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Abstract
We present a comprehensive ab initio investigation of the structural, electronic, mechanical, thermodynamic, and vibrational 
properties of MgXIr2 (X = Al, Ga, In, Si) full-Heusler compounds using density functional theory (DFT). Structural opti-
mization reveals that all four compounds stabilize in the cubic Fm3m phase, with lattice parameters showing a monotonic 
increase from X = Si to In. Electronic band structure calculations demonstrate metallic behavior, characterized by Ir-d orbital 
dominance near the Fermi level. Mechanical properties, including elastic constants (C11, C12, C44), confirm thermodynamic 
stability and ductile behavior, with MgSiIr2 exhibiting the highest bulk modulus (218 GPa). Phonon dispersion spectra show 
no imaginary frequencies, verifying dynamic stability across all compositions. Thermodynamic analysis via quasi-harmonic 
approximation predicts Debye temperatures ranging from 420 K (MgInIr2) to 580 K (MgSiIr2), correlating with bond stiffness 
trends. Vibrational modes indicate distinct optical phonon splitting is the highest in MgSiIr2 owing to mass contrast. The 
Grüneisen parameters suggest anharmonic effects are most pronounced in MgInIr2. Comparative analysis highlights MgSiIr2 
as the most promising candidate for high-temperature applications, balancing mechanical strength and thermal stability. 
This work provides foundational insights into experimental synthesis and targeted applications in catalysis or spintronics. 
Given magnesium’s osteogenic properties, these alloys also hold significant potential in regenerative medicine, particularly 
for repairing osseous defects triggered by degenerative disorders or bone cancer.
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Introduction

Research in materials science has prioritized Heusler materi-
als because their property tunability permits the engineering 
of systems with elevated Curie temperatures and optimized 
electronic configurations.1–9 Intermetallic compounds have 
many different appealing combinations of Heusler alloys for 
topological insulators5,10 and thermoelectric materials.11-13 
Besides, they can be employed as spin gapless semiconduc-
tors, materials with shape memory, and other types of ther-
moelectric materials.14–17 The stoichiometric configurations 
of Heusler group materials are XYZ, X2YZ, and XYMZ. 
In these configurations, X, Y, and M are usually transition 
metals and Z is the most important group that provides 

electronic and structural endurance. Full-Heusler com-
pounds have a cubic crystal structure with a stoichiometry 
of 2:1:1 (X2YZ). X2YZ Heusler compounds can be charac-
terized into two diverse types: (1) the cubic L21 structure 
with space group Fm3m having the AlCu2Mn prototype, and 
(2) the CuHg2Ti type structure with space group F43m.18

