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ABSTRACT: In this article, the adsorption of NOx (x = 1, 2) gas
molecules on the (001) surface of CoFeMnSi quaternary Heusler
alloys has been investigated theoretically with density functional
theory (DFT) calculations. The adsorption strength was estimated
with adsorption energy (Ea), magnitude of charge transfer (ΔQ),
charge density difference (CDD), minimum distance between
molecule and surface (d), and adsorption mechanism was analyzed
with density of states. The results showed that unlike half-metallic
nature of the bulk phase, the pristine CoFeMnSi(001) surface
exhibited metallic character caused by the emergence of electronic
states of the atoms in the top-most layer of the surface. It was found
that both NO and NO2 molecules undergo chemical adsorption and
strongly interact with the surface evidenced by the large value of Ea
and ΔQ. In particular, the NOx molecule dissociates into N and O
atoms for some adsorption configurations. Bader charge analysis reveals that NOx molecules act as charge acceptors by drawing
charge from the surface atoms through p−d hybridization. Such findings might be useful in the development of Heusler alloys based
gas sensors.

1. INTRODUCTION
Heusler alloys may exhibit metallic, semi metallic, or
semiconducting properties with different crystalline struc-
tures.1 The electronic structures of such alloys could be
designed by elemental substitution which enables tuning their
functional characteristics.2 Equi-atomic quaternary Heusler
alloys with a general formula ABCD and stoichiometry of
1:1:1:1 have received much attention recently due to their
extraordinary properties.3 The spin-gapless semiconductor
Heuslers have zero band gap for the majority electrons while
they have non-zero band gap for the minority electrons; thus,
they can be utilized for multiple applications including
spintronic devices.4 Devices based on these alloys have low
power dissipation than the pseudo ternary alloys because of the
lower length of spin diffusion.5

Transition metals are known for their catalytic properties
that are dominated by multiple factors such as electronic
structures, surfaces, and defects. Alloying of metals modifies
their atomic configuration that can lead to changes in the
catalytic characteristics. The CoFeMnSi quaternary Heusler
alloy has been reported to exhibit three lattices that are
nonequivalent depending on the Co, Fe, Mn, and Si occupancy
within the Wyckoff coordinate.5 Accordingly, CoFeMnSi may
crystallize in either of three structures (Y-type).

Recently, Mishra et al. investigated thin films based on
CoFeMnSi Heusler alloys by examining their structural,
magneto transport, magnetic, and charge transport features.5

They suggested effective contribution of skew scattering that is
phonon-related; thus, both carrier concentration as well as
mobility were approximately temperature-independent. Ilkhani
et al. investigated the electronic, magneto-optic, and magnetic
properties of CoFeMnSi and CoFeMnAs Heusler alloys using
density functional theory computations.4 The results showed
the highest magnitude for Kerr rotation by 0.21° and 0.12°
assigned to CoFeMnAs and CoFeMnSi alloys, respectively.
Mebed et al. examined the adsorption of CO gas on the (001)
surface of CrCoIrGa Heusler alloy using DFT computations.6

The observed adsorption energy values along with charge
transfer and the adsorption length predicted strong chem-
isorption of CO on the (001) surface which may be utilized for
gas sensor applications. Kojima et al. explored Heusler alloys
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for propyne hydrogenation as well as carbon monoxide
oxidation. Co2FeGe revealed greater activity than the pristine
Co element for propyne hydrogenation, and neither Ge nor Fe
showed clear activity.2 For carbon monoxide oxidation, most of
the alloys presented clear activity. Hence, the interaction
strength of Heusler alloys toward adsorbates can be tuned by
using the appropriate combination of elements. They also
demonstrated in a separate study7 a systematic way for tuning
the adsorption properties by fractional substitution with new
elements.
Emission of nitrogen oxides is normally correlated to energy

consumption and emission of co-emitted gases, along with the
release of greenhouse gases.8 NO and NO2 are usually released
as a result of fossil fuel combustion, and they react with ozone,
causing photolysis of NO2.

