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Abstract

Heusler alloys have caught a lot of attention because they can be really useful in modern
technology. In this study, we investigated the electronic and magnetic properties of CoMnSb
by employing advanced computational methods rooted in Density functional theory and plane-
wave pseudo potential approach. Our investigation uncovers that CoMnSb is a half-metallic
ferromagnet with a half-metallic gap of 0 eV at the equilibrium lattice constant. The total
spin magnetic moments have been computed 3uB per unit cell which is in good agreement with
the slater pauling rule My = Z; — 18 for Half Heusler alloy. The hybridization of the eg and
t2g orbitals of the Co, Mn, and P-orbitals of the Sb are primarily responsible for the band gap.
This indicates that these alloys hold great potential as functional materials for spintronics.
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1 Introduction

The Half-Heusler alloys composition is repre-
sented by the generic formula XYZ where X and
Y are transition metal elements and Z is the main
group sp element. Half-Heusler [1] structure can be
looked at as four-interpenetrating face centre cu-
bic(fce) lattices and has unique four crystal sites
in Wyckoff coordinates. Half-Heusler compounds
crystallize in fcc ¢l structure with space group
F-43m. In this structure X, Y and Z occupy

(0,0,0), (1/4,1/4,1/4) and (3/4,3/4,3/4) sites and
(1/2,1/2,1/2) sites are empty. The Half-metallic
compounds can also be characterised by their in-
teger value of magnetic moments which is in ac-
cordance with the slater-pauling rule M; = Z; — 18
where M, is magnetization and Z; is a total number
of valence electron. In this project, we planned to
investigate systematically the electronic and mag-
netic properties of Half-Heusler alloys CoMnSb. In
the present time, Heusler compounds having Co
and Mn atoms pull large attention because of their
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property of strongly ferromagnetic with the high
curie temperature. Heusler alloys catch the inter-
est of many one because of possible study within
the same family of series of integrating diverse mag-
netic phenomena like Pauli paramagnetism, heli-
magnetism, itinerant and localized magnetism or
heavy-fermionic behaviour. At Fermi level at low
temperture some of oxides(e.g Fe304 and crOs) [2],
double peroskites (e.g SraFeReOg) [3] and pyrites
(e.g CoSs) [4] which shows 100% spin-polarization.
Mostly Half Heusler [1] are used in the applica-
tion fields like spin-injection devices,spin-filters [5],
tunnel junctions [6] or GMR devices [7]. In most
cases, half-metallicity has been lost. It is experi-
mentally found [8] that near surfaces and interfaces
half-metallic character is lost. There are also sev-
eral factors which affect the half-metallic character
of Half Heusler alloys [1].

2 Computational details

In this study, we used GGA method imple- mented
in the Quantum Espresso software package vaersion
6.7 to investigate electronic and magnetic proper-
ties of CoMnSb. In order to optimize the lattice
parameter of CoMnSb using the energy minimiza-
tion method we carried out a convergence test on
the kinetic energy-cutoff of the wavefunctions and
the number of k-points in Monk-Horst pack grid
on the basis of crystal structure and lattice con-
stant of produced CoMNSb determine by experi-
ment. To relax the coordinates we maintain force
between atoms less than 1073 Ry/a.u using the op-
timized lattice parameter of CoMnSb. Taking into
account all these computed values, we evaluated
the electronic structure employing the plane wave
pseudo-potential approach within the Quantum-
Espresso distribution of DFT. We use ultra-soft
pseudo-potential from the Quantum espresso page
for Cobalt, Manganese and antimony. SCF thresh-
old was set to 1078 and energy tolerance was set to
10~°Rydberg Monk-Horst pack grids with dimen-
sions of 8x8x8 were used for the sampling of the
brillouin zone. The linear tetrahedral integration
approach was used to calculate the density of the
states. With the help of the tool XCrySden, crystal
structure can be visualized. Graphing and plotting
are done with the help of Gnuplot.

