GGA + U approach
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Fig. 6 Calculated total energy versus volume for TigGd,MggN ;¢ using
GGA + 6 eVapproach for different magnetic configurations

the description of electronic structure in Tip sMgg sN
semiconductor.

For more reliable predictions of the band gap energies, the
TB-mBJ approximation was used to improve this property

(see Fig. 4). The calculated band gaps of TigsMgqsN alloy
using both GGA and TB-mBJ approximations are 0.403 eV
and 1.183 eV, respectively. We conclude that a metal-
semiconductor transition is observed when the Mg content is
equal to x = 0.5 in Ti;_Mg,N alloy. Bjorn Alling [12] predicts
a band gap value of 1.3 eV, which is in close agreement with
our result. We point out that the use of the TB-mBJ potential
gives better results comparing with the GGA approach. Very
recently, B. Wang and D. Gall [23] have experimentally val-
idating that Tip sMgy sN is a semiconductor.

3.2 Gadolinium Doping

In this study, our main purpose is to verify if this alloy can
become a diluted magnetic semiconductor via a doping way.
For that, a pair of Gd atoms is substituted in Ti near sites at
(0.75,0.625,0.75) and (0.25, 0.375, 0.75) and in Ti far sites at
(0.25,0.375, 0.75) and (0.75, 0.625, 0.25) for the three differ-
ent magnetic configurations: ferromagnetic (FM), antiferro-
magnetic (AFM), and nonmagnetic (NM). We used a gener-
alized gradient approximation (GGA) with the additional
Hubbard correction term U (GGA + U) to describe the strong

Ti GdMg,N,, GGA+U

Density of States(States/eV)

|
-10 8 6 4 -2 0 2 4 6 8
E-E_ (eV)

Fig. 7

Total and partial densities of states of the ferromagnetic TigGd,MggN 6 system using GGA + U approach (U varies from 2 eV to 8 eV)
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Fig. 8 Total and partial densities of states of the ferromagnetic TigGd,MggN 4 system using TB-mBJ + U approach (U varies from 2 eV to 8 eV)

correlation between the 4f'electrons in Gd ion. First, the atom-
ic internal positions were relaxed using the MINI package of
the WIEN2k code. Table 1 shows total energies before and
after the relaxation as function of the Hubbard potential.

From Figs. 5 and 6, GGA + U calculations show that the
total energy of the ferromagnetic ordering for the near config-
uration is lower and should be the most appropriate to the spin
arrangement of Gd than for all others phases.

In this section, we investigated the electronic properties of
the doped system using GGA + U and TB-mBJ + U approx-
imations. Figures 7-8 show the calculated total and partial
densities of states of the ferromagnetic TigGd,MggN¢

Table 2  The gap energy for minority spin and the calculated local and
total magnetic moments in the FM phase using TB-mBJ + U approach
E, (minority spin) eV Tot (ug) Gd (1)
U=2eV 1.859 12 6.762
U=4eV 1.868 12 6.820
U=6eV 1.878 12 6.855
U=8eV 1.910 12 6.881
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material for different U values. In each figure, the upper panel
shows the DOS of majority (1) spin channel, and the lower
panel is for the minority (|) spin states. The Fermi level is at
zero energy (green line).

GGA + U calculations predict a metallic character for the
doped alloy in both spin directions (see Fig. 7). The partial
densities of states indicate that the U value in GGA + U for-
malism has no significant effect on N-2p states in the valence
band. Near the Fermi level Er, Gd-4f states of the conduction
band move away from Ti-3d orbitals to higher energies with
the increase of U value.

The correct band gaps of semiconductors are highly desir-
able for their effective use in optoelectronic and other photon-
ic devices. However, the theoretical results of the exact band

Table 3 Curie
temperatures and energy U V) AE (meV) Tc K)
difference AE between
AFM and FM 2 77.519 599.713
arrangements of Gd 4 61.332 474487
spins as function of the 6 75.804 586.448
effective Coulomb

8 22248 1721.179

interaction
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gaps are quite challenging to reproduce. These semiconduc-
tors have a mixed binding character, where several electrons
reside in the intestinal regions, which are difficult for proper
theoretical treatment. For this, comparison of the calculated
band gaps by different approximations shows that none of
these methods is effective in reproducing the precise experi-
mental band gaps of semiconductors.