9 This is normally converted to
either nitrates or nitric acid, extracted through wet and dry
processes from the atmosphere. Furthermore, NO and NO2
contamination of the environment generates severe con-
sequences, for example, smog, acidic rain, damage of the
ozone layer, and well-known global warming.10 Therefore, to
reduce and control such issues, the development of NOx-based
sensors is highly desirable. Several efforts have been devoted
for the design of high sensitive and selective materials and
methods for the detection of NOx gases.

11−15

The main objective of this work is to explore the suitability
of Heusler alloy CoFeMnSi for the sensing of toxic gases
emitted from multiple sources, which may result in severe
environmental and health issues. Herein, the adsorption of NO
and NO2 molecules on the (001) surface of CoFeMnSi
quaternary Heusler alloy is explored by means of density
functional theory calculations. The adsorption of gas molecules
is evaluated by the quantification of adsorption energy, charge
transfer, and modifications in electronic properties, along with
charge density difference.

2. COMPUTATIONAL METHODS AND DETAILS
The present study was based on density functional theory
(DFT)-based quantum mechanical total energy calculations,
performed with Vienna Ab initio Simulation Package (VASP),
which uses pseudo-potentials and plane-wave basis set and
describes the interaction between electrons and ions with
projector augmented wave method (PAW).16 In its founda-
tion, the standard DFT fails to accurately describe the
contribution of electron−electron interactions (due to spins
and charge) to the total energy of the system; therefore, the
exchange-correlation energy EXC = KEint

e − KEnon − int
e + PEint

ee −
PEH

ee (where KEint
e , KEnon − int

e , PEint
ee , PEHF

ee describe the kinetic
energy of interacting electrons, kinetic energy of non-
interacting electrons, Coulomb energy for interacting elec-
trons, and Coulomb energy for electrons computed within
Hartree−Fock approximation) is calculated with some
approximations. In our case, the XC part of the total energy
was calculated using generalized gradient estimation (GGA)
proposed by Perdew−Burke−Ernzerhof (PBE).17 The plane
waves were expanded with an energy cut-off of 500 eV.
Simulations were started from the calculation of the lattice
constant, magnetic coupling, and electronic properties of bulk
CoFeMnSi. The bulk unit cell was relaxed with a mesh of 10 ×
10 × 10 k-points, and the density of states was computed using
a relatively dense mesh of 12 × 12 × 12 k-points. To obtain the
(001) surface, the relaxed structure of bulk CoFeMnSi was cut
in a direction normal to the c-vector of the unit cell and a two-
dimensional slab model of the surface was obtained by setting
a vacuum level of about 15 Å in the z-direction, which ensures
that there is no interaction between the periodically repeating
surfaces along the z-direction. The (001) surface of CoFeMnSi
was composed of five atomic layers such that during the relax
process, the bottom three layers were kept fixed at a bulk

Figure 1. (a) Atomic structure, (b) band structure, and density of states of the bulk CoFeMnSi Heusler alloy.
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configuration and only the atoms of top two layers were
allowed to relax using selective dynamic and a mesh of 2 × 2 ×
1 k-points in the Brillouin zone. Other properties including the
Bader charge, density of states, and charge density difference
were obtained with 5 × 5 × 1 k-points.
The NOx (x = 1, 2) molecule was first relaxed in the isolated

form then placed above the surface at various sites with an
initial distance of 1.6 Å from the surface. The long-range van
der Waals (vdW) interactions were incorporated in the scheme
of dispersion of Grimme (i.e., DFT-D3).18 The interaction of
molecules with the surface was examined by calculating the
adsorption energy Eads, adsorption height h, minimum distance
between molecule and surface d, charge transfer between the
molecule and adsorbent ΔQ, Fermi energy EF, total magnetic
moment M, spin-polarization SP, and charge density difference
(CDD) plots. The Eads was calculated using eq 1, given below

= +E E E Eads (surface molecule) (surface) (molecule) (1)

where E(surface + molecule), E(surface), and E(molecule) represent the
total energy of the system of the surface and molecule, total
energy of the surface, and total energy of the isolated molecule.

