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Abstract

Context Full-Heusler alloys X,MgSi (X=Ru, Rh, Pd) crystallizing in the cubic L2: structure have been investigated via
first-principles density functional theory to fill the knowledge gap regarding their mechanical stability, electronic structure,
lattice dynamics, and thermodynamic behavior. The optimized lattice constants are 5.986 A (Ru,MgSi), 5.997 A (Rh,MgSi),
and 6.167 A (Pd,MgSi), in good agreement with available theoretical data. The negative formation enthalpies (-0.432, -0.682,
and -0.527 eV/atom, respectively) confirm thermodynamic stability and experimental synthesizability. The electronic band
structures and density of states reveal metallic characteristics for all three compounds, with the highest density of states
at the Fermi level (3.389 states/eV-cell) obtained for Ru,MgSi. The calculated elastic constants satisfy the Born—-Huang
stability criteria, and the derived polycrystalline moduli decrease from 198.4 GPa (Ru,MgSi) to 135.4 GPa (Pd,MgSi).
Pugh’s ratio (B/G > 1.75), positive Cauchy pressure, and Poisson’s ratio (0.31-0.42) consistently indicate ductile behavior,
with Pd,MgSi exhibiting the highest ductility. The phonon dispersion curves display no imaginary frequencies, confirming
the dynamic stability; distinct phonon bandgaps arise from the large mass differences between the constituent atoms. The
thermodynamic properties obtained via the quasiharmonic Debye model yield Debye temperatures of 457.6 K (Ru,MgSi),
392.7 K (Rhy,MgSi), and 223.2 K (Pd,MgSi), correlating with the trend in elastic stiffness.

Methods This research employs ab initio density functional theory methods implemented within the Quantum ESPRESSO
package to explore the structural, elastic, electronic, thermodynamic, and phonon characteristics of X,MgSi (X=Ru, Rh,
and Pd) full-Heusler compounds with the generalized gradient approximation (GGA-PBE) and projector augmented wave
(PAW) pseudopotentials. Elastic constants were obtained from the energy-strain method, phonon dispersions from density
functional perturbation theory (DFPT), and thermodynamic properties from the quasi-harmonic Debye model. A variety
of material properties were accurately identified via first-principles computational methods. Through the quasiharmonic
approximation, the thermodynamic behavior of the compounds was examined, revealing for the first time the temperature-
dependent variations in internal energy, free energy, specific heat, and entropy.
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Intermetallic compounds known as Heusler alloys, originally

observed by Friedrich Heusler in the early twentieth century,

have attracted much attention because of their wide-ranging

functionalities. These materials, particularly those adopting

the full-Heusler structure denoted X,YZ, exhibit a diverse

array of properties such as spin polarization, magnetism,

thermoelectricity, and even superconductivity [1-3]. Struc-
. L turally, full-Heusler compounds crystallize in a cubic L2:
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of elements [4]. The growing interest in Heusler alloys stems
from their flexible electronic structures and ability to fine-
tune their physical behavior through compositional variation
in metals.

Among all metals, magnesium-based Heusler compounds
stand out because of the inherent advantages of magnesium
as a lightweight, earth-abundant, and industrially significant
metal [5]. Its widespread utilization in the automotive, aero-
space, and metallurgical sectors is closely linked to its low
density, excellent machinability, and favorable mechanical
performance [5, 6]. Beyond traditional structural uses, Mg-
based compounds have also been investigated in emerging
areas such as thermoelectric devices, next-generation Mg-
ion batteries, and other functional electronic applications
[7, 8]. The combination of lightweight Mg with transition
metals such as Ru, Rh, and Pd offers a unique opportunity
to tailor mechanical and electronic properties for applica-
tions ranging from lightweight structural components to
next-generation thermoelectric generators and electrical
interconnects.

