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Abstract

Half-metallic (HM) ferromagnetic materials have garnered significant attention due to their
potential applications in solid-state electronic devices. Strain manipulation offers a promis-
ing avenue for tuning the physical properties of such materials. In this regard, the structural,
elastic, and strain effect on electronic and magnetic properties of half-Heusler MnSnX (X =
Ni, Cu, and Pd) alloys have been studied in this work. Our findings revealed that these com-
pounds exhibit negative formation and cohesive energies, indicative of their chemical stability
and potential for experimental synthesis, with the exception of MnSnCu. FElastic property
analysis further demonstrated the mechanical stability of all compounds, yet their inherent
brittleness. We observed HM behaviour under uniform compressive strain ranging from -5%
to -14% in MnSnNi and MnSnPd, with band gaps between 0.499 and 0.822 eV calculated using
the GGA method whereas MnSnCu remains metallic under applied strains. The mBJ method
further validated HM characteristics, except for MnSnCu under compressive strains from -6%
to -9% for MnSnNi and -12% to -14% for MnSnPd. The magnetic properties under uniform
compressive strains, where HM nature is achieved, conform to the Slater-Pauling 18-electron
rule, and exhibit 100% spin polarization at the Fermi level. This polarization primarily stems
from the transition metal Mn, with minor contributions from Ni, Pd, and Sn. In light of
our findings, we propose that the electronic and magnetic attributes of these materials can be
enhanced through the application of strains, potentially making them attractive for spintronic
applications.
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1 Introduction

Many research reports have been carried out on
the possibility of half-metallicity (HM) in the half-
Heusler (HH) alloys both experimentally and the-
oretically since 1983, when de Groot and his col-
leagues made a stunning finding about the half-
metallic feature of NiMnSb half-Heusler alloy [1].
HH alloys have gained attention in recent years
due to their unique combination of properties, par-
ticularly their HM, which makes them promising
materials. HM behavior, which refers to the fact
that one of the spin channel in the electronic struc-
ture exhibits metallic behavior, while the other
is completely (100%) spin polarized at the Fermi
level [1], [2], [3]. There are three types of Heusler
compounds: full, half, and inverse [4], [5]. Each
type has a unique formula: XyYZ for full, XYZ
for half, and XYXZ for inverse. X and Y in these
compounds represent high and low valent tran-
sition metals, while Z denotes an atom with sp
electrons. Full-Heusler (FH) compounds crystal-
lize in L2; having four FCC sublattices [6] and
HH in C1, structures through space group F43m
(No. 216) where one of the sublattice is left unoc-
cupied [7]. Both the FH and HH follow a Slater-
Pauling behavior M; = Z; — 24 and M; = Z; — 18,
respectively [8], [9], where M; is the total mag-
netic moment, Z; is the total number of valence
electrons. HH alloys typically exhibit lower mag-
netic moments and Curie temperatures than FH
alloys [10], [11], [12], [13]. Djaafri et al. investi-
gated HM behavior with total magnetic moments 1
up and 3 pp per unit cell for ReCrTe and RuCrTe,
respectively [14]. The structural, mechanical, elec-
tronic, and transport properties of HH RuVX (As,
P, and Sb) compounds also have been studied [15].
Rahman et al. reported HH ScTiX (X = Si, Ge,
Pb, In, As, and Tl) compounds to be HM near the
Fermi level [16]. Moreover, the elastic properties
showed that all the compounds are brittle in na-
ture, except ScTiSi. Shakil et al. observed metallic
character in LiCrP and LiCrAs while half-metallic
character in LiCrBi and LiCrSb alloys with 100%
spin polarization [17].