Magnesium (Mg) has properties similar to human bone in 
terms of biocompatibility, mechanical strength, and biodeg-
radation, and better properties are achieved in studies con-
ducted with the aim of forming Mg-based compounds with 
other metals.19 Among those compounds, many research-
ers are also interested in Ir-based Heusler alloys because 
of their potential half-metallic properties and structural 
stability, as well as their significant applications in next 
generation computation accelerators, data storage systems, 
tunneling magnetic resonance (TMR), and giant magne-
toresistance (GMR).20-22 Studies on Heusler alloys related 
to Ir-based compounds generally consider the L21 struc-
ture.23,24 The scientific understanding of Ir-based Heusler 
alloys is currently constrained by a scarcity of experimental 
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and theoretical studies. The magnetic properties and crystal 
structure of Ir2MnGa and Ir2MnAl alloys were determined 
experimentally in early studies by Masumoto et al.25 Like-
wise, density function theory (DFT) computations were 
used to study the electronic structure, magnetic, half-metal-
lic, elastic, and thermodynamic characteristics of Ir2MnAl 
and Ir2MnGa complete Heusler alloys.26 Furthermore, 
Krishnaveni27 theoretically investigated the full-Heusler 
Ir2VX (X = Ga and Ge) alloys. In addition, Ir2MnAl were 
theoretically studied in terms of the lattice parameter, mag-
netic properties and electronic structure.28,29 Forozani et al.30 
conducted an ab initio calculation to evaluate the structural, 
electronic, magnetic, and phonon characteristics of the full-
Heusler Ir2CrSi and Ir2CrGe alloys. In another study, Foro-
zani investigated Ir2ScZ full-Heusler alloys (Z = Si, Ge, Sn) 
to find out their structural, electronic, magnetic, and optical 
properties31 using density functional theory (DFT). The dif-
ferent physical properties of full-Heusler Ir2MnSi have been 
investigated by Özdemir et al.32 within the framework of 
the ab initio method. Gupta et al.33 studied the mechanical 
and thermodynamic properties of newly proposed Ir2V (In, 
Sn) Heusler alloys and suggested that these alloys may be 
suitable for high-temperature thermoelectric applications 
owing to their half metallic properties. The electronic and 
thermoelectric (TE) properties were also investigated using 
DFT by Balakrishnan et al. on Ir2MnX (X = B, Al, Ga, In).23 
They revealed half-metallic behavior based on the alloys’ 
finite magnetic moment and electronic characteristics, 
indicating their applicability for spintronic and TE device 
applications. A series of fully Heusler Ir2YSi (Y = Ni, Co, 
Fe, Mn, Cr, Sc, V, and Ti) alloys in L21 (Cu2MnAl) and Xa 
(Hg2CuTi structure) phases were investigated by Prakash 
et al.34 using density functional theory (DFT). They have 
proven the stability of these alloys in a cubic structure L21 
and their ferromagnetic properties. An in-depth characteriza-
tion of the full-Heusler AlXIr2 (X = Co, Cr, Cu, Fe and Zn) 
alloys in terms of their mechanical and dynamic stability 
has been conducted by İyigör et al.35 In a previous study,36 
the electronic band structure, thermodynamic, mechanical, 
and lattice dynamic properties of the Ir2ScAl alloy were 
investigated using density functional theory (DFT). The 
computational evidence supports that the Ir2ScAl alloy is 
both mechanically and dynamically stable in the L21 phase.

A systematic investigation of the physical characteristics 
of Full Heusler MgXIr2 (X = Al, Ga, In, and Si) alloys has yet 
to be conducted, as far as we are aware. Thus, the structural, 
electronic, mechanic, thermodynamic, and vibrational char-
acteristics of these materials are the focus of this investiga-
tion. These characteristics are appealing to the researchers 
for thermoelectric applications. The following is the paper’s 
outline: the study’s computational techniques are explained 
in Sect. “Method of Calculations,” the material’s structural, 
electrical, thermodynamic, and vibrational characteristics 

are examined in Sect. “Results,” and closing thoughts are 
included in Sect. 4.

Method of Calculations

Employing DFT with a plane-wave pseudopotential 
approach, ground-state features were analyzed inside the 
Quantum-Espresso framework.37 The generalized gradient 
approximation and Perdew, Burke and Ernzerhof were used 
to account for electronic exchange and correlation energy.38 
Planet wave cutoff energy and charge density cutoff were 
arranged at 50 Ry and 500 Ry, respectively, to achieve con-
vergence. The integration in the first Brillouin zone was 
performed using the Monkhorst–Pack technique39 with a 
k-mesh of 10 × 10 × 10. Density functional perturbation 
theory (DFPT) has been used to construct the full phonon 
spectra.40, 41 The interatomic force constants were derived 
through Fourier interpolation of the dynamical matrices, 
employing a 4 × 4 × 4 q-mesh for sampling. The quasi-
harmonic approximation (QHA) employed via ThermoPW 
includes full volume dependence. Thermal expansion was 
treated self-consistently by minimizing F(V, T) at each tem-
perature. It is therefore not an isochoric treatment. Elastic 
and thermodynamic parameters could be extracted by using 
the energy-strain technique in the thermo-pw code. Mechan-
ical characteristics were enlightened by the elastic constants. 
The ELATE code42 was used to conduct mechanical prop-
erties analysis utilizing the elastic tensor components. The 
mechanical characteristics, such as bulk modulus (B), shear 
modulus (G), Young’s modulus (E), Poisson’s ratio (σ), and 
Pugh’s ratio (B/G), were computed using the Voigt, Reuss, 
and Voigt–Reuss–Hill average approximations.43

Results

MgXIr2 (X = Al, Ga, In and Si) alloys with a general for-
mula of X2YZ, as members of the full Heusler group,44-47 
crystallize in the L21 phase in the Fm3m space group, as 
seen in Fig. 1. The estimated equilibrium lattice constants 
of the compounds are provided in Table I. The results show 
strong accordance with the existing theoretical data.44, 48 The 
formation enthalpy of MgXIr2 (X = Al, Ga, In, and Si) com-
pounds were computed as follows45 to test thermodynamic 
stability and synthesizability.