3. RESULTS AND DISCUSSION
3.1. Bulk CoFeMnSi. Figure 1a reveals the relaxed unit cell

structure of the bulk CoFeMnSi (CFMS) quaternary Heusler
alloy. This compound forms a Y-3 type (prototype LiMgPdSn)
face-centered cubic lattice of the F-43m (#216) symmetry. The
unit cell of CFMS is composed of four atoms (Co:Fe:Mn:Si =
1:1:1:1) where Co, Fe, Mn, and Si atoms occupy the Wyckoff
position 4d(3/4,3/4,3/4), 4a(0,0,0), 4b(1/2,1/2,1/2), 4c(1/
4,1/4,1/4), respectively.19 The subparts of the CFMS unit cell
(Figure 1a right panel) have the AB4 configuration where the
element A (Co, Fe, Mn, or Si) is coordinated with four B
atoms of different types.
For example, when A = Co, the B atom of the AB4 unit

represents Mn and Si atoms. Owing to the presence of
magnetic elements in the given compound, it is important to
consider the spin effect in the structure relaxation. Therefore,
CFMS is fully relaxed in spin-polarized calculations. The
results showed that CFMS has a lattice constant a of 5.598 Å
and is ferromagnetic in the ground state. This value of a is in
agreement with a value of 5.588 Å reported by Alijani and co-
workers.19 In addition, the average distance between A and B
atoms was found to be 2.42 Å, and the B−A−B angles are
109.5° and 70.5°. The ground-state spin-polarized band
structure and density of states (DOS) of the CFMS are
presented in Figure 1b. Clearly, the band structure of majority

electrons and minority electrons is not identical at the Fermi
level EF (0 eV energy level). In the majority electron band
structure, the energy bands cross the EF at multiple values of
the k-vector, showing the metallic character of the majority
electron states, while the energy band diagram of minority
electrons has a distinct band gap (Eg) around EF. Thus, CFMS
is said to be a half-metallic (HM) material, i.e., fully spin-
polarized, and it has been reported as HM in the literature as
well.19 The opening of the band gap in the minority bands
might be attributed to the splitting of both energy bands
(majority and minority) caused by the exchange interaction
among the atoms, due to which EF is shifted above the filled
minority energy bands. Furthermore, in the majority electron
band structure, the valence band maxima (VBM) and
conduction band minima (CBM) are located at the same
value of the k-vector, which confirms a direct band gap. The
calculated band gap is ∼0.44 eV and the HM gap, which is
regarded as the fundamental descriptor of the HM property
and is taken as the energy difference between EF and CBM, is
also ∼0.44 eV because the valence band top (VBM) also lies at

Figure 2. (a) Relaxed geometry of the (001) thin film surface of CoFeMnSi, (b) top view of the first layer (ML-1), (c) top view of the second layer
(ML-2), (d) various adsorption sites on the (001) surface, (e) vertical displacement (ΔZ) of atoms in ML-1 and ML-2.

Figure 3. (a) TDOS of the (001) CoFeMnSi surface, (b) PDOS of
the constituent Co, Fe, Mn, and Si atoms, (c) orbital DOS (ODOS)
of Co atom in ML-1, (d) ODOS of Fe atom in ML-1, (e) ODOS of
Mn atom in ML-2, and (f) ODOS of Si atom in ML-2.
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the EF. Such phenomena could be utilized for devices based on
spin-tunable charge transport phenomena.1

3.2. Bare CoFeMnSi(001) Surface. Next, we analyze
some basic properties of CFMS in the (001) thin film form.

The relaxed structure of the (001) surface of CFMS, is shown
in Figure 2. The side view of this figure reveals that the present
(001) surface is composed of atomic layers, namely, the first
layer (ML-1, the top-most layer, and it is composed of only Co

Figure 4. Initial and final (relaxed) configurations of NO and NO2 molecules adsorbed on the (001) surface of CoFeMnSi. (a1) NO on the top of
the Co atom of ML-1, (b1) NO on the top of the Fe atom of ML-1, (c1) NO on the top of the Mn atom of ML-2, (d1) NO on the top of the Si
atom of ML-2, (e1) above the hollow site, (a2) NO2 on the top of the Co-atom of ML-1, (b2) NO2 on the top of the Fe atom of ML-1, (c2) NO2
on the top of the Mn atom of ML-2, (d2) NO2 on the top of the Si atom of ML-2, (e2) NO2 above the hollow site.