Bennani et al. studied compounds RhFeX (X = Ge,
Sn), finding them to be HM ferromagnets following
the Slater-Pauling rule with 100% spin polarization
near the Fermi level [18]. Shakil et al. investigated
HM nature in HH KMnZ (Z = B, Si, Ge, As)
alloys in minority-spin channels. They reported
minority band gaps for KMnB, KMnSi, KMnGe,
and KMnAs of 0.60, 0.85, 1.00, and 1.20 eV, respec-
tively [19]. Radouan et al. investigated half-metallic
ferromagnetic (HMF) nature in both SiLiSr alloy
and SiLiCa, with a direct band gap of 1.401 eV and
a HM gap of 0.42 eV for SiLiSr, and an indirect gap

of 0.21 eV and HM gap of 0.401 eV for SiLiCa [20].
The HM nature has been investigated in many
more compounds such as CrTiX (X = Si, Ge, Sn,
Pb) [21], RuMnZ (Z = P, As) [22], and CrVZ (Z =
S, Se, Te) [23]. Further, Khandy et al. investigated
strain effects on structural, electronic, and phonon
properties of the newly proposed HH compound
SrBaSn [24]. The direct band gap reduced to 0.19
eV from 0.70 eV at +12% strain, beyond which the
structure becomes unstable. However, an indirect
gap ranging from 0.63 eV to 0.39 eV is observed in
the strain range of +5% to +8%. The suitability of
materials for various technological applications de-
pends on their electronic and magnetic properties.
Metallic materials have gained widespread appli-
cation across various domains due to their notable
attributes such as excellent electrical conductivity
and strong mechanical properties [25], [26], [27].
However, their electronic and magnetic properties
may not always meet the requirements of magneto-
electronics and spintronics applications [28], [29],
such as spin filters [30], spin injection [31], tunnel
junctions [32], [33], and giant magneto-resistance
devices [34], [35]. In contrast, HM materials dis-
play distinct electronic and magnetic behavior that
renders them potential candidates for these appli-
cations.

Recently, scientists have been exploring ways to
modify the properties of both metallic and HM
materials using strain, which refers to deformation
caused by external forces applied to the material.
The application of strain can alter the band struc-
ture, density of states, magnetic moment, mag-
netic anisotropy, and magnetic ordering of materi-
als [36], [37], [38]- The resulting modifications can
have important implications for the performance
and functionality of materials in various magneto-
electronics and spintronics applications.

The theoretical and experimental studies men-
tioned earlier have inspired us to gain deeper in-
sight into the electronic and magnetic proper-
ties of HH alloys MnSnX (X = Ni, Cu, and
Pd). Here, we explore the electronic and mag-
netic properties of these HH alloys using density
functional theory (DFT) calculations via strain en-
gineering within the generalized gradient approxi-
mation (GGA), generalized gradient approximation
plus U (GGA+U), and modified Becke-Johnson
(mBJ) methods in this work.

2 Theoretical and computation details

We have used the full-potential linearized aug-
mented plane-wave (FP-LAPW) method [39] as im-
plemented in the WIEN2k code [40], [41], [42], [43]
to calculate the electronic and magnetic proper-
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ties of HH MnSnX (X = Ni, Cu, and Pd) alloys.
The GGA [44], GGA plus U (GGA+U) [45], [46],
and mBJ [47], [45] have been used separately as
exchange-correlation functionals. We have used
U =2¢eV and J = 0.0 eV for the description of
correlation effects in the localized Mn-d orbital in
all calculations [48]. For the wave function expan-
sion inside the atomic spheres, the maximum value
of Lmax = 10 was chosen, and the plane-wave cutoff
was set to Ryt X Kpae = 7 with G = 12, A
17x17x17 k-mesh grid with 165 k-points within the
irreducible wedge of the Brillouin zone was found to
be well converged. The self-consistent calculations
were achieved with an energy convergence criterion
of 10* Ry and charge convergence of 1073 elec-
trons. The muffin-tin radii (R,,:) were chosen in
the range of 2.39 to 2.50 (a.u.), which vary for each
atom depending on their size, and the cutoff energy
was set to —6.0 Ry.
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3 Results and discussion