The increasing reliance on theoretical approaches and
advanced computational tools for predicting and tailoring
novel Heusler alloys—thereby avoiding the high costs asso-
ciated with experimental synthesis—has motivated us to
conduct a comprehensive investigation of these systems. In
this study, density functional theory (DFT) was employed
to explore the structural, elastic, electronic, vibrational, and
selected thermodynamic characteristics of X,MgSi (X=Ru,
Rh, Pd) full-Heusler alloys. To our knowledge, there are
very limited systematic or detailed reports on these alloys
in the available literature [9-11].

A review of the literature reveals that no experimental
studies have been previously reported on the physical prop-
erties of X,MgSi (X=Ru, Rh, and Pd) alloys, and a narrow
range of theoretical studies exist. This study is designed to
address this gap in the available literature by contributing
a comprehensive analysis of their physical properties. The
article is structured as follows: Sect. 2 presents the method-
ology of the computational approach, Sect. 3 discusses the
findings obtained for structural, electronic, elastic, thermo-
dynamic, and phonon properties, and Sect. 4 summarizes
the main results.

Computational method

The first principles calculations were completed within
the paradigm of density functional theory (DFT) [12]. The
structural, electronic, elastic, thermodynamic and phonon
characteristics of the investigated alloys were elucidated by
leveraging the pseudopotential plane-wave approach [13],
as operationalized in the Quantum ESPRESSO simulation
suite [14]. The exchange—correlation interactions were delin-
eated by the Perdew—Burke—Ernzerhof (PBE) form of the
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generalized gradient approximation (GGA) [15]. The inter-
action of the nuclei-valence electrons was intended using the
projector augmented wave (PAW) based pseudopotential. A
kinetic energy cutoff of 60 Ry was set for the plane-wave
basis, whereas a cutoff of 600 Ry was employed for the elec-
tronic charge density. To ensure reliable and accurate results,
convergence criteria were defined with a mixing parameter
of 0.7 and a threshold of 10° Ry. The Kohn—Sham equations
[16] were solved self-consistently using a Monkhorst—Pack
k-point mesh [17] of 10X 10x 10 within the Brillouin
zone, achieving an energy convergence of 1 mRy per atom.
This k-point grid was employed for all self-consistent field
(SCF) calculations, including structural relaxations and total
energy evaluations. For non-self-consistent (NSCF) calcula-
tions, specifically the density of states (DOS) and electronic
band structures, a denser 12 x 12 X 12 k-point mesh was uti-
lized to ensure accurate spectral properties. Convergence
tests confirmed that further increases in k-point density did
not alter the total energy by more than 0.1 mRy/atom or
the electronic structure features of interest. Following these
calculations, the lattice vibrational properties were acquired
with self-consistent density functional perturbation theory
(DFPT) [18, 19]. Dynamical matrices were simulated over
a 4x4x4 g-point grid, and inverse Fourier transformation
was employed to extract phonon spectra and the vibrational
density of states. Elastic constants were derived via the
energy-strain technique implemented in the thermo_pw
module [20, 21]. Furthermore, thermodynamic quantities
such as heat capacity, entropy, and vibrational energy were
estimated using the Debye model, as outlined in Ref. [22],
through calculations also performed with the thermo_pw
utility.

Structural properties

The crystal structures of X,MgSi (X =Ru, Rh, and Pd)
alloys, that all crystallize in the Fm3m space group with
four atoms per unit cell, are shown in Fig. 1, where the
geometry of X,MgSi compounds has been optimized.
There are 16 atoms in the X,MgSi alloys that crystallize
in the Fm3m (225) space group in the cubic crystal system,
of which the X atoms are 8c (0.25 0.25 0.25), Mg atoms
4a (0 0 0), Si atoms 4b (0.5 0.5 0.5) Wyckoff they are
in atomic positions (Fig. 1). The Mg atom is bonded to
eight equivalent X atoms in a body-centered cubic geom-
etry. X atom is bonded to four equivalents of Mg and four
equivalents of Si atoms in a body-centered cubic geometry.
The Si atom is connected to eight equivalent X atoms in
a distorted body-centered cubic geometry [23]. Geomet-
ric optimization enables the determination of a material's
ground-state structural parameters. For X,MgSi (X =Rh,
Ru, and Pd), the stable structural configuration and corre-
sponding lattice constants were confirmed using the GGA
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Fig. 1 The unit cell of full Heusler alloys X,MgSi (X=Ru, Rh, Pd)

