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The first-principles approach based on density functional theory (DFT) and the full-potential
linearized augmented plane-wave method were employed to investigate the structural, elastic,
electronic and magnetic properties of NaXNO (X = Ca, Sr and Ba) quaternary half-Heusler
alloys. The generalized gradient approximation (GGA) as parameterized by Perdew, Burke and
Ernzerhof (PBE) and the modified Becke—Johnson exchange potential were used. As far as we
know, we present our results which for the first time quantitatively account for the electronic
structures and magnetic properties of NaXNO (X = Ca, Sr and Ba) quaternary half-Heusler
alloys. From the total energy calculation using three possible atomic configurations («, 5 and v),
it is found that the NaXNO (X = Ca, Sr and Ba) quaternary half-Heusler alloys are more stable
in the ferromagnetic y-phase. From our estimated elastic constants C,;, it is found that all the
considered Heusler alloys are mechanically stable in the y-phase. We have also investigated the
robustness of the half-metallicity with respect to the variation of lattice constants in these alloys.
We have found that these alloys are half-metallic ferromagnets (HMF's) with a magnetic moment
of 2 up per formula unit at their equilibrium volumes. The spin-polarized electronic band struc-
ture and density of states of these quaternary half-Heusler alloys calculated by GGA (mBJ-GGA)
show that the minority spin channels have metallic nature and the majority spin channels have a
semiconductor character with half-metallic gaps of 0.49eV (2.17eV), 0.72eV (2.28eV) and
0.96eV (2.22€eV) for NaCaNO, NaSrNO and NaBaNO quaternary half-Heusler alloys, respec-
tively. Analysis of the density of states and the spin charge density of these quaternary alloys
indicates that their magnetic moments mainly originate from the strong spin-polarization of 2p
states of N atoms and O atoms.
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1. Introduction

Recently, we have shown that many compounds
exhibit half-metallic (HM) nature without the par-
tially filled d atomic orbitals such as the alkaline
earth carbides and nitride binary compounds.'™
The magnetism related to the p atomic orbitals
has been also found in the half-Heusler XYZ,*' the
full-Heusler X,YZ"~'* and the equiatomic quaternary-
Heusler XX'YZ'6:'7 alloys.

The spintronic devices based on Heusler alloys
require the development of new alloys that show
ferromagnetism behavior using elements which are
intrinsically nonmagnetic,”'” or the transition
metal elements.'®?! The Heusler alloys without
transition metals mainly referred to as the d° half-
metallic ferromagnets (HMF's) still constitute a field
of active research.?”?® They have attracted great
interest due to their possible applications in spin-
tronics.?*?® This class of alloys is strongly ferro-
magnetic (FM) made by combining nonmagnetic
elements*? compared to that predicted by de
Groot et al. in 1983.%"

It is well known that the quaternary half-Heusler
XX'YZ alloys adopt the LiMgPdSn-type crystal
structure®* 7 with F43m (No. 216) space group and
Wyckoff positions X(0,0,0), X'(1/2,1/2,1/2), Y (1
/4,1/4,1/4) and Z(3/4,3/4,3/4). Although none of
their constituent elements are magnetic, this new
class of ordered alloys remains until now a subject of
great theoretical and technological interest, due to
their ferromagnetic behavior and the half-metallic
character that they exhibit.

Based on the first-principles electronic structure
calculations, many half-Heusler alloys which do not
contain 3d transition metals were predicted theo-
retically to be HMFs. Recently, using the full-po-
tential local-orbital (FPLO) method, Wei et al.’
have reported the stability, electronic as well as
magnetic properties of CNaCa and SiNaCa ternary-
Heusler alloys. GeKCa and SnKCa half-Heusler
alloys were found to be half-metallic ferromagnets
by first-principles calculations.®®

To the best of our knowledge, there are no ex-
perimental or theoretical studies on the NaXNO
(X = Ca, Sr and Ba) quaternary half-Heusler alloys.
Thus, we employ first-principles calculations based
on density functional theory (DFT) with spin-
polarization to explore the structural, electronic,
elastic and magnetic properties of the NaXNO
(X = Ca, Sr and Ba) quaternary half-Heusler alloys.

We found that NaXNO (X = Ca, Sr, Ba) quater-
nary half-Heusler alloys are half-metals, with po-
tential application prospect in spintronic devices.
The paper is organized as follows: Section 2 details
the computational method employed in this work.
The possible crystal structures of the NaXNO
(X = Ca, Sr and Ba) quaternary half-Heusler alloys
and the results obtained are presented and discussed
in Sec. 3, followed by some concluding remarks in
Sec. 4.