3.1 Structural properties

It has been found that MnSnX (X = Ni, Cu, and
Pd) crystallizes into a cubic structure of type MgA-
gAs that is compatible with the space group F43m
(No. 216). The Wyckoff positions for Mn, Sn, and X
are at (1/2,1/2,1/2), (0,0,0), and (1/4,1/4,1/4),
respectively, as shown in Figure 1(a). The magnetic
ground state properties are determined by minimiz-
ing the total energy as a function of volume for both
magnetic and non-magnetic (NM) states. The to-
tal energy versus volume in ferromagnetic (FM) and
NM phases for all compounds are depicted in Fig-
ure 1(b—d). It is found that the FM state is more
stable than the NM state due to its lower mini-
mum total energy. Moreover, the energy difference
(AE = Epy — Enu) is negative, indicating that the
FM state is energetically more favorable than the
NM phase.
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Figure 1: (a) Optimized crystal structure (b-d) structural volume optimization of half-Heusler MnSnX

(X=Ni, Cu, and Pd) alloys.

Further, geometrical optimization calculations have
been performed to obtain the equilibrium lattice
constant by fitting the Birch—-Murnaghan equation
of state [49] to the total energy versus volume data

for three possible phases (Type 1, Type 2, and
Type 3), in order to determine the correct atomic
arrangement in the crystal, as shown in Figure 1A
(see Appendix).
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It is noted that all the compounds are most stable in
Type 1, and hence the structural, elastic, electronic,
and magnetic properties are calculated for Type 1
only. The optimized results for lattice parameters

(a), bulk modulus (B), and its derivative (B’), equi-
librium volume (V) and energy (Ep), formation
(Ey) and cohesive (E.) energies, and the energy dif-
ference between FM and NM phases (AEpy—Nu)
for all these compounds are presented in Table 1.

Table 1: The lattice parameter (a), bulk modulus (B) and its first derivative (B’), equilibrium volume
(Vo) and energy (Ep), formation energy (Ej), cohesive energy (E.), and energy difference between
ferromagnetic (FM) and non-magnetic (NM) phases (AEpyv—nm) for half-Heusler MnSnX (X = Ni, Cu,

and Pd) alloys.

Parameter Compound

MnSnNi MnSnCu MnSnPd
a (A) 5.8734 6.0241 6.1904
B (GPa) 103.8750 85.9172 94.5166
B’ 5.3074 4.9199 4.9458
Vo (a.u.?) 341.8179 368.8203 400.2058
Ey (Ry) -17717.180300 -17985.549063 -24769.628668
E; (eV/atom) -0.107 0.033 -0.235
E. (eV/atom) -3.893 -3.330 -3.695
AEFMfNM (eV) -1.3522 -1.5534 -1.7718

Further, Ey and E. were estimated to confirm the
chemical stability of HH MnSnX (X = Ni, Cu, and
Pd) alloys by using the following equations [18],
j41], [42];

By = Bl — (B + B+ BY) (1)
Fe= Byl — (B + B+ ER) ()

where E2'  is the total energy of MnSnX in a

unit cell, and EPk, ERUk and ERWE are the to-
tal energies per atom at ambient temperature in
their standard states. ESC, EE°, and E¥° are the
isolated atomic energies of Mn, Sn, and X, respec-
tively.

The calculated values of E; (E,;) are —0.107
(—3.893), 0.033 (—3.330), and —0.235 (—3.695)
eV /atom for MnSnNi, MnSnCu, and MnSnPd, re-
spectively (Table 1). Our results are in good agree-
ment with the results extracted from the Open
Quantum Materials Database (OQMD) [50], [51].
The negative values of E; and E. for MnSnNi and
MnSnPd suggest that they are chemically stable
and potentially synthesizable experimentally, ex-
cept for MnSnCu, because its formation energy is
positive.