approach. Additionally, the obtained structural parameters
are stated in Table 1. As shown in the table, the equi-
librium lattice constants are consistent with the reported
literature values [9-11]. The systematic increase in the
lattice constant from Ru,MgSi (5.986 A) to Pd,MgSi
(6.167 10%) correlates directly with the increasing atomic
radii of the X-site elements (Ru: 134 pm, Rh: 134 pm,
Pd: 137 pm). In contrast, the bulk modulus (B) decreases
from 198.399 GPa (Ru,MgSi) to 135.361 GPa (Pd,MgSi),
reflecting the inverse relationship between B and the equi-
librium volume. This trend originates from the progressive
filling of d-orbitals across the 4d and 5d series, which
alters the charge distribution and reduces the cohesive
energy density. To evaluate the thermodynamic stability
and likelihood of synthesizing these alloys, the formation
enthalpy of X,MgSi (X=Ru, Rh, and Pd) is determined
with the following equation [22]:

=F
Tatgsixy)

— (Eg) + Esiy + 2Ex)) (1

In this equation, Erx,ygs;) represents the total energy of
the alloys in the L2, structure, while E ), E(;), and Ex,
denote the computed total energies of the constituents in
their most durable reference states. The calculation of the
formation enthalpies (Table 1) revealed that negative val-
ues of the enthalpies suggest both thermodynamic stabil-
ity and the potential for experimental synthesis [24, 25].
These results, derived from Eq. (1), confirm the feasibility
and stability of these alloys. Furthermore, the data obtained
align well with previously reported values. Rh,MgSi has
the most negative enthalpy of formation (—0.682 eV/atom)
among all the compounds, indicating the strongest thermo-
dynamic driving force for synthesis. This is attributed to
the optimum hybridization between the Rh 2d and Si 3p
states, which maximizes the covalent bond contribution. On
the other hand, Ru,MgSi has weak bonding characteristics
(-0.432 eV/atom).

The negative formation enthalpies (Table 1) provide the
necessary conditions for thermodynamic stability, indicating
that the compounds are energetically favorable with respect
to their elemental constituents. However, a complete assess-
ment of thermodynamic stability would require a convex
hull analysis that considers all competing binary and ternary
phases in the X—Mg-Si system (X =Ru, Rh, Pd). Such an
analysis is beyond the scope of the present study, but the
negative formation energies reported here, together with the
good agreement with the Open Quantum Materials Database
(OQMD) values [10], support the synthesizability of these
alloys. Future experimental and computational work may
further confirm their ground-state stability via full convex
hull construction.

Electronic band properties

The electronic band structures and the corresponding total
and partial density of states (DOS) are depicted in Fig. 2.
The Fermi level has been aligned to zero in the band struc-
ture representations. As observed from the band diagrams
in Fig. 3, the valence and conduction bands touch the Fermi

Table 1 The evaluated lat.tice Material References a, (AD) AH, Cy Cp Cyuy
parameters (a, A), formation
e;lth:}lpies éAlH(fC eV/Catomc)a and Ru,MgSi This work 5.986 —0.432 318.463 138.367 80.108
st ot G, C Co i o e 0w
Rh, Pd) alloys Rh,MgSi This work 5.997 ~0.682 250.165 150.867 72.520
[11] 6.018 -0.770
[10] 6.003 —0.775
[9] —0.248
Pd,MgSi This work 6.167 -0.527 148.068 129.008 33.121
[10] 6.140 —0.626
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Fig.2 The computed electronic band profiles of full Heusler alloys
X,MgSi (X=Ru, Rh, Pd)

level for all the examined alloys. This continuous band over-
lap at the Fermi energy indicates that all the studied com-
pounds exhibit metallic behavior. Therefore, on the basis of
the analysis of the electronic structure, it can be concluded
that all the alloys under investigation are metallic. The three
compounds exhibited similar band structure patterns.