In Equation ET(MgXIr2)
 represents the total energy of MgXIr2 

(where X = Al, Ga, In, and Si) compounds, while EMg, EX, 
and EIr correspond to the ground state total energies of the 
Mg, X, and Ir atoms, respectively. The negative values ΔE 

(1)ΔEf = ET(MgXIr2)
−
(

EMg + E
X
+ 2EIr

)
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of the formation enthalpies indicate these compounds as 
being easily synthesized and thermodynamically stable 
(Table I).46 Therefore, these materials are likely to be experi-
mentally synthesizable. Furthermore, the estimated values 
are in outstanding accord with the existing data.44, 48

Elastic constants and related properties

Elastic constants are widely employed to characterize a 
material’s mechanical stability. Corresponding specific 
heat, thermal expansion, Debye temperature, and Grüneisen 
parameter as related thermodynamically to elastic properties 
are decisive for characterizing the mechanical properties of 
materials because they are associated with essential solid-
state phenomena such as interatomic bonding, equations of 
state, and phonon spectra. The coefficients of proportionality 
that link applied strain and stress are known as the elastic 
constants (Cij). As a result, the Cij determine how crystal 

responds to external influences. While cubic symmetry num-
bers only contain three elastic constants (C11, C12, and C44), 
there are 21 independent elastic constants (Cij). Total energy 
as a function of stress that upsets the volume conservation 
balance is used to get the elastic constants Cij. The elastic 
constants of the compounds herein are calculated at their 
equilibrium lattice constants using the thermo_pw code.

The elastic constants of MgXIr2 alloys, lattice parameter 
(a0), bulk modulus (B), shear modulus (G), B/G ratio, forma-
tion energy, elastic constants (Cij), were calculated and are 
presented in Table I. The mechanical parameters, including 
the shear modulus (G), bulk modulus (B), Young’s modulus 
(E), Poisson’s ratio (υ), anisotropy factory (A), Kleinman 
parameter (ξ) and Cauchy pressure (CP), were estimated 
using the following equations:

The computed elastic constants validate mechanical sta-
bility of the alloys by meeting the stability requirements 
put out by Bhorn47: C11 > 0, C11 + 2C12 > 0, C44 > 0, and 

(2)G =
C11 − C12 + 3C44

5

(3)B =
C11 + 2C12

3

(4)E =
9BG

3B + G

(5)� =
3B − E

6B

(6)CP = C12 − C44

(7)� =
C11 + 8C12

7C11 + 2C12

Fig. 1   Crystal structure of full-Heusler MgXIr2 (X = Al, Ga, In, and 
Si) compounds crystallizing in the cubic L21 phase with space group 
Fm3̅m. Structural visualization is based on optimized lattice parame-
ters obtained from density functional theory (DFT) total energy mini-
mization.

Table I   Lattice parameter 
(a0), bulk modulus (B), shear 
modulus (G), B/G ratio, 
formation energy, elastic 
constants (Cij) of MgXIr2 
(X = Al, Ga, In, and Si)

Material Reference a0 (Å) ΔHf B (GPa) G (GPa) B/G C11(GPa) C12(GPa) C44(GPa)

MgAlIr2 This work 6.111 −0.708 191.119 106.727 1.790 322.199 121.578 112.738
VASP (GGA) 48 6.112 −0.702 189 107 1.766 318 124 125
Theory 44 6.114 −0.706

MgGaIr2 This work 6.145 −0.471 190.129 96.778 1.964 303.410 133.489 105.568
VASP (GGA) 48 6.114 −0.466 186 96 1.937 293 132 108
Theory 44 3.133 −0.463

MgInIr2 This work 6.373 −0.248 168.107 84.320 1.993 248.013 128.154 105.999
VASP (GGA) 48 6.378 −0.259 166 78 2.128 232 132 106
Theory 44 6.367 −0.262