3.2 Elastic properties

A material’s elastic constants are fundamental to
its mechanical behavior, and understanding them
is essential for successful engineering design. A cu-
bic crystal structure has three independent elastic
constants, Ci1, C12, and Cyy. The condition for

mechanical stability of a cubic structure is defined
by the Born-Huang criteria [52], [53], [54]:

Ci1>0; Cu >0
Ci1 +2C12 > 0

Ci1 — Chia > 05

. @
12 < B<Cpy

These elastic constants can be used to obtain the
values of other important mechanical parameters
such as bulk modulus (B), shear modulus (G),
Young’s modulus (E), Pugh’s ratio (B/G), Pois-
son’s ratio (v), and the anisotropy factor (A), which
can be calculated by the following relations [53],
[54], [55]:

_ C11+2C2

B 4
' @
Ci1 —Ci1a —3C
Gy = 9 152 44 (5)
5C44(Ci1 — Ch2)
Ggr = 6
BT 4Cu +3(Cry — Cra) ©
G- Gy +Gr (7)
2
9BG
FE =
3B+ G (8)
3B—F
v B (9)
2044
A= —— 10
Ci1 — Ch2 (10)

We have also estimated the Cauchy pressure
(Cp = C12 — C44q) [56] which provides information



Uchit Chaudhary et al./ BIBECHANA 23 (2) (2026) 129-145

133

about ductility and brittleness of the material. A
negative value of Cp indicates brittleness, whereas
a positive value indicates ductile behavior. Table 2
includes the calculated elastic constants and other
elastic parameters within the GGA approximation.
It is found that all the calculated values of elastic
constants lie within the mechanical stability condi-
tions given by Equation (3), which indicates that
all the compounds are mechanically stable. Pugh’s
criterion suggests that materials with a B/G ratio
greater than 1.75 are ductile; otherwise, they are
brittle [57]. Our results show that the B/G ratios
of all the alloys are less than 1.75; therefore, they
are brittle in nature. The ductile and brittle be-
havior can also be interpreted using the Frantsevich
rule [58]. If the Poisson’s ratio (v) is less than 0.26,
the material is brittle; otherwise, it is ductile. The
calculated values of v reveal that the compounds
exhibit brittle behavior (Table 2).

The bonding characteristics of materials can also
be predicted by the Poisson’s ratio: it is less than
0.1 for covalent materials and greater than or equal
to 0.25 for ionic materials [59]. In this regard,
the studied materials are found to exhibit covalent
bonding. In addition, the negative values of Cp
also indicate that all the compounds are brittle in
nature. The anisotropy parameter (A) is equal to
1 for isotropic crystals; otherwise, the material is
anisotropic. From Table 2, it is seen that all the

compounds have anisotropic character. The cal-
culated values, being greater than 1, signify that
these alloys exhibit significant elastic anisotropy,
which could potentially lead to an increased like-
lihood of micro-cracks or structural defects during
experimental growth.

The Young’s modulus (F), defined as the ratio of
tensile stress to tensile strain (stiffness), has calcu-
lated values of 435.37, 332.28, and 391.46 GPa for
MnSnNi, MnSnCu, and MnSnPd, respectively, re-
vealing MnSnNi to be the stiffest among them. The
values of the bulk modulus (B) and shear modulus
(G) are connected to the longitudinal (v;), trans-
verse (v;), and average (v,,) sound velocities of elas-
tic wave propagation, as well as the Debye tempera-
ture (6p). The following equations can be employed
to calculate these quantities [55], [60]:

3B + 4G\ V/?
n=(%5°) -
1/2
@
1/2 1\
==&+ = 1
=5 (ot )] 19
h [3n Napl'?
0= [ e e

Table 2: The calculated values of elastic constants (C;;), bulk modulus (B), shear modulus (G), Young’s
modulus (F), Poisson’s ratio (v), Pugh’s ratio (B/G), anisotropy factor (A), Cauchy’s pressure (Cp),
longitudinal sound velocity (v;), transverse sound velocity (v;), mean sound velocity (v,,), and Debye
temperature (6p) for MnSnX (X = Ni, Cu, and Pd).