The density of states at the Fermi level, N(Ep), which
reflects the metallic nature of the compounds, was 3.389,
0.850, and 1.648 states/eV-cell for Ru,MgSi, Rh,MgSi, and
Pd,MgdSi, respectively. The exceptionally high N(Ep) in
Ru,MgSi arises from the sharp d-band peak crossing the
Fermi level, a characteristic feature of early transition metal
compounds. This suggests that compared with its Rh and Pd
counterparts, Ru,MgSi has a higher electronic conductiv-
ity. The metallic nature of Ru,MgSi originates mainly from
the Ru 4d states, while in Rh,MgSi it is predominantly
governed by the Rh 4d orbitals. For Pd,MgSi, the metal-
lic character is driven primarily by contributions from both
the Pd 5d and Si 2p electronic states. The total and partial
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density of states presented in Fig. 3 reveal that the energy
bands extending from the Fermi level down to approximately
—6 eV predominantly arise from the 4d orbitals of Ru (Rh,
and Pd) atoms, depending on the specific alloy. Addition-
ally, the electronic states located above the Fermi energy
display a widely spread band character and are composed
of many contributing states, facilitating metallic conduction.
The metallic behavior of these alloys is fundamentally gov-
erned by the partially filled d-states of the X-site transition
metals. The progressive filling of the d-band from Ru (4d”)
to Rh (4d®) to Pd (4d'°) shifts the Fermi level relative to
the d-band center, modulating the charge carrier concentra-
tion and electronic transport properties. For Rh,MgSi, the
d-band is narrower and shifted slightly downward, reducing
N(Ep). In Pd,MgSi, the Pd 5d orbitals are more diffuse and
energetically elevated, leading to enhanced mixing with Si
2p states and a more complex band structure near Ep.

Elastic properties

In crystalline structures, differences in structural forces, the
nature of bonding between atoms, and the spacing between
atoms lead to varying responses of materials to external
forces. These variations in the atomic configuration and
bonding result in significant differences in elastic behavior.
For X,MgSi (X=Ru, Rh, and Pd) alloys, which crystallize
in a cubic system, elastic behavior is typically governed by
three independent elastic constants: C,;, C;,, and C,,. The
repsponse of a crystal to uniaxial compression is depicted
by two elastic constants, C;; and C,,, whereas its behavior
under shear stress is described by the C,, elastic constant.
Additionally, these elastic constants provide valuable insight
into the stability of materials, and the melting temperature of
cubic alloys can be estimated on the basis of the C,, elastic
constant [26].To assess the mechanical stability of X,MgSi
(X=Ru, Rh, and Pd), the Born-Huang stability criterion [27,
28] are employed, which is expressed as follows for a cubic
crystal structure: C;; — C,>0; C;; +2C;,>0; C,y > 0.
Satisfying with these conditions ensures that the mate-
rial is mechanically stable against various types of elastic
deformation. In this study, we calculated the elastic con-
stants (C,;, C,,, and C,,) for the MgSiRu,, MgSiRh,, and
MgSiPd, alloys in the L2, phase and present our estimated
values in Table 2. According to the mechanical stability cri-
teria, the alloys examined using the GGA approach exhibited
mechanical stability as the elastic constants calculated for
all the alloys satisfied the above-mentioned conditions. We
also calculated various mechanical properties such as the
bulk modulus (B), Voigt shear modulus (Gy,), Reuss shear
modulus (Gg), Voigt-Reuss-Hill mean shear modulus (G),
Young’s modulus (E), Poisson’s ratio (), elastic anisotropy
factor (A) and Cauchy pressure (CP) as presented in Table 2;
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Table2 The obtained values for the bulk modulus (B, GPa), shear
modulus (G, GPa), B/G ratio, Cauchy pressure (CP), Young’s mod-
ulus (E, GPa), Poisson’s ratio (o), elastic anisotropy factor (A), The

specific heat capacity Cy, at 300 K (room temperature), Vickers hard-
ness (GPa), Melting temperature (K), the Debye temperature (6,) and

average velocities of sound (Vaye) of the X,MgSi (X=Ru, Rh, Pd)