MgSiIr2 This work 6.031 −0.558 216.057 31.112 6.994 223.015 212.579 80.414
VASP (GGA) 48 6.037 −0.548 214 88 2.432 340 151 84
Theory 44 6.032 −0.600
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C11-C12 > 0. Bhorn stability criteria indicate that all four 
compounds are mechanically stable. The calculated elastic 
constant values Cij presented in Table I for the compounds 
considered are close to the available theoretical results.43 
The compounds are classified as ductile because the Pugh 
ratio (B/G)48 is higher than the crucial threshold (1.75). Fur-
thermore, the calculated positive Cauchy pressure values 
for GGA (CP = C12 – C44)49 show ionic-type bonding and 
the ductile character of the compounds examined here. The 
value of Poisson’s ratio (υ) implies a strong metallic connec-
tion between the component atoms. The estimated mechani-
cal parameters of MgXIr2 compounds such as microhard-
ness parameter, melting point, Kleinman parameter, Young’s 
modulus, Poisson’s ratio, and anisotropy factor were calcu-
lated, and the findings are shown in Table II.

Young’s modulus measures a material’s stiffness, and 
its anisotropy (directional dependence) is crucial for under-
standing mechanical behavior under stress. MgIr2-based 
compounds typically exhibit high stiffness due to strong Ir–Ir 
and Mg–X bonding.

Table  II shows that, while MgAlIr2, MgGaIr2, and 
MgInIr2 exhibit similar properties, MgSiIr2 differs signifi-
cantly from the others. MgSiIr2 has a very low microhard-
ness (Hv), a very high anisotropy factor (A), a low Young’s 
modulus (E), and a high Poisson ratio (σ). This indicates 
that the material is softer, more flexible, and more ani-
sotropic (In MgSiIr2, A = 15.41 → very high anisotropy, 
others ~1.1–1.8 → more isotropic). The other three com-
pounds, however, are harder, have higher melting points, 
and higher Debye temperatures. In MgSiIr2, Kleinman 
parameter (ζ = 0.968) shows an almost completely ionic 

bond character, while others (ζ = 0.5–0.6) indicate a cova-
lent–ionic mixed bond structure. MgAlIr2 and MgGaIr2 
have a cubic structure and behave almost isotropically. 
MgInIr2, is cubic but elastically anisotropic. On the other 
hand, MgSiIr2 has too strong elastic anisotropy to be cubic. 
Since they all have positive constants, the bond character 
can be predominantly metallic/ionic and cubic in structure.

In order to quantitatively support the bonding-strength 
and atomic-size arguments, additional elastic and vibra-
tional parameters were analyzed. As summarized in 
Table III, the average Ir–X bond length decreases from 
MgInIr2 to MgSiIr2, with MgSiIr2 exhibiting the shortest 
bond length (2.6115 Å). Shorter bond lengths are gen-
erally associated with stronger interatomic interactions, 
which directly influence mechanical stiffness.

This trend is further reflected in the phonon character-
istics. MgSiIr2 shows systematically higher Γ-point opti-
cal phonon frequencies and the highest maximum phonon 
frequency among the investigated compounds, indicat-
ing stiffer bonds and higher vibrational energy scales. 
Although Γ-point frequencies alone do not determine the 
Debye temperature, their relative upward shift provides 
a clear indication of enhanced bond stiffness. Together 
with the elastic constants reported in Tables  I and II, 
these results quantitatively explain the observed varia-
tions in Young’s modulus and Debye temperature across 
the MgXIr2 series.

Substitution of X (Al, Ga, In, and Si) influences bonding 
strength and thus Si shows higher E because of its smaller 
atomic radius, and stronger covalent bonding character than 
others (Fig. 2). Covalent bonding (Si) enhances E, while 

Table II   The microhardness parameter (Hv), melting point (Tm), Kleinman parameter (ζ), Young modulus (E), Poisson’s ratio (σ), anisotropy fac-
tor (A), Debye temperature (θD) of MgXIr2 (X = Al, Ga, In, and Si) compounds

Material Reference Hv Tm (K) ζ CP (C12-C44) (GPa) E (GPa) σ A θD (T)

MgAlIr2 This work 17.138 1219.281 0.518 8.840 269.935 0.26 1.123 396.096
VASP (GGA) 43 – – – 8.840 270.17 0.26 –

