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Appearance of half-metallicity and study of the electronic, elastics
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This study investigates the Full-Heusler (FH) ferromagnetic compous®InlZ (Z=Sn, Si). We analyze the half-metallic (HM) character-

istics through first-principle calculations within the density functional theory (DFT) framework. Utilizing spin-polarized computations and
the full-potential linearized augmented plane-wave (FP-LAPW) approach, we employ the Generalized Gradient Approximation (GGA) and
the modified Becke-Johnson (mBJ) potential. The ferromagnetic (FM) and non-magnetic (NM) phasgdMoAClwand Hg:CuTi-type

structures were investigated. The results show that the FM phase in {Mn@litype structure is the most stable forMnZ alloys (Z=Sn,

Si). Electronic analysis reveals half-metallic ferromagnetism with integer magnetic moments.@f.8Mchanical parameters such as bulk
modulus, shear modulus, and Poisson’s ratio confirm the mechanical stability of both alloys. The half-metallic bandgaps are calculated as
0.644 eV for IkMnSi and 0.23 eV for kMnSn. Thermodynamic properties, including heat capacity and Debye temperature, were evalu-
ated using the quasi-harmonic Debye model, offering insights into the thermal stabilihbfar The robust HM characteristics of these
compounds make them interesting candidates for spintronic devices.
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1. Introduction and Y atoms. In the GIMnAl-type structure, X has more 3d
electrons than Y, with X, Y, and Z atoms located at Wyckoff

Spintronics, a rapidly emerging discipline, has the otentiaPOSitions 8c (1/4,1/4,1/4), 4a (0,0, 0), and 4b (1/2, 1/2, 1/2),
P ' pidly ging pine, P respectively. Conversely, in the BQuTi-type structure, Y

to completely change nano-electronic systems by IMPrOV »s more 3d electrons than X, with X atoms at positions 4a

ing processing and memory capacity while using less en; 0,0) and 4c (1/4, 1/4, 1/4), and Y and Z atoms at positions

ergy. These devices take advantage of the spin characteristig)’
of holes and/or electrons, which reduce the ability to inter- (172, 1/2, 1/2) and 4d (3/4, 3/4, 3/4), respectively [19-23].

act with their orbital moments. Despite substantial advance- Iridium-based alloys have attracted attention from a large
ments, semiconductor spintronics are still not as well intenumber of researchers to investigate their structural stability
grated as their metallic equivalents, which are vital to mag-and the possibility of half-metallicity properties, considering
netic memory due to magnetoresistance elements [1,2]. Singbkeir significant applications in spintronic devices, memory
their discovery by Friedrich Heusler in 1903 [3], Heusler al- storage devices, tunneling magnetic resonance (TMR), and
loys have received substantial interest in materials sciencgiant magnetoresistance (GMR). However, there are few ex-
due to their wide variety of electronic, magnetic, and ther-perimental and theoretical studies about Ir-based Heusler al-
modynamic properties. These alloys are particularly valuedoys. Masumoteaet al. conducted two separate experimen-
in fields such as spintronics and magneto-electronics for thetal studies in which they measured the saturation magnetic
unique half-metallic ferromagnetic (HMF) nature [4], which moment and reciprocal susceptibility o, MnGa [24] and
was first identified by Groogt al. [5]. This property makes Ir;MnAl alloys using a magnetic balance. Additionally, they
Heusler alloys particularly suitable for advanced technologdetermined the crystal structure of these alloys in their re-
ical applications, including magnetic sensors and spintronisearch. GilleBen and Richard [25] investigated the lattice
devices [6-14]. Heusler alloys with the structural formulaconstant and magnetic moment of theMinAl Heusler al-
X2YZ have a 2:1:1 atomic sequence, with X and Y beingloy through the use of density functional theory in his dis-
transition metals and Z being a main-group element (s or gertation. Candan [26] usedb initio calculations to examine
group) [15-18]. These compounds can crystallize into eithe electronic and magnetic properties of these alloys. Prop-
ther a CyMnAl-type crystal structure with the space group erties of the Heusler compound,MnAl, finding displayed
Fm3m or a HgCuTi-type crystal structure with the space half-metallic behaviour in GGA calculations. Ozdeneir
group F3m, depending on the relationship between the Xal. studied structural, half-metallic and elastic properies of
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Ir2MnSi. [27] predicted the structural, electronic, and mag-
netic properties of full Heusler alloys.lYSi (Y = Sc, Ti, V,

Cr, Mn, Fe, Co, and Ni) via first-principles calculations [28].
Despite extensive research on various classes of Heusler al
loys, relatively few studies have focused on Iridium-based
systems. Among these,,MnZ (Z = Sn, Si) stands out as
an intriguing case, as it combines Iridium with Manganese
and main-group elements (Sn, Si). This work aims to fill the S
existing gap in the literature by investigating the electronic, Typed b) Type-ll

magnetic, elastic, and thermodynamic properties of these al,g e 1. Type I (regular Heusler) and Type Il (inverse Heusler)
loys using first-principles calculations within the DFT frame- ¢rystal structures for thedMnZ (Z = Sn, Si).

work, employing the Generalized Gradient Approximation

(GGA) and GGA+mBJ methods.