Alloy B G B/G CP(C;Cy) E c A Cyat300K H, T, o (K) Vg (m/s)
(J/Kmol)

Ru,MgSi  198.399 83.946 2363 58.259 220.710 0.31 0.889 85.182 19.375 2435.000 457.606 3651.620

Rh,MgSi  183.966 62.304 2.837 78.347 167948 0.34 1460 91.028 13.786  2031.475 392.741 3139.741

Pd,MgSi  135.361 20.163 6.713 95.887 57.550 042 3475 96.201 3917 1428.081 223.244 1838.634

the elastic constants were obtained from the Voigt-Reuss-
Hill approximation [29, 30]:

C, +2C,
B=——"=< 2
- @
C,—-C,+3C
GV — 11 152 44 (3)
5(C‘l] - CIZ)C44
R= “)
Gy + G
= )
9BG
E =
3B+ G ©)
L _3B-2G
2GB+0) 0
2C
Cll - C]2
C” = C12 - C44 (9)

To estimate the Vickers hardness (Hy) of the investi-
gated alloys, we employed the empirical model proposed
by Chen [31], which correlates hardness with the bulk
modulus (B) and shear modulus (G) through the relation-
ship H, =2(k?G)°-%* — 3, where k = G/B. This model was
selected due to its widespread validation for polycrystal-
line materials, particularly for intermetallic compounds and
Heusler alloys, where it provides reliable hardness predic-
tions based solely on first-principles elastic moduli without
requiring empirical fitting parameters. Hardness (H,) repre-
sents a crucial mechanical quality that reflects a material’s
capability to withstand localized deformation [32, 33]. This
characteristic is also influenced by structural factors such as
defects, grain dimensions, and grain boundaries. The esti-
mated Vickers hardness values are 19.375 GPa for Ru,MgSi,
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13.786 GPa for Rh,MgSi, and 3.917 GPa for Pd,MgSi
(Table 2). Among these alloys, Ru,MgSi demonstrates the
greatest resistance, whereas Pd,MgSi shows relatively lower
opposition to localized deformation. Ru,MgSi (19.375 GPa)
falls into the moderately hard category, comparable to many
transition-metal intermetallics; Rh,MgSi (13.786 GPa) is
classified as medium-hard; and Pd,MgSi (3.917 GPa) is cat-
egorized as soft, exhibiting significantly lower resistance to
localized deformation. This classification reflects the trend
in their shear moduli and indicates that Ru,MgSi may be
more suitable for applications requiring wear resistance,
while Pd,MgSi could be more amenable to machining and
shaping processes.

The melting temperature (T,,) of the X,MgSi alloys was
estimated using the empirical relationship proposed by Fine
et al. [26] for cubic materials, which correlates T, with the
elastic constant Ci:

T, =553+591xC (10)

where Ci1 is expressed in GPa and T,, is obtained in Kelvin.
This formula was originally derived from pure metals and
has been successfully extended to intermetallic compounds
and Heusler alloys as a reliable approximation. The calcu-
lated T,, values for Ru,MgSi, Rh,MgSi, and Pd,MgSi are
listed in Table 2. The decreasing trend in T,, from Ru to Pd
correlates with the decreasing Cii elastic constant, reflect-
ing the weakening of interatomic bonding strength across
the series.

There are no available reference data with which the esti-
mated values can be directly compared. The Cauchy pres-
sure, Poisson’s ratio (c), and Pugh ratio (B/G) are commonly
employed to assess the ductile or brittle nature of an alloy
[34, 35]. Positive values for Cauchy pressure indicate duc-
tile behavior, whereas negative values suggest brittleness.
As shown clearly in Table 2, the predicted CP values for
the alloys investigated are all positive, indicating that these
alloys are ductile. The positive Cauchy pressures (Ci,—Caa)
observed for all three compounds—58.259 GPa (Ru,MgSi),
78.347 GPa (Rh,MgSi), and 95.887 GPa (Pd,MgSi) — indi-
cate the dominance of metallic bonding over directional
covalent bonding. The increasing trend in the Cauchy pres-
sure from Ru to Pd reflects the progressive reduction in the
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Fig.4 2D and 3D directional dependences of Young’s modulus of full Heusler alloys X,MgSi (X=Ru, Rh, Pd)

directional bonding character, consistent with the decreasing
d-orbital localization across the series.