Table 1. Adsorption EnergyEa (eV), Charge Transfer between Molecule and Adsorbent ΔQ|e| (Negative Value Means
Adsorbent Donates Charge to Molecule), Nearest Atom to Atom Distanced (Å), Fermi EnergyEF (eV), Total Magnetic
MomentM (μB) and Spin-Polarization SP (%) Calculated at the DFTD3 Level for NOx Molecules Adsorbed on the (001)
Surface of CoFeMnSia

gas site Ea ΔQ dmin EF M SP molecule

NO Co-top −4.348495 −0.307014 1.78 0.8570 117.91 62.34 dissociated
Fe-top −3.184635 −0.404074 1.64 0.8657 118.00 37.07 compact
Mn-top −3.492315 −1.244577 1.86 0.8708 119.17 42.47 compact
Si-top −6.167045 −2.19991 1.87 0.8885 115.22 9.97 dissociated
hollow −5.121935 −2.517358 1.93 0.8956 118.90 38.91 dissociated

NO2 Co-top −3.040941 −0.773266 1.82 0.8348 119.85 38.8 compact
Fe-top −2.374251 −0.670055 1.84 0.8032 117.72 5.26 compact
Mn-top −3.311821 −1.248353 1.93 0.8567 120.18 19.37 compact
Si-top −0.079601 −3.593612 1.89 0.9324 119.89 22.91 dissociated
hollow −3.460821 −1.030912 1.84 0.8496 120.89 19.85 compact

aPristine (001) surface: M = 121.54 μB, EF = 0.8431 eV, SP = 26.2%.
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and Fe atoms), second layer (ML-2, the second top-most layer,
and it contains only Mn and Si atoms), third layer (ML-3),
fourth layer (ML-4), and fifth layer (ML-5). It is well
understood that physical and chemical properties of thin film
surfaces are mainly controlled by the top-most layers;
therefore, we pay particular attention to the structural,
electronic, and magnetic properties of ML-1 and ML-2 (and
their top views are shown in Figure 2b). The vertical
displacement (i.e., along the z-axis) of the atoms in ML-1
and ML-2 is shown in Figure 2e, where the positive (negative)
sign indicates outward (inward) displacement. It is inspected
that in ML-1, Co atoms have 0.097 Å downward and Fe ones
have 0.166 Å upward vertical displacements, whereas, in layer
ML-2, Mn atoms are displaced by 0.012 Å in the upward
direction and Si atoms are displaced about 0.025 Å downward.
In addition, due to the presence of vacuum above the ML-1,
the atoms of the ML-1 are not fully saturated chemically (i.e.,
possess dangling bonds) and interact only with intralayer
atoms (of ML-1) and interlayer atoms of ML-2. On the other
hand, the atoms in ML-2 have a bulk-like environment because
they are surrounded by ML-1 atoms and ML-3 atoms.
Similarly, the atoms in the middle and bottom of the surface
(MLn, n = 3, 4, 5) have a bulk-like configuration and are fixed
at their actual position. Because of such displacements, the
local geometry of the surface is changed, and some distortions
or reconstructions emerge in the surface, which profoundly
affect the actual properties of the bulk counterpart. In order to
estimate the effect of surface reconstruction on the electronic
properties of CFMS, total, partial, and orbital density of states
(TDOS, PDOS, and ODOS) are computed, as shown in
Figure 3.
TDOS (Figure 3a) describes the global degree of spin-

polarization (SP) in the CFMS (001) surface. Obviously, a
considerable population of both majority and minority
electronic states is present at EF, corroborating the metallic

nature of the CFMS (001) surface. Thus, the bulk HM
property of CFMS is lost in the CFMS (001) surface. The
reason behind the HM to metallic transition can be traced with
the help of PDOS/ODOS plots. In Figure 3b, it is shown that
the electronic states appearing at EF in the minority spin
channel mainly belong to Co and Fe atoms, while Mn and Si
atoms have apparently no contribution. The analysis of ODOS
plots shows that induced states at EF in the spin-down channel
are dominated by the dxy, dyz, dzx, and dx