2. Computational Details

In this study, we have performed first-principles
total energy calculations within the DFT*”%? using
the full-potential linearized augmented plane-wave
plus local orbitals (FP-LAPW) method as imple-
mented in the WIEN2K package.*! The exchange—
correlation energy was described with the Perdew—
Burke—Ernzerhof generalized gradient approxima-
tion (GGA-PBE)*? and the modified Becke—-John-
son (mBJ) approach.”® The orbitals, charge density
and potential were expanded using spherical har-
monics in the muffin-tin (MT) spheres. Plane waves
were used in the description of the interstitial region.

The electronic configurations of each element in
the NaXNO (X = Ca, Sr and Ba) quaternary half-
Heusler alloys used in this study are Na: [Ne]3s!, Ca:
[Ar]4s2, Sr: [Kr]5s2, Ba: [Xe]6s2, N: [He]2522p? and
O: [He|2s%2p*. The MT radii of 2.50 bohr for Na and
X (Ca, Sr and Ba) and 2.00 bohr for N and O were
adopted. A set of meshes of 11 x 11 x 11 Mon-
khorst—Pack®* special k-points for the cubic a-, 3-
and ~-phases were used for the Brillouin zone (BZ)
integration in order to obtain converged energies.
The value of 9.0 for Ry x Kyax was used for all
the considered phases. The self-consistent calcula-
tions are converged up to 0.001 mRy. The total
density of states (DOS) was obtained using the
modified tetrahedron method*® with a dense mesh of
17 x 17 x 17 k-points for the stable y-phase.

The mechanical properties which include the
elastic constants (C;;) are of fundamental impor-
tance when considering phase stability at a given
pressure. The mechanical property calculations of
the NaXNO (X = Ca, Sr and Ba) quaternary half-
Heusler alloys in the y-phase were carried out using
the supercell approach in the framework of Hell-
mann-Feynman theorem®® as implemented in the
WIEN2K code*! which consists in evaluating the
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forces due to the finite displacement of an atom from
its equilibrium position.

3. Results and Discussion
3.1. Structural and magnetic properties

The nonspin-polarized (NSP) and spin-polarized
(SP) total energies as a function of volume of the
considered NaXNO (X = Ca, Sr and Ba) quater-
nary half-Heusler alloys are calculated in the cubic
a-, - and y-phases (see Fig. 1). The total energies as

Fig. 1. Schematics of crystal structures of NaXNO (X = Ca,
Sr and Ba) quaternary half-Heusler alloys in the (a) a-phase,
(b) B-phase and (c) y-phase.

a function of volume for the FM and nonmagnetic
(NM) configurations in these three phases are pre-
sented in Fig. 2. From Fig. 2, it is clear that the FM
phases of all considered quaternary half-Heusler
alloys are most favorable than the NM phases, and
that the ~-phase is most stable than the - and
(B-phases. The structural properties were determined
by fitting the total energy versus volume using the
Murnaghan®” equation of states. Our calculated
equilibrium lattice parameters, bulk moduli and
their first derivatives for the NM and FM config-
urations are reported in Table 1. The calculated
lattice parameters and bulk moduli of the NaXNO
(X = Ca, Sr and Ba) quaternary half-Heusler alloys
in the considered «-, 8- and 7-phases increase and
decrease, respectively, with varying X in the fol-
lowing order: Ca — Sr — Ba.

We have also evaluated the formation energy of
the NaXNO (X = Ca, Sr and Ba) quaternary half-
Heusler alloys in the -, 8- and ~-phases using the
following equation'*:

(1)
where ENa*NO ig the equilibrium total energy of

the NaXNO (X = Ca, Sr and Ba) quaternary half-
Heusler alloys, whereas ERUk, phulk  phuk and

EQUk are the total energies of Na, X (where X can
be Ca, Sr or Ba), N and O atoms, respectively, in
their bulk phases. Note that we adopt the fcc phase
(Fm-3m) for Ca and Sr, the cc phase (Im-3m) for
Ba, the v-phase (P4,/mnm) for the ground state of
solid nitrogen”®and the cubic phase (Pm-3n) for Oy
in the calculations of their total energies. Negative
value of the formation energy gives an indication on
the stability of the quaternary half-Heusler alloys.
In Table 1, we have reported the calculated values
of the formation energy. We found that the calcu-
lated formation energies FE; for all considered
phases (a, § and 7) of NaCaNO, NaSrNO and
NaBaNO alloys are —1.11eV/atom, —1.06eV/
atom and —1.05eV /atom, respectively, which in-
dicate that these alloys are thermodynamically
stable due to their lower negative formation ener-
gies and they will not decompose once they have
been formed.