Poisson’s ratio is a key parameter for understanding the
deformation behavior of materials under applied stress. The
threshold value of Poisson’s ratio is generally taken as 0.26.
When Poisson’s ratio (c) exceeds this threshold, the material
is more likely to exhibit ductile behavior; conversely, values
below 0.26 suggest a greater tendency toward brittleness.
For the investigations Ru,MgSi, Rh,MgSi, and Pd,MgSi
alloys, the calculated Poisson’s ratio values are found to be
0.31, 0.34, and 0.42, respectively as evidenced in Table 2.
These values further confirm the ductile nature of the alloys
studied here. Thus, these values provide additional evidence
supporting the ductile nature of the alloys examined. The
unusually high o value of 0.42 for Pd,MgSi approaches the
theoretical upper limit for isotropic solids (0.5), indicating
near-incompressible volume retention during elastic defor-
mation and a high degree of metallic bonding.

One of the most effective methods for distinguishing
between brittle and ductile behavior in solid materials is
the use of the B/G ratio as a criterion. According to the
empirical Pugh’s criterion, a material is considered ductile
if its B/G ratio exceeds 1.75; otherwise, the material is clas-
sified as brittle. For this study, the B/G ratios for MgSiRu,,
MgSiRh,, and MgSiPd, were calculated to be 2.363, 2.837,
and 6.713, respectively, indicating the ductile nature of the
investigated alloys. As a result, the alloys investigated are
found to exhibit ductility, and anisotropic behavior. The elas-
tic characteristics obtained highlight the potential suitability
of these alloys for use in a range of advanced electronic
applications.

The anisotropy observed in the physical properties of
crystals stems from variations in bonding along different
crystallographic directions. Elastic anisotropy significantly
influences numerous crystal characteristics, including phase
transformations, internal friction, distinctive phonon modes,
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and crack propagation behavior. Accordingly, evaluating the
degree of elastic anisotropy is crucial for anticipating its
effects on related physical phenomena. Both three-dimen-
sional (3D) and two-dimensional (2D) representations pro-
vide effective tools to visualize this directional dependence.
In an isotropic elastic modulus scenario, the 3D plot forms
a perfect closed sphere, while the 2D projection appears
as a circle, reflecting uniform mechanical response in all
directions. Deviations from these ideal shapes in either the
3D or 2D visuals reveal the level of anisotropy exhibited
by the elastic modulus under consideration. The calculated
anisotropy factors for X,MgSi (X=Ru, Rh, and Pd) alloys
are listed in Table 2, and their deviation from unity indicates
anisotropic behavior in these alloys. The elastic anisotropy
factors (A) deviate significantly from unity, with values of
0.889 (Ru,MgSi), 1.460 (Rh,MgSi), and 3.475 (Pd,MgSi).

@ Springer

Pd,MgSi exhibits the strongest anisotropy, meaning that its
mechanical response—such as crack propagation and elas-
tic deformation— varies substantially with crystallographic
orientation. This behavior arises from the anisotropic charge
distribution around Pd atoms, as reflected in the partial DOS
showing strong directional hybridization between the Pd 5d
and Si 2p orbitals.