3. Results and discussion
2. Computational details 3.1. Structural stability and mechanical properties

The structural, electronic, magnetic, elastic, and thermodybetermining the structural properties of a compound is a cru-
namic properties of the Heusler alloysMnSn and IsMnSi cial step in any ab-initio study, as it enables the calculation of
were investigated using first-principles calculations based onther important physical characteristics, such as electronic,
Density Functional Theory (DFT). The calculations were car-mechanical, and thermodynamic properties. To identify the
ried out using the WIEN2k package [29], employing the full- stable phases of the;MnZ (Z = Sn, Si) compounds, the to-
potential linear augmented plane wave (FP-LAPW) methodtal energy Eror, in eV) as a function of unit cell volume
which is well-suited for accurately capturing the electronic(V/, in A3) was calculated using the generalized gradient ap-
and structural properties of complex materials. For the exproximation (GGA) for the full-Heusler compoundsMnZ
change and correlation potentials, the Generalized Grad{Z = Sn, Si) in both the regular G¥InAl-type and the in-

ent Approximation (GGA) was utilized, specifically using verse HgCuTi-type structures, under ferromagnetic (FM)
the Perdew-Burke-Ernzerhof (PBE) parameterization [30]and non-magnetic (NM) states. Figures 1 illustrates the two
Additionally, the modified Becke-Johnson (mBJ) potentialcrystal structures, Type | (regular Heusler) and Type Il (in-
was applied to improve the accuracy of the electronic strucverse Heusler) for iMnSn and IsMnSi. The energy ver-
ture calculations, particularly for systems with localized sus volume curves presented in Figs. 2 and 3 emphasize the
states [31]. The structural optimization was conducted bydifferences in stability between the two materials;MnSi
minimizing the total energy as a function of unit cell vol- exhibits a slightly lower minimum energy in the FM Type |
ume for both ferromagnetic (FM) and non-magnetic (NM) phase compared to,MnSn, indicating that kMnSi is ther-
phases of CsMnAl-type and Hg CuTi-type structures, with  modynamically more stable.

the equilibrium lattice constants and bulk modulus obtained  This greater stability is supported by its higher bulk mod-
from the Murnaghan equation of state [32]. The optimizedulus and smaller lattice constant, which contribute to a more
structures were used for further calculations of elastic andompact and structurally robust crystal for,MnSi. The
phonon properties. The elastic constants were computed us-

ing the Irelast package developed by Murtazal. [33,34], -1171068,0
which is integrated into the WIEN2k framework. The me- Ir MnSn

chanical stability of the alloys was assessed through the anal-  -1171068.5+
ysis of elastic constants, including the bulk modulus (B), 1 \_/

shear modulus (G), Young’s modulus (E), and Poisson’s ratio & 1171060+ ‘
(v), as well as the Zener anisotropy parameter (A) and Pugh’s ? ] \//
. . . . o -1171069,5

ratio (B/G). Phonon dispersion curves were calculated using 2 — Ty
the CASTEP code [35], which is based on density functional D070 ] —— Type-I-NM
perturbation theory (DFPT) [36]. The phonon frequencies ' | _Rg:::m

were evaluated using the finite displacement method, allow- |

ing for an accurate description of lattice dynamics in the high- o \_/
symmetry directions of the first Brillouin zone. The compu-  _,,,01, I I
tational parameters were carefully chosen to ensure the ac 54 56 58 60 62 64 66 68 70 72
curacy and convergence of the calculations. The muffin-tin Volume (A)’

radius (Rn) was set with an B¢ - Kmax Value of 8, and @ Figure 2. Variation of the total energy as a function of the vol-
dense k-point mesh of 3000 points (£414 x 14) was used  ume of the IsMnSn compound in the two types of structures: Type

for Brillouin zone integration [37]. I (FM and NM) and Type Il (FM and NM).
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0108560 Ir Mnsi it is 200 GPa, indicating thatdMnSi is mechanically stiffer
' by approximately 10%. This increased stiffness is consistent
1010886.5 with the smaller lattice constant of;vinSi, which leads to
_ stronger interatomic forces and a higher resistance to com-
3-1010887,0— pression.
& ] — Type-I-FM The higher bulk modulus of 4MnSi suggests that it
£ 1ot0887,5 S oy is more resilient to external mechanical stresses, making it
Type-II-NM a better candidate for applications requiring high mechan-
-1010888,0 ical strength. Additionally, the formation energyH; for
] \—/ Ir,MnSn and IsMnSi, which describes their chemical stabil-
-1010888,5 ity, was calculated using the following formula:

48 50 52 54 56 58 60 _ aIroMnSn/IroMnSi - Ir _ 7»Mn Sn/Si
Volume (A)° AH; = E, 2Ey — E, Eq , (D)
FIGURE 3. Variation of the total energy as a function of the vol-
ume of the IsMnSi compound in the two types of structures: Type
| (FM and NM) and Type Il (FM and NM).

where 2 MmSn/IeMSt - plr - phin ang 5551 gre the first-
principles calculated equilibrium total energies. The corre-
sponding values are provided in Table I, and the negative

The structural properties of the Heusler alloysMnSn and ~ Vvalues of AH [38,39], combined with the distance to the
Ir,MnSi were analyzed in their most stable configuration, theconvex hull AEy) lower than 175 meV/atom [40], affirm
FM Type | phase (CsMnAl-type structure), using the GGA the chemical stability of fMnSn and 1sMnSi, indicating
approximation. The results presented in Fig. 2 foMnSn  their potential for experimental synthesis. Furthermore, the
and Fig. 3 for IsMnSi reveal key differences in their struc- structural parameters detailed in Table | for the full Heusler
tural parameters, which are attributed to the distinct atomi@!loys IoMnZ (Z = Sn, Si) in both non-magnetic (NM) and
sizes and bonding strengths of Sn and Si. The lattice corferromagnetic (FM) states provide critical insights into their
stant for ILMnSn in the FM Type | phase is calculated to stability and characteristics. Variations in lattice parame-
be 6.33A, whereas for EMnSi, it is 6.03A, indicating that  ters and unit cell volumes across different magnetic states
IrosMnSi has a more compact structure. The relative diﬁer.and structural types illustrate nuanced differences, with fer-
ence in lattice constants between the two materials is agomagnetic states generally exhibiting slightly larger values.
proximately 4.74%, with BMnSi having the smaller lattice The bulk modulus, a measure of resistance to compression,
constant due to the smaller atomic radius of Si comparedypically shows higher values in non-magnetic states, reflect-
to Sn. This difference reflects the greater packing densityng greater structural rigidity. Total energy calculations re-
and stronger bonding interactions present iMnSi. In  Vveal that ferromagnetic states exhibit lower (more negative)
terms of mechanical properties, the bulk modulus (B) fortotal energy values, indicative of enhanced stability compared
IrsMnSn was calculated to be 180 GPa, while fgMnSi,  to non-magnetic states. Moreover, the negative formation en-

TABLE |. The calculated structural parameters of the full Heusler allgjydniiZ (Z = Si, Sn) in non-magnetic (NM) and ferromagnetic (FM)
states of CuMnAl (Type-I) and Hg CuTi (Type-Il) type structures.

Compounds Type Phase A( V(A% B (GPa) B AE = AH, Hull
E Ny FasTypel Distance QFEw)
—Er Typel (€VY) (eV/atom) (eV/atom)
(38,39] [38,39]
IroMnSi Type-I| FM 6.03 54.8 247.6 4.27 0 -0.375 0.086
NM 5.95 55.5 268.2 4.74 0.5973129
Type-Il FM 6.05  52.86 206.41 3.71 1.6633344
NM 5.99 53.87 262.6 4.91 1.9604264
IroMnSn Type-I| FM 6.33 63.44 210.0 4.60 0 -0.161 0.083
NM 6.26 61.33 226.94 5.12 1.955136
Type-ll FM 6.34 63.66 185.86 3.76 1.445612
NM 6.25 61.08 242.46 5.50 2.059312
IroMnSi[28]  Type-l FM 6.03  55.01 244.44  4.623
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ergies observed for JMnSn and IsMnSi underscore their constants’;;, C12, andCyy for the cubic system of MnZ
chemical stability, supporting their feasibility for experimen- (Z = Sn, Si). From these constants, additional elastic proper-
tal synthesis. In comparison,;MnSi, with similar stabil- ties, including shear modulu&f, Young’s modulus £), and

ity and desirable properties in its ferromagnetic state, proPoisson’s ratio ), were derived using the following equa-
vides a benchmark for evaluating these findings. Collectivelytions [43-47]:
these insights highlight the robust stability of the,®lnAl