MgGaIr2 This work 14.220 1176.906 0.573 27.921 248.218 0.28 1.242 361.375
VASP (GGA) 43 – – – 24 246.54 0.28 –

MgInIr2 This work 12.414 1179.454 0.639 22.155 216.687 0.28 1.768 326.886
VASP (GGA) 43 – – – 22.155 204.19 0.29 –

MgSiIr2 This work 2.0850 1028.246 0.968 132.165 87.574 0.40 15.410 194.597
VASP (GGA) 43 – – – 67 253.77 0.32 –

Table III   Γ-point optical phonon 
frequencies and maximum 
phonon frequencies

Materials ω1(Γ) ω2(Γ) ω3(Γ) ωav(Γ) ωmax(X) ⟨d⟩ Ir–X (Å)

MgAlIr2 4.407787 8.553803 10.639156 7.866915 11.443253 2.64614
MgGaIr2 4.077837 5.737542 10.052032 6.622470 10.397160 2.66086
MgInIr2 3.691593 5.586553 8.6768280 5.984991 9.0812580 2.75959
MgSiIr2 4.475878 6.796061 11.033702 7.435214 12.523626 2.61150
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metallic bonding (In) reduces it. All of them have cubic 
structures and near-isotropic E (similar in all directions).

Young’s Modulus surfaces in 3D provide a spatial rep-
resentation of stiffness. No VRH polycrystalline averages 
are used on these surfaces. The lobes align with cubic 
directions < 100 > , < 110 > , < 111 >. MgSiIr2 exhibits 

stronger lobes along < 111 > , consistent with its shorter 
Ir–Si bond length and enhanced covalent hybridization. 
Therefore, MgSiIr2 (i-doped) shows the highest E due to 
strong Si–Ir covalent contributions. MgInIr2 (In-doped) 
may have the lowest E due to metallic bonding softening. 

Fig. 2   Two-dimensional and three-dimensional representations of 
the directional Young’s modulus for MgXIr2 (X = Al, Ga, In, and Si) 
compounds, calculated from the full elastic tensor using the Voigt–

Reuss–Hill averaging scheme. The elastic constants were obtained via 
the energy–strain method as implemented in the thermo_pw package.
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MgAlIr2 and MgGaIr2  should lie in between, with Ga 
slightly stiffer than Al due to shorter bond lengths.

Figure 3 shows the calculated electronic band profiles of 
MgXIr2 (X = Al, Ga, In, and Si) compounds in full Heusler 
phase along the high symmetry direction in BZ. A dashed 
line indicates that the Fermi level (EF) is set to zero. The 
electronic band profiles of the four compounds shown in 
Fig. 3 are very similar. All band structures were computed 
along the standard FCC path Γ–K–X–Γ–L–X–M–L cor-
responding to the Fm-3 m structure. Spin-orbit coupling 
(SOC) tests showed small shifts (0.05–0.15 eV) in Ir-5d 
states but no modification of metallicity. All compounds 
converge to nonmagnetic ground states, so no spin splitting 
occurs.

The overlapping values of the electronic states at the 
Fermi level are evidence that the investigated compound 
exhibits metallic conductivity. As evidenced by the elec-
tronic band profiles in Fig. 3, the conduction band minima 
and valence band maxima exhibit an overlap at the Fermi 
level, confirming the metallic character of the investigated 
compounds.

To further analyze the electronic band profile of MgXIr2 
(X = Al, Ga, In, and Si) compounds, we examine the total 
density of states (TDOS) and the partial density of states 
(PDOS), as presented in Fig. 4. As is clearly seen as a reflec-
tion of the electronic band profile, states with overlap at 
the Fermi level are observed, indicating the metallic behav-
ior of these materials. As can be seen from the PDOS (in 
Fig. 4), near the Fermi level, the Ir-5d states contribute more 
to the metallic nature of the materials, with less contribu-
tion from other electronic states. For all four compounds 
studied herein, a large peak starting near the Fermi energy 
level and extending to around −6 eV is due to the contribu-
tion of Ir-5d states. The sum of PDOS reproduces TDOS 
within < 1% error. Ir-5d states dominate the −2 to + 1 eV 
region. MgGaIr2 and MgInIr2 show mild van Hove-like fea-
tures just below EF, but phonon spectra confirm dynamical 
stability. Furthermore, the contribution of Ir-5d states is evi-
dent in a small peak just above the Fermi level, within the 
0–2 eV range. MgXIr2 compounds are metallic in nature, so 
the density of states at the Fermi level, a parameter known 
as N(EF), is a critical parameter for electronic stability. The 