3 Results and discussion

3.1 Electronics properties

The electronic band structure is one of the most
used analytical techniques in the determination of
a crystal’s first-principles electronic structure, par-
ticularly within the Kohnsham framework of den-
sity functional theory [9]. Electronic properties of

solids can be determined and analyzed by using
their band structures. It includes the fundamental
components for practically all crystal characteris-
tics. When many atoms are brought together, their
interaction causes the initial atomic levels to be
perturbed because the atoms in a solid are tightly
packed. According to Pauli’s exclusion principle,
which states that no two electrons can occupy the
same energy state. The orbitals are completely oc-
cupied with electrons [10]. In a solid, the valence
electrons group together and compete to occupy
the same energy level, creating energy bands. The
core electrons, on the other hand, do not change
energy levels and continue to be bound to the nu-
clei. Within each energy band, the outcome is a
continuum of energy levels. In semiconductors and
insulators, a band gap forms as a result of the pe-
riodic potential of the ion cores in the material and
how the electrons react to this potential. The en-
ergy range between the highest occupied and lowest
vacant energy levels is known as the band gap. The
material’s electronic characteristics are determined
by the band gap size, which is dependent on the
substance. For instance, conductors have no band
gap whereas insulators have a wide band gap. Ma-
terials can be categorized as conductors, semicon-
ductors, or insulators. It depends on the width of
their energy bands and the relative position of their
Fermi level, which is the energy level of the high-
est occupied state. The Fermi level is located in
the conduction band because the valence bands in
conductors are broad and overlap. The Fermi level
is found in semiconductors and insulators near the
top of the valence band or within the band gap. A
material’s density of states (DOS), or the number
of electronic states per unit energy range, may also
be used to describe its electronic structure. Den-
sity functional simulations were used to examine
the electronic structures of the CoMnSb [11] alloys
at their equilibrium lattice constants (a=5.82350
a.u). We focus on the DOS in the range of the
Fermi level, which is set to zero and varies from -5
to 3eV since the DOS distribution at the Fermi level
influences the electronic characteristics. Around
the Fermi level, it is clear that there is a signifi-
cant exchange splitting between the majority-spin
and minority-spin states. Particularly, the bands
of the minority-spin states for CoMnSb [11] have
an indirect energy gap at the Fermi level, but the
majority-spin states crossing the Fermi level are
partially filled. As a result, CoMnSb shows half-
metallic [12] characteristics. The computed spin-
polarized band structures for CoMnSb alloy at the
equilibrium lattice constant along the high symme-
try directions in the first Brillouin zone are repre-
sented in Figures la and 1b, respectively. We com-
puted the band structure along the Brillouin zone
route - X —-W—-K-TI'-L-U—-W —L— K which
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Figure 2: Band structure plots of CoMnSb (a) Spin-up and (b) Spin-down.

is shown in Figure 1. We learn that CoMnSb’s elec-
tronic structures exhibit the typical half-metallic
characteristics, the majority-spin band structures
are metallic, but the minority-spin band structures
are semiconducting with a band gap of 1 eV. This
finding is in good accordance with findings from
earlier studies [11]. The augmented spherical waves
investigation was used by Kiibler [13] to conduct a
theoretical study of CoMnSb [14]. He discovered a
DOS that was exactly like ours in terms of its size
gap and the Fermi level, which was situated at the
left edge of the spin-minority gap. The bottom of
the minority-spin conduction bands is placed at 1.3
eV, whereas the top of the minority-spin valence
bands is at 0 €V [14]. The half-metallic gap for
CoMnSb [14] is 0 €V, which is decided minimum of
Ec and Ev. Ec is the energy level of the bottom
minority-spin conduction band in relation to the
Fermi level, and Ev is the absolute value of the top
minority-spin valence band energy in relation to the
Fermi energy. The DOS nature perfectly matches
the band’s results. The hybridization of the eg and
t2g orbitals of the Co, Mn, and P-orbitals of the Sb
are primarily responsible for the band gap. The de-
localized electrons may be responsible for Co and
Mn’s eg and t2g orbitals contribution.

3.2 Magnetic properties

The spin and orbital angular momentum of elec-
trons in their electronic shells give rise to the mag-
netic properties of atoms or ions. The total spin of
the atom or ion is determined by the combination
of the spin and angular momentum vectors of the
electrons. This behaviour is regulated by the laws
of quantum mechanics. It is clear from Hund’s rule
states are energetically favoured. Three quantum
numbers total spin S, orbital angular momentum
L, and total angular momentum J can be used to
describe the state of an atom or ion. According
to the Pauli exclusion principle and Hund’s rule,
the electronic shells of atoms are filled up. The va-
lence orbitals of the atoms hybridize with those of
neighbouring atoms when they are brought together
to form a solid, creating bonding and anti-bonding
states. These states are able to have electrons
added to them in ways that are energetically ad-
vantageous, leading to varied magnetic behaviour in
solids. Some substances contain spontaneous mag-
netic moments, which means they have a magnetic
moment even in the absence of an external magnetic
field. The presence of such spontaneous moments
shows that electronic spins and magnetic moments
are arranged in a predictable way. The magnetic
materials ferromagnets, anti-ferromagnets, and fer-
rimagnets all result from distinct configurations of
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Figure 3: Total and Partial density of state plots of CoMnSb (a) DOS and (b) Pdos.