(Type 1) structure across different Heusler alloys, laying a = ﬂ7 )

solid foundation for future experimental and theoretical in- 3B+G

vestigations. G- Ci1 — 0152 + 3044’ 3)
The study of elastic properties is crucial for understand- c e

ing the mechanical and dynamic behavior of materials, as p—dutt (4)

it provides valuable insights into the internal forces acting 3

within solids. Elastic constants are particularly important v = 3B —2G (5)

as they connect mechanical deformations with the material’s 23B+G)’

response to applied stress, revealing the stiffness and bond- 204 + C1s

ing strength within the crystal lattice. The phonon charac- A= T (6)

teristics discussed earlier are directly linked to these elastic

properties, as vibrational modes are influenced by the crys- To ensure mechanical stability, the conditialis, C44,

tal's stiffness, quantified by the elastic constants. When &';; — C12, andCy; + 2C12 > 0 must be satisfied. Addi-
crystal undergoes stress, it deforms, leading to changes tionally, the conditionC;2 < B < Cy; must hold [48]. As

its defining parameters, referred to as homogeneous defoshown in Table I, both fMnSn and IsMnSi in the regular
mations. Near equilibrium, the energy can be approximatedieusler Type | (CuMnAl-type) structure meet these stability
by a quadratic function, leading to the linear relationshipcriteria.

described by Hooke's law between stress and strain. This The bulk modulus (B) quantifies a material's resistance
relationship is characterized by elastic constants, which are®® compression, with higher values indicating stronger resis-
also essential for determining the mechanical stability of théance to volume change. According to the data in Table II, the
crystal. For stability, the quadratic form of energy must becalculated G values confirm that bothMnSn and IsMnSi
positive definite, imposing specific constraints on the elasti@re relatively hard materials. The stiffness of the materials,
constants. Elastic constants, therefore, measure a crystapsedicted by Young's modulug), shows that higheFE val-
resistance to external forces, and methods such as volumes correspond to greater stiffness. The elastic constant C
conservation or stress-strain techniques are typically used tohich reflects the material’s resistance to unidirectional com-
determine them [41,42]. In this study, we employed the vol-pression along primary crystallographic axes, is lower than
ume conservation technique to calculate the specific elastiC,4, which measures resistance to shear deformation. This

TABLE II. Values of the anisotropy parametdr the elastic constantS;; (GPa), the shear modulgs (GPa), the Young’s modulug
(GPa), elastic wave velocities termed as transverge.s '), longitudinal velocities; (m.s™!), average wave velocity,, (m.s™!) for the
compounds kMnSn and IsMnSi.

Compounds ¥MnSi IrsMnSn

B 247.47(247.61) 140.85(244.445) [28] 200.84(210.08)
Ci1 273.24 124.31 [28] 214.35
Ci2 234.41149.13 [28] 194.49
Cy4 205.84 75.42 [28] 378.91
G 131.27 40.29 [28] 231.31
B/G 1.88 0.86

E 334.46 501.44
A 10.6 4,442

v 0.27 0.038
Vs 3389.0 4053.25
vl 5460.46 6014.14
vm 3389.0 4424.25
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84 ——
TaBLE Ill. The gap energy K,) obtained by the GGA and 7_'\ —f
GGA+mBJ approximation. 6] =
;:N" x _-_/ | [———]
Compound Gap energy Gap eneigy c ]
A
E,(€V)-GGA  (eV)- GGA+mBJ g - —
- = 3 —\-_ ——
IroMnSi 0.556 0.644 g 5]
T i
Ir2MnSn 0 0.23 1]
IrsMnSi [28] 0.55 -

indicates that kMnSi exhibits stronger resistance to unidi-
rectional compression, whileoMnSn shows greater resis- a)
tance to shear deformation. To quantify the elastic anisotropy
of these compounds, we calculated the anisotropy factor A 8+
using the values of the elastic constants. Elastic anisotropy is 7 %_KISZ
crucial in engineering applications, as it indicates that a mate- 5]
rial’s properties vary with direction. An anisotropic material ~ §
exhibits different mechanical characteristics depending on its
orientation. According to Table Il, the anisotropy factors
for Ir,MnSn and IsMnSi are 4.442 and 10.6, respectively.
Since an isotropic crystal has an A value of 1, both materi-
als demonstrate significant elastic anisotropy, witMinSi i
being more anisotropic. Pugh’s criterion [49] offers an em- 0
pirical relationship linking the plastic properties of a material 44
with its elasticity. The ratio B/G is a useful metric to predict
whether a material behaves in a ductile or brittle manner. A b)
B/G ratio higher than 1.75 indicates ductility, while a lower
value indicates brittleness. In our case, B/G values of 0.867/GURE 4. Phonon dispersion analysis otMnSn and IsMnSi
for Ir,MnSn and 1.81 for kMnSi indicate that kMnSn is ~ compounds
brittle, while I,MnSi behaves in a ductile manner. Addition-
ally, Poisson’s ratiox), which characterizes the lateral con- Properties for IsMnSn have not been previously reported.
traction of a material when subjected to a longitudinal strainFor Ir2MnSi, our results show a notable difference compared
was calculated as 0.038 for,MnSn and 0.27 for hMnSi.  to those ofOzdemiret al. [27]. This discrepancy can be at-
Since materials withy > 0.26 are considered ductile, these tributed to the fact that our elastic property calculations were
results confirm that §MnSi is ductile in nature. performed under the same conditions as the structural proper-
Another parameter used to assess the ductility or brittleties, particularly withBg™ e — Bgleste (see Table 11). We
ness of a material is the Cauchy pressure [50]. We also caflope our calculations will help to fill the gap in the existing
culated the average sound velocity in the polycrystalline madata for these compounds.