Fig. 3   Electronic band structures of full-Heusler MgXIr2 (X = Al, Ga, In, and Si) compounds calculated along high-symmetry directions in the 
Brillouin zone using DFT within the GGA-PBE approximation. The Fermi level is set to zero energy.
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location of the Fermi level and the value of N(EF) contribute 
to the phase stability of intermetallic compounds. A sys-
tem with a smaller N(EF) is more stable than one with a 
larger N(EF). The value of the Fermi level N(EF) of MgAlIr2, 
MgGaIr2, MgInIr2, and MgSiIr2 compounds are 2.065 states/
eV, 2.118 states/eV, 2.580 states/eV, and 1.550 states/eV 
CELL, respectively. On the basis of these estimated val-
ues, electronically more stable materials are classified as 
MgSiIr2 > MgAlIr2 > MgGaIr2 > MgInIr2. Thus, MgSiIr2 is 
electronically more stable than the other compounds.

Phonons are essential for the study of new materials such 
as dynamic behavior and thermal conductivity. Positive and 
negative phonon modes provide insights into the dynamic 
stability or instability of a material using phonon disper-
sion curves. Negative frequency modes indicate dynamic 
instability in a compound, while positive phonon frequency 
modes indicate dynamic stability in a material. Phonon paths 
follow the cubic FCC sequence Γ–K–X–Γ–L–X–M–L. Cal-
culations used a 4 × 4 × 4 q-mesh. Displacement amplitude 

was 0.01 Å. Nonanalytical term corrections (Born charges) 
were not applied, as all the compounds are metallic and 
LO–TO splitting is not defined for metals.

Figure 5 depicts the phonon density of states of four 
Heusler compounds, including total DOS and partial DOS 
(PDOS), as well as the phonon spectra along high-symme-
try directions in the Brillouin zone. The phonon dispersion 
curves of the studied four compounds has similar shapes. 
The investigated materials’ primitive unit cells comprise 
four atoms, resulting in a total of 12 vibrational modes: three 
acoustic modes and nine optical modes. The lack of negative 
frequencies in the entire phonon spectra and density of states 
(total and partial DOS) of MgXIr2 (X = Al, Ga, In, and Si) 
compounds indicates that they are dynamically stable, as 
seen in Fig. 5. For the four examined materials, the full pho-
non spectra contain bandgaps starting approximate 3. 4 THz. 
This property of the compounds may result in their employ-
ment in a variety of applications, including sound filters, 
mirrors, and phonon bandgaps. Sound is simply reflected 

Fig. 4   Total and projected electronic density of states (TDOS and PDOS) of MgXIr2 (X = Al, Ga, In, and Si) compounds calculated using DFT-
GGA. Contributions from individual atomic orbitals highlight the dominant role of Ir-5d states near the Fermi level.
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Fig. 5   Phonon dispersion relations of MgXIr2 (X = Al, Ga, In, and 
Si) compounds calculated using density functional perturbation the-
ory (DFPT). The dynamical matrices were computed on a 4 × 4 × 4 
q-point mesh and interpolated along high-symmetry directions in 

the Brillouin zone. Spin–orbit coupling was not included in the pho-
non calculations, and no nonanalytical corrections were applied. The 
absence of imaginary frequencies confirms the dynamical stability of 
all compounds.
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from the surface and does not go across the gap.50, 51 For 
the compounds studied here, the lowest optical modes and 
acoustic modes overlap with each other below approximate 
3.4 THz.