The cohesive energies of the NaXNO (X = Ca, Sr
and Ba) quaternary half-Heusler alloys in the a-, 8-
and -phases have been also computed using the
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Fig. 2. Total energy as a function of volume per formula unit for the nonspin-polarized and spin-polarized spin configurations of (a)
NaCaNO, (b) NaSrNO and (c¢) NaBaNO quaternary half-Heusler alloys in the a-, 8- and y-phases using GGA-PBE.
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Table 1.

The spin-polarized and nonspin-polarized calculation results using GGA-PBE of the lattice parameter

(a, in A), bulk modulus (B, in GPa), its pressure derivative (B'), total magnetic moment per formula unit
(in pp/cell), local magnetic moments puy and po (in pp/atom) of N and O atoms, respectively, spin-polarization
energy AETM-NM (in meV/f.u.), cohesive energy (Eq, in €V/atom) and formation energy (Ey, in eV /atom) of
NaCaNO, NaSrNO and NaBaNO quaternary half-Heusler alloys given in different phases a, 8 and ~.

a B B’ Htot BN Ho AEFM-NM E(zoh Ef
NaCaNO o NSP 5.89 69 4.52
Sp 5.96 64 4.50 1.15 0.68 —269 5.40 —-1.11
8 NSP 5.90 68 4.38
SpP 5.96 63 4.45 1.19 0.61 —345 5.40 —1.11
v NSP 5.90 78 4.35
Sp 5.92 74 4.32 1.23 0.55 -394 5.40 —-1.11
NaSrNO @ NSP 6.13 62 4.59
Sp 6.19 57 4.62 1.20 0.63 —341 5.27 —1.06
16} NSP 6.14 62 4.61
Sp 6.19 57 4.62 1.20 0.60 -394 5.27 —1.06
ot NSP 6.17 66 4.39
SP 6.18 64 4.42 1.25 0.52 —491 5.27 —1.06
NaBaNO o NSP 6.40 56 4.94
Sp 6.45 52 4.72 1.24 0.58 —389 5.26 —1.05
8 NSP 6.40 56 4.58
SP 6.45 53 4.86 1.24 0.56 —437 5.26 —-1.05
ol NSP 6.43 53 4.64
Sp 6.46 55 4.34 1.28 0.47 —559 5.26 —1.05

following relation'*:

NaXNO NaXNO atom atom
Ec :_Etot +ENa +EX
+ E%tom + Eu?)tom7 (2)

where ENoXNO ig the equilibrium total energy of the
NaXNO (X = Ca, Sr and Ba) quaternary half-
Heusler alloys, whereas E™ Ei°™ EY™ and
E&°™ are the total energies of isolated atoms. The
values of E, represented in Table 1 confirm the
structural stability of the quaternary half-Heusler
alloys in the a-, §- and ~-phases. The calculated
cohesive energies for all the considered phases («,
and ) of NaCaNO, NaSrNO and NaBaNO alloys
are 5.40 eV /atom, 5.27 eV /atom and 5.26 eV /atom,
respectively, which are of lower magnitude. More-
over, according to our computed values, it is clear
that the ~-phase needs more energy to be broken
into free atoms than the a- and S-phases.

The calculated total magnetic moment ., and
local magnetic moments uy and po of N and O
atoms, respectively, of the NaXNO (X = Ca, Sr and
Ba) quaternary half-Heusler alloys calculated in
different phases a, § and -y are listed in Table 1. The
results show that the main contribution to the total
magnetic moment comes from the N atoms with

small contribution from the O atoms. It is clear that
all considered quaternary half-Heusler alloys exhibit
integer total magnetic moments of 2 up, indicating
that these quaternary half-Heusler alloys can be
HMFs. Figure 3 shows that during the variation of
the total magnetic moment p,; and the local mag-
netic moments py and po with the lattice constants
of NaCaNO, NaSrNO and NaBaNO quaternary
half-Heusler alloys in the stable ~-phase, they retain
their integer values with the compression and ex-
pansion of the lattice constant around the equilib-
rium value.