Frequency (THz

terial using the following formula [51]: In addition to energy and elastic results, an in-depth anal-
13 ysis of the phonon spectra (Fig. 4) provides key insights into

o {1 <2 1)} @ the atomic dynamics and mechanical stability of these mate-
" 3\vp v} ’ rials. The phonon spectra reveal a total of 12 branches, com-

) o prising 3 acoustic branches (one longitudinal acoustic and
wherev; andv; are, respectively, the longitudinal and trans- 4 ransverse acoustic modes) and 9 optical branches (trans-
verse sound velocities obtained using the shear modullus yerse optical [TO] and longitudinal optical [LO] modes). The
and the bulk modulu® from Navier's equation [52]: phonon spectra of 4MnSn and IsMnSi (Fig. 4) display no-

1/2 table differences between the acoustic and optical modes, re-
3B+G flecting di ities in atomi d bondi h teris-
v = 7 (8) ecting disparities in atomic mass and bonding characteris
3p tics.
a\ 2 For Ir,MnSi, the gap between the acoustic and transverse
vy = () ) ) optical branches is relatively narrow, indicating that the vi-

brational frequencies of these modes are quite similar. This
The calculated sound velocities fosMnSi and IbMnSn  is due to comparable atomic masses and bonding strengths

in the CyMnAl (Type-l) structure are listed in Table Il. To between Mn and Si atoms in the lattice. Conversely, in
the best of our knowledge, the elastic constants and relatdd,MnSn, the gap between the acoustic and optical branches
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Energy(eV) Energy(eV)

FIGURE 5. Observed total densities of states (DOS) and partial

L FIGURE 6. Observed total densities of states (DOS) and partial
densities of states (PDOS) o MnSn compound.

densities of states (PDOS) of MnSi compound.

s more pronounced, suggesting more 'distinct yibratipnal in’[ions IbMnSi is better suited for high-temperature environ-
teractions between the modes. Additionally, |§1Mn$|, &  ments thanks to its superior mechanical stability and stiffer
significant gap between the transverse and longitudinal Opt't')onds as evidenced by the phonon spectra. These findings
cal branches indicates that the bonds responsible for Iongitq ' '

dinal vibrations are stiffer, resulting in higher frequencies for llustrated by the phonon dispersion figures (Figs. 4, 5, and

6), demonstrate the importance of examining phonon dynam-
the LO modes. In contrast,sMnSn shows a smaller gap ) b gp y

. . ..~ ics in designing materials tailored for specific thermal and
between these optical branches, reflecting a more unifor gning P

Thechanical applications.
bonding environment around Mn, leading to less disparity in PP

bond stiffness affecting the transverse and longitudinal opti-

cal modes. These differences in phonon spectra directly in3.2.  Electronic and magnetic properties

fluence the thermal and mechanical properties of the alloys.

The larger gap between the acoustic and optical branches € €lectronic and magnetic properties ofMnSn and
IrsMnSn suggests that the phonon contribution to thermal’2MnSi were analyzed using density of states (DOS) cal-
conductivity ) is lower, making this alloy more suitable culations, as illustrated in Figs. 5 and 6. These DOS plots
for thermoelectric applications, where reduced thermal conteveal the contributions of the different atomic states (Ir, Mn,
ductivity is essential for improved energy efficiency. Specif-SN. Si) to the overall electronic structure, providing deeper
ically, the smaller gap between the TO and LO branches ifhsights into the materials’ half-metallic nature.