To better analyze the Fermi region of densities of states
of our doped system, the band gaps are re-examined and
successfully reproduced by properly treating the density
of electrons using TB-mBJ + U approach (Fig. 8) in order
to make a detailed comparison of the obtained results by
the two approximations. As shown in Fig. 8, the majority
spin channel presents a metallic character, whereas in the
minority spin channel, an energy gap exists around the
Fermi level. We have summarized our results in Table 2.
We see that the band gap increases from 1.856 eV to
1.910 eV for U = 2 eV and U = 8 eV, respectively, which
depicted that TigGd,MggN;¢s is half-metallic for all
Hubbard parameter used (see Table 2).

As it is known, half-metallic ferromagnets are seen as a key
ingredient in future high-performance spintronic devices, be-
cause they have only one electronic spin channel at the Fermi
energy and, therefore, may show nearly 100 % spin
polarization.

From all these findings, we believe strongly that the TB-
mBJ + U functional is a very useful development for treating
the electronic structure of our semiconductor alloy.

The electronic structure calculation reveals that it is half-
metallic ferromagnet with the half-metallic gap of the order of
1.910 eV for U = 8 eV. Compatible with some important
semiconductors, like Cr,Zn; _ ,Te [24], T} - CuMnSb (T
= Ni, Co) [25], CdS:Eu [26], and many examples, our half-
metallic material could be useful in spintronics.

The calculated total and local magnetic moments per atom
of Gd-doped TigsMgysN alloy are summarized in Table 2.
TB-mBJ + U results show that the total magnetic moment
contribution comes mainly from the Gd ions. The calculated
total magnetic moment is 12 pp for all values of U, and it is
exactly an integer value as expected for the half-metallic com-
pounds [27]. From Table 2, it can be seen that the magnetic
moment of Gd atom increases with the increase of the
Hubbard value.

All theoretical approach based on the density functional
theory (DFT) underestimates largely the band gap comparing
to the experiment. On the other hand, the magnetic moment of
Gd atom is equal to 7 pg, and TB-mBJ + U results show that
the magnetic moment increases by varying the U-potential
from 2 eV (6.762 ug) to 8 eV (6.881 ug ~ 7 ug).

The absence in the literature of any experimental or theo-
retical information about the electronic structure and magnetic
properties of this compound has led us to use the band gap and
the magnetic moment of Gd atom as two basic criteria to select

the better U. We can deduce that the value of 8 eV is more
appropriate to this kind of material.

In order to estimate the curie temperature T¢ of our studied
system, we have used the Heisenberg model [28]:

U=-2J;5.S; (3)

where S; and S; are the electron spins of Gd at siteiand j and J;;
is the exchange integral between sites i and j. We can establish
a relation between the exchange integral J and temperature T¢
if we use the total energy difference AE = Epv—Epy in this
model within the mean field approximation as:

AE =28(25 + 1)J (4)

And by using the Brillouin function expression, we obtain:
2
KpTc =3 AE (5)

where Kp is the Boltzmann constant. With this way, we can
evaluate T from first-principles calculations, which are sum-
marized in Table 3. It can be seen that T increase with the
increase of U since the total energy is also affected by this
parameter.

4 Conclusions

In this paper, we have studied the magnetic phase stability and
electronic properties of Gd-doped TiysMgy sN alloy using
L/APW + lo method. We have found that our doped alloy
depicted a ferromagnetic character and TB-mBJ + U calcula-
tions of the DOS show that it is a half-metallic (HM) ferro-
magnet. We also estimated the Curie temperature average of
about 350 k using the Heisenberg model in the mean field
approximation.

As a whole, this leads us to conclude that Gd-doped
TipsMgo sN alloy can be a potential candidate for promising
spintronic applications, and we strongly solicit the experiment
to verify these findings.
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