A comprehensive analysis of the directional dependence
of elastic anisotropy for the investigated materials was car-
ried out using two-dimensional (2D) and three-dimensional
(3D) plots of Young’s modulus, shear modulus, and Pois-
son’s ratio, generated via the ELATE software [36], and the
results are illustrated in Figs. 4, 5 and 6. The directional
variations in Young’s modulus, shear modulus, and Pois-
son’s ratio confirm that all three materials exhibit anisotropic
behavior in terms of these elastic properties.
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Phonon properties

To acquire detailed information on the dynamic stability
of X,MgSi (X=Ru, Rh, and Pd) alloys in the full Heusler
phase, we calculated the full phonon dispersion spectra, total
and partial density of states (DOS), along high symmetry
directions in the Brillouin zone using density functional per-
turbation theory (DFPT). Figure 7 presents the calculated
phonon dispersion curves and phonon state density curves
for the three materials. The predicted full phonon dispersion
curves and phonon density of states (DOS) profiles for all
three materials exhibit a high degree of similarity. Since
X,MgSi alloys contain four atoms per unit cell, they give
rise to a total of 12 phonon modes, comprising three acoustic
branches and nine optical branches.

The acoustic phonon modes are in the low-frequency
region of the dispersion curves, whereas the optical modes
are distributed over the higher frequency range [37].
Accordingly, the acoustic modes consist of three branches:

one longitudinal acoustic (LA) mode and two transverse
acoustic (TA) modes. As illustrated in Fig. 6, the absence
of imaginary frequencies in the phonon dispersion curves
confirms the dynamic stability of the X,MgSi alloys. All
three analyzed alloys display phonon band gaps in their full
dispersion spectra, which can be attributed to the mass dif-
ferences among the constituent atoms. The presence of a
distinct phonon band gap in all three compounds stems from
the significant mass difference between the heavier X-region
atoms (Ru, Rh, Pd) and the lighter Mg and Si atoms. In
such systems, acoustic branches dominated by the vibrations
of heavier atoms are well separated from optical branches
containing the vibrations of lighter atoms. This gap is par-
ticularly pronounced in Pd,MgSi due to the maximum mass
difference between Pd and Si.

A deeper interpretation of the phonon dispersion spec-
tra is emphasized by the total and partial phonon density
of states presented in Fig. 8. Low-frequency modes (<3
THz) are exclusively contributed by Ru/Rh/Pd atoms,
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Fig.7 The evaluated full phonon spectra of full Heusler alloys
X,MgSi (X=Ru, Rh, Pd)

intermediate-frequency modes (3—6 THz) originate from
Mg vibrations, and high-frequency modes (> 6 THz) are
dominated by Si vibrations. This hierarchical distribution
confirms that vibrational dynamics are primarily governed
by atomic mass differences rather than bonding strength
variations. In general, low-frequency acoustic modes are
primarily associated with the vibrations of heavier atoms,
whereas high-frequency optical modes originate from the
vibrations of lighter atoms. From the partial density of states
curves, the top optical modes in all three alloys are derived
from the vibrations of Si atoms, the middle optical modes
come from the vibrations of Mg atoms, and the lower fre-
quency region consisting of the acoustic and lowest optical
modes is derived entirely from the Ru (Rh and Pd) atoms.
The absence of virtual frequencies throughout the
Brillouin region proves that all three X,MgSi compounds
have a dynamically stable L2 structure. This stability crite-
rion is crucial for experimental synthesis, as materials with
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Fig.8 The evaluated total and partial phonon DOS of full Heusler
alloys X,MgSi (X=Ru, Rh, Pd)

virtual phonon modes are likely to experience structural
instabilities or phase transformations at finite temperatures.

Thermodynamic properties

The Debye model quasiharmonic method was implemented
in the Gibbs code to figure out the thermodynamic proper-
ties of the X,MgSi alloys [38]. The internal energy, free
energy, entropy, and specific heat capacity at constant vol-
ume (C,) were plotted as functions of temperature, as illus-
trated in Fig. 9. The Debye temperature (6), calculated
from the mean speed of sound, follows the order Ru,MgSi
(457.6 K) >Rh,MgSi (392.7 K) >Pd,MgSi (223.2 K).
This trend is directly related to elastic stiffness: a higher
Op implies stronger interatomic bonding and higher thermal
conductivity. It is predicted that Ru,MgSi with the highest
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perature for X,MgSi alloys

0p will have superior thermal conductivity properties and
will therefore be potentially suitable for heat dissipation
applications.