Ir,MnSn implies more efficient phonon scattering, further ~ In both compounds, the majority spin channel exhibits
lowering k;, and enhancing thermal performance for appli-metallic behavior, with states crossing the Fermi levet)E
cations requiring efficient thermal insulation. In contrast,While the minority spin channel presents a semiconducting
Ir,MnSi, with its stiffer longitudinal bonds (evidenced by the gap. This feature is characteristic of half-metallicity, where
larger gap between TO and LO modes), shows superior mé2n€ spin channel is conductive, and the other is insulat-
chanical and thermal stability at elevated temperatures. Thi§g. The Mn/d-states are the dominant contributors to the
is supported by the shear modulus (G) and Young’s modulugagnetic and electronic properties in both compounds. In
(E), which indicate that this alloy offers greater resistance tdr2MnSi, the strong exchange splitting between the spin-up
mechanical deformations. Moreover, the Poisson’s rafjo ( and spin-down Mn d-states leads to the formation of a larger
and B/G ratio confirm that $MnSi behaves more ductilely, minority spin gap (0.644 eV), compared tgMnSn, where
making it an ideal candidate for applications where mechanithe gap is smaller (0.23 eV), as shown in Figs. 7 and 8. This
cal resilience is critical. While yMnSn stands out due to its difference is due to the stronger bonding and smaller atomic
lower thermal conductivity, favoring thermoelectric applica- radius of Si, which enhances the overlap between CMn and
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TaBLE IV. Total and partial magnetic moment in unit@g for IroMnSn and [sMnSi.

Compounds Method Ir Mn Sn/Si Interstitial Total magnetic
(uB) (uB) (uB) (uB) moment (i)
IraMnSn GGA-mbj 0.54 3.93 -0.004 -0.02 5.00
IroMnSi 0.605 3.767 0.018 0.0029 5.00
GGA 0.598 3.66 0.030 0.111 5.00
Ir.MnSi [28] 0.573 3.558 - - 5.00
IpMnSn- GGA Ir,MSi-GGA
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FIGURE 7. The band structure of spin-up and spin-dn electrons for
Ir2MnSn in both GGA and GGA-mBJ approximations. FIGURE 8. The band structure of spin-up and spin-dn electrons for
Ir2MnSi in both GGA and GGA-mBJ approximations.
Si orbitals, leading to a more pronounced splitting of the
Mn/d-states. The larger gap in the minority spin channelenhances the metallic character. In the minority spin channel,
of Iro,MnSi ensures that it retains its half-metallic propertiesthe Ir d-states are largely suppressed, contributing to the for-
more robustly, even at elevated temperatures, making it amation of the semiconducting gap. This suppression further
ideal candidate for spintronic applications. IaNmSn, al-  supports the half-metallic behavior by maintaining the gap in
though the Mn d-states still play a key role, the weaker interthe minority spin channel. For the non-magnetic elements, Sn
action with Sn results in a smaller gap in the minority spinand Si, their contributions are primarily found at lower ener-
channel, reducing the robustness of its half-metallicity com-gies, away from the Fermi level. Si exhibits stronger interac-
pared to IsMnSi. However, lsMnSnh still displays signifi- tions with Mn due to its smaller size and higher electronega-
cant half-metallic behavior, as shown by the clear separatiotivity, which contributes to the larger band gap in the minority
between the metallic majority spin channel and the gappedpin channel for fMnSi. In contrast, Sn has a more lim-
minority spin channel. The Ir/d-states also contribute to thdéted impact on the electronic structure near the Fermi level,
DOS, patrticularly around the Fermi level in the majority spinleading to the smaller band gap observed iMnSn. The
channel, but their contribution is smaller compared to the Mrtotal magnetic moments for both compounds were calculated
atoms. In both materials, the Ir d-states hybridize with theto be approximately 5.005 per formula unit, following the
Mn d-states, particularly in the majority spin channel, which Slater-Pauling rule [53], as shown in Table IV.
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o S ' R is critical for devices like magnetic tunnel junctions and spin
n 2 - .. . .. N . .
] i valves, where efficient spin injection is required;NInSn
430 4—m—" " i also exhibits half-metallicity, though its smaller gap makes
T b g iR S gtz it slightly less ideal for high-temperature applications. How-
ra . A el T ever, both materials show great promise for use in spintronic
g —v . . . . .
§ a0} AT S o o devices due to their robust magnetic moments and high spin
-v—v— Y . i . .
. o i il polarization.
400 — o —o—¢ e —m—0GPa
e 25 : :
390 - pard N 3.3. Thermodynamic properties
380 : : : : . . The thermodynamic properties of MnSn and IsMnSi were
0 200 400 600 800 1000 1200 .
a) Tk analyzed as a function of temperature and pressure. The fol-
lowing figures illustrate variations in volume, heat capac-
380 — ] ity, thermal expansion coefficient, and Debye temperature
2w oo for both materials. A comparison between the two alloys
370 - iaiiall . highlights their distinct thermodynamic behaviors. Figure 9
) I ’M’k’*’*"/ shows the variation of volume as a function of temperature at
g ‘04, a JNNEENE S o v different pressures for both alloys. Both materials exhibit an
E ol v 7 7 =¥ et o increase in volume with rising temperature, which is typical
S o iy for solids. However, §MnSi shows a slightly smaller vol-
340 it | ume variation than ¥MnSn at all pressures, suggesting that
—_— | Ir,MnSi is more thermally stable and more resistant to ther-
330 mal expansion. This difference can be attributed to the more
compact nature of Mn-Si bonds, which enhance the stability
320 of the crystal lattice compared to Mn-Sn. This indicates that