Parameter Compound
MnSnNi  MnSnCu MnSnPd
Ci (GPa)  356.42 253.72 300.97
C12 (GPa) -4.41 16.82 3.35
Cus (GPa) 309.28 238.80 300.36
B (GPa) 115.86 95.72 102.56
G (GPa) 249.14 180.22 226.58
E (GPa) 435.37 332.28 391.46
v -0.126 -0.070 -0.136
B/G 0.46 0.53 -0.13
A 1.71 2.01 2.01
Cp (GPa) -313.69 -221.97 -297.01
v; (ms™1) 7669.74  6829.03  7183.56
vy (m s~ 1) 5719.26  5000.79  5375.28
vy (ms™h)  6148.41 539242  5775.17
0p (K) 713.53 610.14 635.89
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Figure 2: 3D elastic properties of half-Hesler MnSnNi, MnSnCu, and MnSnPd alloys (a) shear modulus

(b) Young’s modulus, and (c) Poisson’s ratio.

Table 3: The minimum and maximum values of shear modulus (G), Young’s modulus (E), and Poisson’s
ratio (v) of half-Heusler MnSnX (X = Ni, Cu, and Pd) alloys.

Compound G (GPa) E (GPa) v

Gmin Gmax Emin Emax Vmin Vmax
MnSnNi 180.42 309.28 356.31 490.98 -0.27 -0.01
MnSnCu 118.45 23881 251.63 391.27 -0.28 0.08
MnSnPd 148.81 300.36 300.90 455.97 -0.32 0.01

Further, the 3D elastic characteristics, including
shear modulus (G), Young’s modulus (E), and Pois-
son’s ratio (v), were computed for the compounds
and visualized using the ELATE program [41], [54],
[61] (Figure 2). The 3D profiles of elastic proper-
ties suggest a pronounced elastic anisotropy in the
materials, particularly evident in the substantial de-
viation in G and FE shapes. Anisotropy predictions
were further examined by assessing the minimum
and maximum values of these properties, summa-
rized in Table 3 along with v. The significant dis-
parities between the minimum and maximum val-
ues of G and E underscore the high anisotropy
within the studied materials. Specifically, MnSnNi,
MnSnCu, and MnSnPd exhibit minimum G val-
ues of 180.42, 118.45, and 148.81 GPa, respectively,
considerably lower than their corresponding max-
imum values. Likewise, minimum (maximum) E

values are 356.31 (490.98) GPa for MnSnNi, 251.63
(391.27) GPa for MnSnCu, and 300.90 (455.97)
GPa for MnSnPd. Notably, the minimum G values
and maximum F values are consistently found along
the same [001] direction, except for MnSnCu. These
results suggest that MnSnNi and MnSnPd are more
resistant to external pressure along the [001] direc-
tion, while simultaneously exhibiting lower shear re-
sistance compared to other crystal orientations. De-
spite the calculated Poisson’s ratio indicating brit-
tleness in Table 2, values extracted from the 3D
elastic property profiles range from -0.27 to -0.01,
-0.28 to 0.08, and -0.32 to 0.01 for MnSnNi, Mn-
SnCu, and MnSnPd, respectively, indicating overall
brittleness in all crystal directions.
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3.3 Electronic and magnetic proper-
ties

The electronic and magnetic properties of the ma-
terials have been studied with the help of spin-
projected band structures along the W-L-I'-X-
W-K high-symmetry points and projected density
of states (PDOS). The spin-up (1) (red) and spin-
down () (blue) polarized band structures within
the GGA approximation are presented in Figure A2
(Appendix). At the Fermi level, it can be seen
that there is state overlapping, which destroys the
half-metallicity. The presence of d-orbitals in the
valence shells of Mn, Ni, Cu, and Pd elements
provides additional energy levels that contribute to
band overlap. This overlap allows electrons to move
freely, leading to electrical conductivity. Therefore,
there is no band gap between the majority-spin
and minority-spin channels of all these compounds,
and hence they behave as conductors. Similar re-