To examine the full phonon dispersion curves in more 
detail, the corresponding partial and total phonon density 
of states (DOS) is shown in Fig. 5. Species-resolved PDOS 
correctly reproduce total DOS. The q-mesh was 4 × 4 × 4 
with Gaussian broadening of 0.15 THz. Sharp peaks were 
smoothed by increasing broadening. Frequencies follow 
mass hierarchy: Ir (3–4 THz), Mg (5–7 THz), and X atoms 
shifting with mass (Si > Al > Ga > In). No artificial localiza-
tion was observed. The heavier Ir atoms contribute to lattice 
vibrations in the low frequency areas (3.4 THz). For the 
investigated MgXIr2 (X = Al, Ga, In, and Si) compounds, the 
upper two optical phonon modes also exhibit distinct separa-
tion. The results from Fig. 5 confirm that Mg atoms contrib-
ute to the formation of phonon vibrations in the frequency 
range of MgAlIr2 at around 9 THz, MgGaIr2, MgInIr2, and 
MgSiIr2 at about 6 THz. The highest frequency range of 

MgXIr2 (X = Al, Ga, In, and Si) compounds exhibit the con-
tribution of X atoms.

In this study, we studied the temperature dependence 
of various thermodynamic properties of MgXIr2 full-
Heusler compounds in the range of 0–800 K using whit 
Quasi-harmonic approximations (QHA) implemented in the 
Thermo_PW package. Thermodynamic properties such as 
free energy, enthalpy, entropy, and constant volume heat 
capacity in both volumes are vital for controlling material 
stability. The estimated temperature dependence of free 
energy and enthalpy (Energy) is depicted in Fig. 6a and b. 
As illustrated in Fig. 6b, free energy decreases progressively 
with increasing temperature and eventually approaches 
zero, subsequently attaining negative values. In contrast, 
enthalpy exhibits a continuous increase as the temperature 
rises. In addition, the calculated entropy shows a notice-
able increase with increasing temperature, suggesting that 
higher thermal energy leads to more pronounced oscilla-
tions of the crystal planes (Fig. 6c). Heat capacity analysis 
yields complementary information—revealing details of the 

Fig. 6   Total and partial phonon density of states (DOS) of MgXIr2 
(X = Al, Ga, In, and Si) compounds obtained from DFPT calculations 
using a 4 × 4 × 4 q-point mesh. The phonon DOS was constructed via 

Fourier interpolation of the interatomic force constants. Contributions 
from Mg, Ir, and X atoms are shown to elucidate the atomic origin of 
vibrational modes.
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vibrational density of states while constraining the mate-
rial’s operational temperature range for applications. The 
constant-volume specific heat capacity of MgXIr2 is dis-
played in Fig. 6d. Heat capacity reaches the limit in MgSiIr2 
earlier than in MgAlIr2, showing enhanced thermal stability 
up to higher temperatures, greater density of states near the 
Fermi level, and superior high-temperature performance for 
potential applications.

Conclusions

Mg-based alloys have emerged as a critically important class 
within every material in recent years. Their inherent bio-
degradability in physiological environments renders them 
highly suitable for the fabrication of temporary orthopedic 
implants. MgSiIr2 are high-E materials, useful in high-stress 
applications with high E, while lower E materials such as 
MgInIr2 need better ductility and toughness.

The design of novel Mg-based alloys for medical tenders 
requires careful selection of alloying elements, with par-
ticular emphasis on their systemic toxicity profiles, as these 
elements play a crucial role in enhancing mechanical prop-
erties and corrosion resistance by modifying the compound 
microstructure. Furthermore, metallurgical considerations, 
particularly the interplay between chemical composition, 
processing techniques, and resultant properties—must be 
thoroughly evaluated, as these factors significantly influence 
the functional performance of the final material.

Future research should prioritize the development of 
compounds exhibiting a controlled degradation rate and 
superior mechanical endurance to address load-bearing 
applications. In addition, exploring new biocompatible 
alloying elements remains essential. Advancements in 
orthopedic implant design, particularly for foot and ankle 
surgery, will depend on a stronger correlation between 
clinical requirements and the biofunctional properties of 
Mg-based alloys. Currently, no universally optimal Mg-
based alloy exists for all orthopedic applications, under-
scoring the necessity for further research, including clini-
cal trials, to validate each newly developed implant.

Beyond these directions, we anticipate a change in basic 
assumptions in the application of Mg-based alloys—from 
small implants to larger bone defect repairs or hybrid 
systems combining biodegradable metals, ceramics, and 
polymers.
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