3.2. FElastic properties

We have calculated the elastic constants C, ., as well

ijs
as the relative mechanical parameters, such as the
bulk modulus, the shear modulus G, the Young’s
modulus F, the Poisson’s ratio v and Pugh’s ratio
(G/B) using the Hill approach.”” From the inspec-
tion of Table 2, we can notice that our calculated
values of the elastic constants satisfy the Born-—
Huang”’ mechanical stability conditions, indicating
that all the considered alloys are mechanically stable
in the given ~-phase. Furthermore, we notice from
our computed mechanical parameters reported in
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Fig. 3. The variations of the total magnetic moment p,; and
the local magnetic moments uy and pg of N and O atoms of
NaCaNO, NaSrNO and NaBaNO quaternary half-Heusler
alloys as a function of the lattice constant in the stable y-phase.
The vertical dashed lines indicate the equilibrium lattice
constants.

Table 2. The calculated elastic constants C;;, elastic moduli B,
G and E (in GPa) and the Poisson’s ratio v for NaCaNO,
NaSrNO and NaBaNO quaternary half-Heusler alloys given in
the ~-phase using GGA-PBE at zero pressure. The elastic
moduli and Poisson’s ratios are given in the Hill approximation.

Cun Cy Cy By Gy Eg vy 0p GH/BH

NaCaNO 137 45 16 76 25 67
NaSrNO 111 43 17 65 22 60
NaBaNO 85 41 6 56 11 30

0.35 410 0.33
035 324 0.34
041 199 0.19

Table 2 that the lowest value of Young’s modulus £
among the NaXNO (X = Ca, Sr and Ba) alloys is
30 GPa for NaBaNO which means that this alloy is
stiffer than NaCaNO and NaBaNO alloys whose
Young’s modulus values are 60 GPa and 67 GPa,
respectively.

According to the criteria of Pugh®! and Frantse-
vich et al.,”” a compound is ductile if its Pugh’s ratio
value is lower than 0.57 and Poisson’s ratio is higher
than 0.26, respectively. It is clear that all the cal-
culated values of Pugh’s ratio are less than 0.57, as

well as the values of Poisson’s ratio are higher than
0.26, indicating that all the considered alloys are
ductile in nature (see Table 2). Our calculated
values of Poisson’s ratio indicate the presence of
weak ionic bonding character in NaCaNO and
NaSrNO alloys since their Poisson’s ratio values
meet the lower limit of v = 0.33. To our knowledge,
there are no experimental or theoretical data to
compare our results.

3.3. Band structures and density of
states

The spin-polarized band structures for both major-
ity and minority spin channels of NaCaNO,
NaSrNO and NaBaNO quaternary half-Heusler
alloys were calculated at their respective equilibrium
lattice constants in the stable v-phase using GGA-
PBE and mBJ-GGA-PBE, as shown in Fig. 4. The
band structures calculated using GGA-PBE and the
mBJ-GGA-PBE have similar topologies, with the
conduction and valence bands being shifted up and
down with respect to the Fermi level, respectively,
which induces a widening of the gap. Figure 4
indicates that the NaXNO (X = Ca, Sr and Ba)
quaternary half-Heusler alloys in both GGA-PBE
and mBJ-GGA-PBE exhibit a HM behavior with
100% spin-polarization around the Fermi level. We
found that the minority spin channel exhibits a
metallic behavior, whereas the majority spin chan-
nel presents wide indirect bandgaps of 5.19eV
(7.50eV), 4.71eV (7.79eV) and 4.63eV (6.93¢eV)
using GGA-PBE (mBJ-GGA-PBE) for the
NaCaCCl, NaSrCCl and NaBaCCl alloys, respec-
tively. The values of the energy bandgap reported in
Table 3 are larger using mBJ-GGA-PBE compared
to GGA-PBE. The HM gap values of the considered
quaternary half-Heusler alloys using both GGA-
PBE and mBJ-GGA-PBE are reported in Table 3.
The calculated values of HM gaps at the equilibrium
lattice parameters are 0.49eV (2.17eV), 0.72eV
(2.28e¢V) and 0.96eV (2.22eV) using GGA-
PBE (mBJ-GGA-PBE) for the NaCaNO, NaSrNO
and NaBaNO quaternary half-Heusler alloys,
respectively.