(a) MnSnNi
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(c) MnSnPd

sults are obtained for all the compounds using the
GGA+U method (Figure A3, Appendix) and the
mBJ method (Figure 3(a—)). In order to under-
stand the origin of metallic electronic states near
the Fermi level, we also determined the total and
partial density of states (DOS) of the materials us-
ing the GGA method (see Appendix, Figure A4),
GGA+U method (Appendix, Figure A5), and mBJ
method (Figure 4(a—c)), respectively. It is clearly
shown that the band gap in both spin-up (majority)
and spin-down (minority) states is zero, indicating
metallic character in all cases.

The electronic configurations of the constituent
atoms are Mn — 3d°4s?, Sn — 4d'%5s25p%, Ni —
3d%4s?, Cu = 3d'%4s', and Pd = 4d'°. These plots
reveal that the Mn-3d states dominate near the
Fermi level and destroy the band gap in both spin
channels by crossing the Fermi level.

(b) MnSnCu
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Figure 3: The calculated spin-polarized band structure for spin-up (red) spin-down (blue) channels in
unstrained MnSnX (X = Ni, Cu and Pd) with mBJ method.
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Due to the absence of a band gap in both
spin states, these compounds do not exhibit half-
metallic (HM) behavior and instead show metallic
character. Further, we have computed total and
partial magnetic moments for all compounds un-
der GGA, GGA + U, and mBJ methods (Table
4). Tt can be observed that the total magnetic mo-
ments remains nearly almost same under both GGA
and mBJ approximations. This is because spin
magnetic moment of Sn atom has negative value
which means that its spin is anti-parallel with small
magnitude and have a ferromagnetic (FM) ordering

with other elements (Ni, Cu and Pd). These oppos-
ing magnetic moments tend to cancel each other,
leading to an overall magnetic moment that remains
unchanged under both approximations. Moreover,
the atom Mn has the most contribution to the total
magnetic moment with small impact of Ni, Cu, Pd
and Sn atoms because of large exchange-splitting of
Mn-d state. However, upon the implementation of
Hubbard-potential (U), a notable enhancement is
observed. This enhancement can be attributed to
the intensified electron-electron interactions, result-
ing in stronger magnetic effects within the system.

1

(a) MnSnNi (b) MnSnCu
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Figure 4: The calculated spin-polarized total and paritial density of states for unstrained MnSnX (X =

Ni, Cu and Pd) with mBJ method.

4 Effects of uniform strain

There are numerous potential applications of half-
metallicity in spintronic technology, where only
one of the two spin orientations of electrons con-
tributes to electrical conduction while the other
is completely suppressed. The technique of strain
engineering is a prominent and effective approach
for fine-tuning the electronic and magnetic prop-
erties of materials, primarily through modula-

tion of lattice parameters to achieve desired out-
comes [62], [63].

This phenomenon arises due to variations in the
contribution of different atomic orbitals with dis-
tinct characteristics under the influence of strain.
Compressive strain shifts the Fermi level toward
higher energy, while tensile strain shifts it toward
lower energy. Subsequently, we examined how uni-
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Table 4: The local magnetic moments of Mn (M), Sn (Mgy), and X (Mx; X = Ni, Cu, Pd), interstitial
magnetic moment (M), and total magnetic moment (M) of half-Heusler MnSnX (X = Ni, Cu, and Pd)

alloys.