electronic spins and magnetic moments. By count-
ing the number of unpaired electrons and multiply-
ing the result by Bohr’s magneton, one may get the
total magnetic moment of a substance. 21 valence
electrons in the CoMnSb half-Heusler alloy con-
tribute to magnetism. Four of the 21 valence elec-
trons will initially occupy the Co and Mn 4s states
since these states are lower in energy than the 4p
levels. Seven of them are in majority-spin states for
Co and Mn, while the other ten are in minority-spin
states for Co and Mn. According to Hunds Rules,
a 3d orbital has space for 10 electrons, hence the
3d orbital of majority-spin states are not entirely
filled. The majority spin has a three-hole band,
and the total magnetic moment for a spin should
be 3uB per formula unit. Table 1 contains the com-
puted total spin magnetic moments. It is clear that
these are integral values, which for CoMnSb equals
3uB. The total spin magnetic moments are known
to be My = Z; — 18 for half-metallic, where M, is
the total magnetic moment per unit cell and Z; is
the total number of valence electrons. These to-
tal spin magnetic moments are required to follow
the Slater-Pauling rule [15]. In half-metals [12], the
Fermi energy is often confined in the minority-spin
gap, which makes the spin magnetic moment in-
tegral and the number of occupied minority-spin
states an integer. They have 21 valence electrons
in the CoMnSb. According to the Slater-Pauling
rule [15], CoMnSb’s total spin magnetic moment is
3uB, which is consistent with the findings of our
first principles. The computed magnetic moments
have been found to be in accordance with previous
CoMnSb [14] theoretical studies. As can be ob-
served, various atoms contribute differently to the
magnetic characteristics due to differences in their
spin magnetic moments. The CoMnSb alloy’s Mn
atom has the highest spin magnetic moments, while
Sb contributes very little to the alloy’s overall spin
moment. These quantitative findings show that Mn
atoms, which are present in the compounds in a
high spin state, account for the majority of the to-
tal spin magnetic moments. The magnetic moments

of Co and Sb in the half-Heusler alloy CoMnSb [14]
have a negative sign. The induced magnetic polar-
ization of the Co and Sb atoms is antiparallel to
that of the Mn atoms, as seen by the negative sign
in their local magnetic moments. It also demon-
strates the existence of ferromagnetic coupling in

CoMnSb [11].

Table 1: Calculated total magnetic moment (M)
for CoMnSbh.

GGA

Magnetic moments in (up)

Co -0.0879
Mn 3.1275
Sb -0.0605

4 Conclusion

With the help of DFT, GGA, and Quantum
ESPRESSO code, this paper has effectively ana-
lyzed the electronic and magnetic characteristics of
CoMnSb. First, we created the optimized unit cell
of the FCC structure of CoMnSb [11]. The kinetic
energy (cut-off energy) with a k-point grid of 9x9x9,
is discovered to be 90 Ry during optimization. The
estimated lattice parameter was then determined to
be 5.82350 a.u, which is only 0.4% deviated from the
experimental data but still extremely close to them.
As a result, the lattice parameter of CoMnSb [11]
computed with the GGA approach agrees well with
experimental data. The GGA technique in the
QE package is then used to investigate the band
structure and density of states. This demonstrates
that the plane-wave pseudopotential approach may
be employed with the quantum ESPRESSO code
to do first-principles calculations to analyze more
complicated electronic and other systems. Between
the majority-spin and minority-spin bands of the
Co 3d and Mn 3d states, there is a significant ex-
change splitting. CoMnSb is a half-metallic ferro-
magnet with a half-metallic gap of 0 eV at an equi-
librium lattice constant. The total spin magnetic
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moments that have been computed is 3uB per unit

cell,

which is in good agreement with the Slater-

Pauling law [15]. It is discovered that the observed
results agree with previous experimental and theo-
retical results.
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