The calculated total magnetic moment (1)
satisfies the rule of the Slater—Pauling behavior in
the quaternary half-Heusler alloys.”® In this rule,
Lot 1s related to the total valence electrons (Z;) of
the Heusler alloys. The total magnetic moment pu
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Fig. 4. Comparison of GGA-PBE (dashed line) and mBJ-GGA-PBE (solid line) spin-polarized band structures for both majority
(left-hand side) and minority (right-hand side) spin channels of NaCaNO, NaSrNO and NaBaNO quaternary half-Heusler alloys
calculated in the stable y-phase. The horizontal dashed line indicates the Fermi level.

Table 3. The total magnetic moment per formula unit p, (in pg/cell), local magnetic moments py and
po (in pp/atom) of N and O atoms, respectively, energy bandgap (E,, in eV) and the half-metallic gap
(E;IM, in eV) of the NaCaNO, NaSrNO and NaBaNO quaternary half-Heusler alloys calculated using
GGA-PBE and mBJ-GGA-PBE in the stable y-phase.

Htot HN Ho E, VBM — CBM EM
NaCaNO GGA-PBE 2 1.23 0.55 5.19 W—-X 0.49
mBJ-GGA-PBE 2 1.55 0.58 7.50 W —X 2.17
NaSrNO GGA-PBE 2 1.25 0.52 4.71 W —-T 0.72
mBJ-GGA-PBE 2 1.58 0.53 7.79 W —T 2.28
NaBaNO GGA-PBE 2 1.28 0.47 4.63 A—T 0.96
mBJ-GGA-PBE 2 1.61 0.48 6.93 A—T 2.22
is calculated as'! On the other hand, the Na and X atoms lose
their electrons of the s-orbitals, while the N and O
ot = (N T =N Dpg = 2N T —Zot) 18 . ’
atoms obtain them. For the N atom, two electrons
= (16 — Zyo ) - (3)  occupy the 2s-orbital and three electrons occupy

the 2p-orbital; while for the O atom, two electrons
occupy the 2s-orbital and the fourth electron
occupies the 2p-orbital. According to Hund’s rules,
the majority spin N-2p and O-2p states are fully

According to Eq. (3), fi, is equal to 2 g for all the filled by three ele‘ctrons, while the minority spln
considered quaternary half-Heusler alloys, which are Zp-states are partially filled by two electrons with
in good agreement with the results of Table 1; as  91€ hole. The total magnetic moment of the con-
expected, the considered quaternary half-Heusler sidered quaternary half-Heusler alloys is thus
alloys exhibit an integer magnetic moment. 2.0 up/fou.

NaXNO (X =Ca, Sr and Ba) quaternary half-
Heusler alloys have 14 valence electrons in the unit
cell [one from Na, two from X (X = Ca, Sr or Ba)
atom, five from N atom and six from O atom].

2050022-7
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The calculated spin-polarized total DOSs and PDOSs of NaCaNO, NaSrNO and NaBaNO quaternary half-Heusler alloys

calculated in the stable v-phase using GGA-PBE (left-hand side) and mBJ-GGA-PBE (right-hand side). The vertical dashed lines
indicate the Fermi level. The positive (negative) DOS values correspond to the spin-up (spin-down) states.

The calculated spin-polarized total DOS and
partial DOS (PDOS) values of NaCaNO, NaSrNO
and NaBaNO quaternary half-Heusler alloys calcu-
lated in the stable ~-phase using GGA-PBE and
mBJ-GGA-PBE are shown in Fig. 5. Comparing the
total DOS and PDOS spectra with the calculated
band structures of the considered quaternary half-
Heusler alloys, we can see that for the majority spin
direction, the valence states’ spectra are fully filled
and exhibit a semiconducting nature, whereas in the
minority spin direction, these states are partially
filled and cross the Fermi level exhibiting a metallic
nature. We can see from Fig. 5 that in the region
around the Fermi level, the DOS pattern shows
obvious spin splitting, which reconfirms the half-
metallic nature of these quaternary half-Heusler
alloys. The PDOS spectra in the region around the
Fermi level are mainly due to the N-2p and O-2p
state contributions, while the contributions of Na
and X (X = Ca, Sr and Ba) atoms are small. This is
consistent with the calculated band structures. For
the N-2p and O-2p states, the majority spin states
are fully occupied, while the minority states are
partially occupied. Thus, the magnetism of NaXNO
(X = Ca, Sr and Ba) Heusler alloys is largely pro-
voked by the N-2p and O-2p electrons.