Compound Method MMn Msn MX MI MT
GGA 3.424 -0.118 0.062 0.062 3.312
MnSnNi GGA+U 3989 -0.112 0.022 -0.025 3.873
mBJ 3.659 -0.160 0.086 -0.248 3.337
GGA 3.886 -0.066 0.054 0.099 3.974
MnSnCu GGA+U 4.201 -0.097 0.005 0.052 4.162
mBJ 4.027 -0.080 0.035 -0.017 3.963
GGA 3.871 -0.129 0.035 -0.051 3.725
MnSnPd GGA+U 4.276 -0.109 4.276 -0.010 4.189
mBJ 4.011 -0.181 0.038 -0.266 3.601

form compressive and tensile strains influence the
electronic and magnetic properties of the materials.
The optimized lattice parameter is used as a refer-
ence (0% strain), and both compressive and ten-
sile strains are applied within the GGA and mBJ
frameworks. The influence of strain on the elec-
tronic states was assessed by analyzing the total

(a) MnSnNi

density of states (TDOS) under different strain con-
ditions, as illustrated in Figure A6 (Appendix) us-
ing the GGA method and Figure 5 using the mBJ
method. In the case of tensile strain, the TDOS
exhibits nearly identical features to the unstrained
(0%) case in both methods.

(b) MNSnCu
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Figure 5: The calculated spin-polarized total density of states (TDOS) under uniform strains with mBJ
method of half-Heusler MnSnX (X=Ni, Cu and Pd) alloys.
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Furthermore, systems under compressive strain
from -1% to -4% for MnSnNi and -1% to -8% for
MnSnPd also show TDOS profiles nearly identical
to the unstrained system within the GGA method.
Interestingly, with increasing compressive strain,
the Fermi level in the minority-spin channel shifts
significantly toward higher energies. These shifts
occur at strain from -5% to -9% for MnSnNi and -
9% to -14% for MnSnPd, causing the minority-spin
states to no longer intersect the Fermi energy (Er).
However, the majority-spin channel continues to
cross Ep, indicating metallic behavior. Overall,
this confirms the emergence of half-metallic elec-
tronic states with 100% spin polarization, in con-
trast to the behavior of the unstrained system.

In order to visually depict the variations in elec-
tronic characteristics under uniform strain, we also
plotted the computed band gap (E,) as a function
of strain using both the GGA method (Figure A7,
Appendix) and the mBJ method (Figure 6). The
calculated values of the band gap for MnSnNi are
0.656, 0.697, 0.739, 0.780, and 0.822 eV at —5%,
—6%, —7%, —8%, and —9%, respectively. For Mn-
SnPd, the corresponding values are 0.693, 0.733,
0.776, 0.797, 0.799, and 0.800 eV at —9%, —10%,
—11%, —12%, —13%, and —14%, respectively. This
indicates that —5% and —9% compressive strain
are sufficient to tune the electronic properties of
MnSnNi and MnSnPd within the GGA method.
Furthermore, similar half-metallic behavior is ob-
served (except for MnSnCu) from -6% to -9% for
MnSnNi and -12% to -14% for MnSnPd using the
mBJ method. Beyond these limits, all compounds
exhibit metallic character. The calculated band
gaps for MnSnNi are 0.609, 0.655, 0.675, and 0.716
eV at —6%, —7%, —8%, and —9%, respectively.
For MnSnPd, the band gaps are 0.575, 0.618, and
0.654 eV at —12%, —13%, and —14%, respectively.
A small increment in the band gap is observed us-
ing the GGA method from -5% to -9% and -9% to
-14%, while it becomes zero beyond these limits for
MnSnNi and MnSnPd, respectively. The decrease
in the band gap is linked to enhanced hybridization

5 Conclusion

We studied the structural, elastic, and strain effects
on the electronic and magnetic properties of half-
Heusler MnSnX (X = Cu, Ni, and Pd) alloys using
spin-polarized density functional theory (DFT) cal-
culations. The calculated negative formation and
cohesive energies indicate that these compounds
are chemically stable and potentially synthesizable,
except for MnSnCu. In addition, elastic property

between Mn—3d and Ni-34d, Cu-3d, and Pd-4d
states, as compressive strain strengthens atomic
interactions and increases orbital overlap, resulting
in broader bandwidth and reduced energy gap, as
explained in Refs. [63], [64].