2 orbitals of Co atoms
in the ML-1 and dxy, dyz, and dzx orbitals of Fe atoms in the
ML-1. In contrast, the Mn and Si atoms have shown no
significant role in the formation of energy bands at EF. The
reason for the emergence of Co-d and Fe-d states at EF is that
these atoms (in ML-1 of the surface) have some unfilled d-
states which are shifted toward unoccupied higher energy
states. That is why, the bulk HM property is lost and CFMS
(001) behaves like a weakly spin-polarized material.
3.3. CoFeMnSi(001) Surface with NOx (x = 1, 2)

Molecules. In the following sections, we discuss the
adsorption behavior of NO2 (x = 1, 2) molecules on the
CFMS (001) surface. Five possible absorption sites, namely,
A-, B-, C-, D-, and E-sites, are shown in Figure 2c.
The A-site lies on the top of the Co atom (in the ML-1), the

B-site lies on the top of the Fe atom (in the ML-1), the C-site
lies on the top of the Mn-atom (in the ML-2), the D-site is on
the top of the Si-atom (in the ML-2), and the E-site is the
interstitial hollow site and lies in the middle of all atoms.
Figure 4 reveals the relaxed structures before and after the

adsorption of gas molecules on the selected adsorption sites. A
gas molecule is placed on each site horizontally at a separation
of 1.5 Å from the CFMS (001) surface as can be seen in the
side view of the initial configuration. The figure in final
configurations reveals that both NO (Figure 4a1−e1) and NO2
(Figure 4a2−e2) establish bonds with the CoFeMnSi structure
at all sites. The local geometry is deformed at the adsorption

Figure 5. CDD plots of (a1) NO on the top of the Co-atom of ML-1, (b1) NO on the top of the Fe atom of ML-1, (c1) NO on the top of the Mn
atom of ML-2, (d1) NO on the top of Si-atom of ML-2, (e1) above the hollow site, (a2) NO2 on the top of Co-atom of ML-1, (b2) NO2 on the
top of the Fe atom of ML-1, (c2) NO2 on the top of the Mn atom of ML-2, (d2) NO2 on the top of the Si atom of ML-2, (e2) NO2 above the
hollow site. Yellow (cyan) region represents charge accumulation (depletion). Plots are visualized at the iso-surface value of 4.0 10−3 e/Å3.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c00569
ACS Omega 2023, 8, 14005−14012

14009

https://pubs.acs.org/doi/10.1021/acsomega.3c00569?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00569?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00569?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00569?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c00569?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


sites, and to account for adsorption, thus, the adsorption
lengths are identified.
The adsorption of gas molecules and chemical bond

formation is further examined by the evaluation of the
adsorption energy. The adsorption energy is −4.35, −3.18,
−3.49, −6.17, and −5.12 eV for NO gas adsorbed on top of
Co, Fe, Mn, Si, and hollow sites, respectively. Additionally, its
value is −3.04, −2.37, −3.31, −0.08, and −3.46 eV for NO2
gas adsorbed on A-, B-, C-, D-, and E-sites, respectively (Table
1).
The negative adsorption energy indicates that gas adsorption

lowers the energy of the CFMS (001) structure because of the
formation of the bonds. The results reveal that the adsorption
energy for NO is generally higher than that of NO2 with a
maximum for NO adsorbed on the top of the Si atom. The

adsorption of NO and NO2 on the CFMS (001) surface is
further examined using the charge transferred between gas
molecule and the CFMS (001) surface, as presented in Figure
5. The figure reveals contours of charge density difference that
represent a picture of the physical charge exchange. Charge is
moved from the surface to the molecule through its extraction
from anti-bonding states to guarantee the gas-substrate bond
formation. The value of charge transferred is evaluated to be
−0.30e, −0.40e, −1.24e, −2.20e, and −2.52e for NO gas
adsorbed on top of Co-, Fe-, Mn-, Si-atom, and hollow site,
respectively. The value of charge transferred is evaluated to
0.77e, −0.67e, −1.25e, −3.59e, and −1.03e for NO2 gas
adsorbed on the top of Co-, Fe-, Mn-, Si-atom, and hollow site,
respectively (Table 1). The negative charge indicates that
charge is transferred from the CFMS (001) surface to NOx (x
= 1,2) molecule. The results indicate that NO adsorbed on the

Figure 6. (a1) TDOS of NO on the top of the Co-atom of the (001)
CoFeMnSi surface, (a2) PDOS of Co, Fe, Mn, Si, N, and O atoms,
(a3) ODOS of the Co atom in ML-1 and ML-3, (a4) ODOS of the N
atom of NO, (a5) ODOS of the O atom of NO, (b1) TDOS of NO
on the top of the Fe atom of the (001) CoFeMnSi surface, (b2)
PDOS of Co, Fe, Mn, Si, N, and O atoms, (b3) ODOS of the Fe atom
in ML-1 and ML-3, (b4) ODOS of the N atom of NO, (b5) ODOS
of the O atom of NO.