3.4. Charge density

We have also presented in Fig. 6 the effect of spin-
polarization on the total valence charge densities of
these three alloys in the ~-phase using GGA-PBE.
The 2D contour plots show a higher concentration of
spin charge densities for the majority and minority
spin channels of the quaternary half-Heusler alloys
along the X-N and X—O (X = Ca, Sr or Ba) bonds,
and around the nitrogen and oxygen atoms com-
pared to the X atoms. The 2D contour plots show
spatially varying charge densities, but identical for
both the majority (p;) and minority (p;) spin
channels. The contour plots around the N and O
atoms show spatially varying spin density which is a
little bit different for the two spin channels. In-
spection of the 2D contour plots of the valence
charge densities of the quaternary half-Heusler
alloys showed that there exist significant charge
transfers from the X to N and O atoms. The dif-
ferences in the electronegativity values between N
and X atoms (xx — xx = 2.0) and between O and
X atoms (xo — xx = 2.5) using the Pauling elec-
tronegativity scale’® provide a greater ability to N
and O atoms to attract the electrons, and conse-
quently the bond charge maximum moves toward
them, indicating that the large difference in
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Fig. 6.

Contour plots of the total valence charge densities of NaCaNO, NaSrNO and NaBaNO quaternary half-Heusler alloys

calculated for the majority (left panel) and minority (right panel) spin configurations at their equilibrium lattice constants in the

(110) plane of the stable y-phase.

electronegativities is responsible for this charge
transfer resulting in a ionic bond nature of these
quaternary half-Heusler alloys.

From the electron density difference (p; —p|)
difference between majority (p;) and minority (p,)
spin electrons’ charge densities] contour plots,
one can visualize the spin charge transfer of the
quaternary half-Heusler alloys. From Fig. 7, we can
see that the N and O sites are larger than the X sites
for all cases. The contour plots are similar for the

considered quaternary half-Heusler alloys with
slight deviation in the spin charge difference near
the N and O sites. The spin charge density calcula-
tions show that the majority (p;) spin electrons’
charge density differs slightly from the minority (p))
spin electrons’ charge density due to the spin dis-
tributions, therefore, the spin charge transfer is not
similar in both the majority and minority spin
channels. The overall shape of the contour plots,
representing the spin charge distribution, suggests

2050022-9
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Fig. 7. Contour plots of the calculated total spin charge densities (p; — p;) of NaCaNO, NaSrNO and NaBaNO quaternary half-
Heusler alloys calculated at their equilibrium lattice constants in the (110) plane of the stable v-phase.

that magnetism originates from N and O atoms of
the NaXNO (X = Ca, Sr and Ba) quaternary half-
Heusler alloys.

4. Conclusions

In summary, a new class of d° magnetic quaternary
half-Heusler alloys without transition metal ele-
ments was proposed in this paper. Using first-prin-
ciples calculations, we investigated the structural,
mechanical and electronic properties of the
NaCaNO, NaSrNO and NaBaNO quaternary half-
Heusler alloys in the a-, 5- and y-phases using the full-
potential linearized augmented plane-wave plus local
orbitals method within the GGA-PBE and mBJ-
GGA-PBE approaches. We found that the ferromag-
netic ground states are the most stable configurations
for the NaCaNO, NaSrNO and NaBaNO quaternary
half-Heusler alloys in the y-phase. We have demon-
strated through the minimization of the total energy
of the three possible («, 5 and ) phases, as well as the
calculation of the formation and cohesive energies,
that the ferromagnetic y-phase is the most favorable

one. The calculated elastic constants meet the Born—
Huang stability criteria and confirm that the consid-
ered alloys are mechanically stable. In addition, we
found that the materials are ductile according to
Pugh’s criteria.

We found that these quaternary half-Heusler
alloys present a half-metallic behavior in the
~v-phase. The use of mBJ-GGA-PBE compared to
GGA-PBE approximation results in a drastic
change of the electronic structure of these alloys.
The mBJ-GGA-PBE approximation corrects the
half-metallic gap and the energy bandgap of the
majority spin states. For the majority spin channel,
these quaternary half-Heusler alloys show an indi-
rect large bandgap and half-metallic gap. From the
calculated DOS and spin charge densities, we have
concluded that the magnetism in all consid-
ered quaternary half-Heusler alloys is attributed
mainly to the partially filled 2p-orbitals of the N
and O atoms. We found that NaCaNO, NaSrNO and
NaBaNO quaternary half-Heusler alloys have a
ferromagnetic ground state configuration in the
~-phase, producing a total magnetic moment of 2 yp.
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