Furthermore, using the mBJ method, the band gap
increases from -6% to -9% for MnSnNi, and -12%
to -14% for MnSnPd. Beyond these limits no band
gap appears. However, the band gap remains nearly
zero for MnSnCu within the mBJ method. Thus,
no half-metallic behavior is observed for MnSnCu
due to the states crossing both majority and minor-
ity spin channels. Next, we investigated the strain-
induced variations of the total and local magnetic
moments as a function of strain for all compounds
using the GGA method (Figure A8, Appendix) and
the mBJ method (Figure 7). The results show
that the total magnetic moment remains constant
at 3.00 pp from -5% to -9% for MnSnNi and -9% to
-14% for MnSnPd within the GGA method. Sim-
ilarly, no change in the total magnetic moment is
observed using the mBJ method for MnSnNi from
-6% to -9% and MnSnPd from -12% to -14%, ex-
cept for MnSnCu. Thus, the integer value of the
total magnetic moment confirms the robustness of
half-metallicity for MnSnNi and MnSnPd, following
the Slater—Pauling rule M; = Z; — 18, with 100%
spin polarization at the Fermi level within the GGA
method. With the mBJ method, only MnSnNi
and MnSnPd follow the Slater-Pauling rule. The
spin magnetic moment of Mn increases after apply-
ing the mBJ correction compared to GGA, while
the total magnetic moment remains unchanged in
the region of half-metallic character. This behavior
arises because Mn contributes the largest positive
spin magnetic moment, whereas Ni, Cu, Pd, and
Sn atoms are aligned antiparallel, leading to mu-
tual cancellation and a nearly constant total mag-
netic moment under both approximations. The ob-
tained results indicate that the magnetic moment
in each compound is primarily contributed by the
Mn atoms, with very small contributions from Ni,
Cu, Pd, and Sn atoms.

analysis reveals that all compounds are mechani-
cally stable and exhibit brittle nature. The elec-
tronic structure analysis shows half-metallic (HM)
behavior under uniform compressive strain from
-5% to -9% for MnSnNi and -9% to -14% for Mn-
SnPd within the GGA method, which is in contrast
to the unstrained case. Similarly, HM behavior is
confirmed using the mBJ method, except for Mn-
SnCu, at strain from -6% to -9% for MnSnNi and
-12% to -14% for MnSnPd. In these cases, one spin
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channel is metallic while the other exhibits an in-
sulating character with a finite band gap. Beyond
these strain limits, the systems undergo significant
structural changes, making them unsuitable for re-
liable electronic or spintronic applications.

The magnetic properties under compressive strain,
where HM behavior is observed, satisfy the Slater—
Pauling 18-electron rule with 100% spin polariza-
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Figure 1A: Volume optimization at various atomic positions (Type 1, Type 2, Type 3) for MnSnX (X

= Ni, Cu, and Pd).
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Figure 2A: The calculated spin-polarized band structure for spin-up (red) spin-down (blue) channels
in unstrained MnSnX (X = Ni, Cu, and Pd) with GGA method.
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Figure 3A: The calculated spin-polarized band structure for spin-up (red) and spin-down (blue) channels
in unstrained MnSnX (X = Ni, Cu, and Pd) with GGA+U method.
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Figure 4A: The calculated spin-polarized total and partial density of states for unstrained MnSnX (X
= Ni, Cu and Pd) with GGA method.
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Figure 5A: The calculated spin-polarized total and partial density of states for unstrained MnSnX (X
= Ni, Cu, and Pd) with GGA+U method.
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Figure 6A: The calculated spin-polarized total density of states (TDOS) under uniform strains with
GGA method.
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Figure 7A: Calculated band gaps under different strains for half-Heusler MnSnX (X=Ni, Cu and Pd)

alloys with GGA method.
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Figure 8A: Calculated total and local magnetic moments of MnSnX (X = Ni, Cu and Pd) under uniform

strain with GGA method.
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