0 2(|)0 4(|)0 6(I)O S(I)O 1OI00 I 12IOO . .. . P
b) at high temperatures, JIMnSi is better able to maintain its
T(K) - . .
structure and resist thermal deformations, an important fac-
tor for high-temperature applications. Figure 10 illustrates
the variation of heat capacity at constant volurag)(as a
function of temperature at different pressures. The heat ca-

FIGURE 9. Volume variation as a function of temperature at differ-
ent pressures for full- Heusler alloysMnZ (Z = Sn, Si).

The majority of the magnetic moment is contributed by
the Mn atoms, with the Mn atoms in,WnSi exhibiting
a magnetic moment of 3.40g, slightly higher than the

T T
100 Dulong-petit limit

3.29 up observed for kMnSn. This difference can be at- . e = ok

tributed to the stronger exchange splitting ipgNinSi, which = - +—10GPa L

is a result of its stronger Mn-Si bonding. The Ir atoms con- §, | +—203Pa
o

tribute a smaller antiparallel magnetic moment of approxi-
mately—0.13 g for both materials, slightly reducing the to-
tal magnetization. The Sn and Si atoms, being hon-magnetic,
contribute negligibly to the total moment. The difference in
magnetic moments betweenMnSi and IeMnSn is primar- a) o

IN
o
|

20

T T T T T T
200 400 600 800 1000 1200

ily due to the stronger Mn-Si interaction i, MnSi, which e

leads to a slightly higher magnetic moment in this compound. o '=MrSi Dulong-petit limit N

The total magnetic moment of both compounds is largely de-

termined by the Mn/d-states, whose strong exchange split-  s0 TLoogrke

ting is responsible for the formation of the gap in the minor- —A-10GPa

ity spin channel. The overall magnetic properties of these Tg . —+— 20 GPa

materials, combined with their electronic structure, confirm = |

their potential as half-metallic ferromagnets, particularly in

the case of kMnSi, where the larger minority spin gap and 20 -

stronger magnetic interactions make it a more robust candi-

date for spintronic applications. The strong half-metallic na- ) o o i o e it 120
T(K)

ture of IbMnSi makes it a prime candidate for spintronic ap-

plications,. partic_ularly pece.luse the large r_ninority Spin gapricure 10. The variation of the heat capacify, as a function of
ensures high spin polarization at the Fermi level, even at eltemperature at different pressures for full-Heusler alloydhZ
evated temperatures. This high degree of spin polarizatiofZ = Sn, Si).
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3 1 1 b v S ) o
T —=—0GPa | b I SN ":, : e
=3 ® 5 GPa & 400 -——-,.,,_‘”‘ A —a 4
o 69 —a—10 GPa | = 1 R S SR
v 15 GPa|| < 380 w'—-\—-ﬂ_.\._i*‘. ~ o _ o
wd —+—20 GPa 260 _*7'_‘*‘»#*“ ]
’ 4 340 ] i
20 4
320
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a) 0 200 400 600 800 1000 1200 o o 200 400 600 800 1000 1200
T(K) d) T(K)
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AR 520 H Irgl\inS|
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100 | e GG B 5004 '77. St s o b= oo
480 - e I B D
A A = >
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T + 20 GPa 5] . e .
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360 -
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FIGURE 11. The variation of the heat capacity Cp as a function of FIGURE 13. The variation of the Debye temperature as a function
temperature at different pressures for full-Heusler alloyihZ of temperature at different pressures for full-Heusler alloysiitZ
(Z=Sn,Si). (Z=25n, Si).
that I,MnSi has a greater capacity to absorb heat without
30 1,Mnsn ] experiencing rapid temperature increases. This may be re-
I e BT T e e lated to its more stable crystal structure and stronger inter-
e —e — " . g g . . . .
e s A aa—A e, actions between Mn and Si, which promote better internal
— i - B . - ) .
= e e e S . En R thermal energy management. Figure 11 shows the heat ca-
) e il B pacity at constant pressur€,() for both alloys as a function
el b of temperature. Similar to heat capacity at constant volume,
2 _20GPaj | IroMnSi shows highe€’, values than fMnSn. These results
1 reinforce the idea thatdMnSi has a greater capacity to dis-
. sipate heat without experiencing rapid temperature increases,
ay ° 200 400 600 800 1000 1200 making it potentially more effective in thermally demanding
i TR environments. Figure 12 presents the variation of the thermal
| i, mnsi expansion coefficient() as a function of temperature. Both
280 " MR materials show an increasednwith temperature, indicating
— increased thermal expansion as the temperature rises. How-
{_‘, ever, IbMnSi exhibits a lower thermal expansion coefficient
i 60 4 than IbMnSn at all temperatures and pressures. This means
i ol that IrMnSi is less susceptible to thermal expansion, fur-
14 ther reinforcing its high-temperature stability. This property
204 f makes IsMnSi more suitable for applications where minimal
5 thermal expansion is required to maintain structural integrity.
b) ° 200 400 800 800 1000 1200 Figure 13 shows the Debye temperature for both materials as
T(K)