Figure 7. (a1) TDOS of NO2 on the top of Co atom of the (001)
CoFeMnSi surface, (a2) PDOS of Co, Fe, Mn, Si, N, and O atoms,
(a3) ODOS of the Co atom in ML-1 and ML-3, (a4) ODOS of N
atom of NO2, (a5) ODOS of the O atom of NO2, (b1) TDOS of NO2
on the top of Fe atom of the (001) CoFeMnSi surface, (b2) PDOS of
Co, Fe, Mn, Si, N, and O atoms, (b3) ODOS of Fe atom in ML-1 and
ML-3, (b4) ODOS of the N atom of NO2, (b5) ODOS of the O atom
of NO2.
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top of the Si atom exhibits the maximum value of charge
transferred that is consistent with its evaluated adsorption
energy. Whereas in adsorption of NO2 molecules, the
maximum value of charge transferred is again on the top of
the Si atom site, but the adsorption energy is minimum among
all other atoms. NO2 gas has maximum adsorption energy on
the hollow site. It is found that NO molecule dissociates into
nitrogen (N) and oxygen (O) atoms as evidenced by the
calculated distance between N and O atom d(N, O) is 3.61,
1.18, 1.39, 5.58, and 3.07 Å, respectively, for the Co-top, Fe-
top, Mn-top, Si-top, and hollow-top site. However, NO2
molecule dissociate into atomic N and O atoms only for the
adsorption at the Si-top site with d(N, O) of 3.013 Å.
However, for other sites, the N and O atoms of the molecule
maintain their connection, and the d(N, O) value is found to
be 1.35, 1.26, 1.29, and 1.33 Å, respectively, for the Co-top, Fe-
top, Mn-top, and hollow-top site.
Figures 6 and 7 show the TDOS, PDOS, and ODOS of NOx

molecules adsorbed on the top of Co and Fe atoms in the ML1
of the CFMS (001) surface.
It is noticed that the adsorption of the NOx molecule

increases the population of electronic states near the Fermi
level. Similar to the bare surface, the electronic states near the
Fermi level mainly belong to Co and Fe atoms (in the ML1).
The ODOS of Co/Fe atoms shows that the d-orbital of the
atoms in the ML1 is more spin-polarized than the inner layer
ones. For N and O atoms of the NOx, we find that these atoms
are highly spin-polarized after adsorption; particularly, the p-
orbitals have remarkable asymmetry in two spin channels. In
addition, the p-orbitals of N/O atoms are present near the
Fermi level. Such a redistribution of electronic states of N/O
atoms describes the presence of strong interactions between
Co/Fe d-states and N/O p-states. This p−d hybridization of
electronic states allows the gas molecule to interact and draw
the charge from the CFMS (001) surface.

4. CONCLUSIONS
Based on density functional theory (DFT) calculations, herein,
the structural, electronic, and adsorption properties of NOx (x
= 1, 2) gas molecules adsorbed the (001) surface of the
CoFeMnSi quaternary Heusler alloy have been investigated in
detail. The interaction of the molecules with surface was tested
at various symmetry sites. The adsorption strength and its
mechanism were explored with energy (Ea), magnitude of
charge transfer (ΔQ), charge density difference (CDD),
minimum distance between the molecule and surface (d),
and electronic DOS. The results showed that both NO and
NO2 molecules are chemically adsorbed and strongly interact
with the surface evidenced by the large value of Ea and ΔQ. In
particular, the NOx molecule dissociates into N and O atoms
for some adsorption configurations. The Bader charge analysis
reveals that NOx molecules act as charge acceptors by drawing
charge from the surface atoms through p−d hybridization. This
study might play a significant role in exploring the gas sensing
activity of Heusler alloys.
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