a function of temperature at different pressures. The Debye
FIGURE 12. The thermal expansion coefficientas a function of ~ temperature is a key indicator of a material’s stiffness and its
temperature at different pressures for full-Heusler alloyMhz ability to resist thermal vibrations. JMnSi exhibits higher
(Z =Sn, Si). Debye temperatures thanMnSn (440 K), reflecting greater
stiffness and stronger resistance to atomic vibrations. A ma-
pacity increases with temperature for both materials. Howterial with a higher Debye temperature, likeNMnSi (380 K),
ever, IbMnSi shows slightly higher Cvalues than kMnSn,  is more resistant to thermal disturbances, which gives it su-
especially at higher temperatures. This difference suggestperior mechanical and thermal stability at elevated temper-
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atures. Overall, the comparison of thermodynamic properelassified as brittle, while $MnSi exhibits a more ductile na-

ties between BMnSn and IsMnSi shows that kMnSi is
the more thermodynamically stable alloy,MnSi exhibits

ture, highlighting their differing mechanical behaviors. Mag-
netic calculations show that both alloys exhibit a total mag-

less volume variation, higher heat capacity, and a lower themetic moment of approximateby: 5, largely attributed to the

mal expansion coefficient, making it better suited for high-Mn atoms, which play a significant role in determining their
temperature environments. The higher Debye temperatureverall magnetic characteristics. Finally, key thermodynamic
of IroMnSi also confirms its superior mechanical and ther-parameters such as lattice constants, thermal expansion co-
mal resistance. In contrast;MnSn is slightly less thermally efficients, heat capacities, and Debye temperatures were de-
stable, with a stronger response to temperature and pressusgmined across a pressure range from 0 to 20 GPa for both
variations, making it less suitable for applications requiringalloys. The Debye temperature results, in particular, corre-
high thermal stability. late with the elastic constants, indicating thatMnSi, with

its greater rigidity and thermal stability, is more suitable for
applications requiring enhanced performance under varying

4. Conclusions ; - : .
thermal and mechanical conditions. Finally, this study offers

In this work we investigate $MnZ (Z = Sn, Si) full-Heusler

a thorough analysis of the diverse properties of Heusler alloys

compound with Density Functional Theory (DFT) with PBE- Ir2MnZ (Z = Sn, Si):

GGA and GGA-mBJ exchange correlation function utilizing
full potential augmented plan wave (FP-LAPW), provided a
comprehensive understanding of its properties in several do-
mains. Additionally, IsMnZ (Z = Sn, Si) were identified

as a half-metallic Heusler alloy. In the spin-down state, it
exhibited an indirect bandgap semiconductor behavior with
an energy 00.556 eV and0 eV for IroMnSi and IeMnSn

with GGA, respectively, and.644 eV and0.23 eV, as de-
termined using GGA-mBJ. Conversely, in the spin-up state,
the compounds displayed metallic behavior. The above anal-
ysis has been confirmed by the examination of the electrical
band structure and density of states (DOS). The elastic prop-

e Structural stability and compatibility: They generally
exhibit high chemical and thermodynamic stability,
and they have excellent lattice matching with conven-
tional materials.

e Tunable properties: Their electronic and magnetic
properties can be adjusted by changing the atomic or-
dering or through doping (valence electron count).

e High magnetic moments: Many possess high magnetic
moments.

erties further validate the structural stability of both alloys inDue to these properties, these studied compounds have

the studied phase. According to Pugh’s criteriaMnSn is

promising potential in developing spin-electronics.
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