At temperatures below 100 K, the heat capacity (C,) fol-
lows the Debye T? law, characteristic of acoustic phonon
dominance. As the temperature increases, C, approaches
the Dulong—Petit limit (~99.8 J/K-mol for ternary com-
pounds), indicating full excitation of all vibrational modes.
The convergence behavior across the three compounds
suggests similar phonon dispersion characteristics, consist-
ent with their structural similarity. Specifically, the value
of C, is observed to drop progressively with the applica-
tion of higher pressure. This establishes a direct, inverse
correlation between these two parameters within this ther-
mal regime. At room temperature (300 K), key thermody-
namic quantities such as specific heat capacity (C,), Debye
temperature, and average sound velocities for the studied
alloys were also determined, with the results summarized
in Table 2. According to C, and Debye temperature values,

the stiffness of the materials is going from higher to lower as
Ru,MgSi>Rh,MgSi>Pd,MgSi. Ru,MgSi has the highest
thermal conductivity among others considering its Debye
temperature and sound velocity.

The temperature-dependent increase in vibrational
entropy is fastest for Pd,MgSi, reflecting smoother pho-
non modes and a lower Debye temperature (Table 2). This
behavior implies that Pd,MgSi undergoes more significant
thermodynamic stabilization with increasing temperature
compared to Ru,MgSi and Rh,MgSi.

The mean sound velocity (v,,,) decreases from 3651.6 m/s
(Ru,MgSi) to 1838.6 m/s (Pd,MgSi), consistent with the
decreasing shear modulus (Table 2). This correlation con-
firms the reliability of the calculated elastic constants and
provides a basis for predicting thermal conductivity.

Among the three X,MgSi compounds, Pd,MgSi exhib-
its notably lower Vickers hardness (3.917 GPa), melting
temperature (1428 K), and Debye temperature (223.2 K)
compared to Ru,MgSi and Rh,MgSi. These trends are
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intrinsically linked to the electronic structure and bonding
characteristics of the constituent elements.

The sharp decrease in hardness and elastic modulus from
Ru to Pd can be attributed to the progressive filling of the
d-orbital. Ru (4d”) and Rh (4d®) have partially filled d-shells,
enabling strong directional covalent bonding through d—p
hybridization with Si. In contrast, Pd (4d'°) possesses a fully
occupied d-band, which significantly reduces the contribu-
tion of covalent bonding and enhances the metallic character.
This is reflected in the lower shear modulus (20.163 GPa for
Pd,MgSi versus 83.946 GPa for Ru,MgSi) and the higher
Pugh ratio (B/G=6.713), indicating predominantly metallic
bonding with reduced directional strength.

The melting temperature, estimated from the elastic con-
stant C11 via the Fine relation [25], follows the same decreas-
ing trend (Ci1: 318.463 GPa for Ru,MgSi — 148.068 GPa
for Pd,MgSi). This correlation confirms that the thermal
stability of these compounds is directly governed by the
strength of interatomic bonding, with Pd,MgSi exhibiting
the weakest bond strength.

The Debye temperature (0), which is a measure of
lattice stiffness and phonon velocities, decreases from
457.6 K (Ru,MgSi) to 223.2 K (Pd,MgSi). This reduction
is reliable with the decreasing average sound velocity (V,,:
3651.6 m/s— 1838.6 m/s) and reflects the softening of the
lattice upon substitution of Ru by heavier and more electron-
rich Pd. A lower 0, implies a reduced thermal conductivity
and a greater propensity for phonon scattering, which may
be advantageous for thermoelectric applications but disad-
vantageous for thermal management [39].

From an application perspective, the combination of low
hardness and high ductility in Pd,MgSi makes it suitable for
applications requiring formability, such as thin-film inter-
connects or composite matrix materials. However, its lower
thermal stability and mechanical strength may limit its use
in high-temperature structural components, where Ru,MgSi
would be preferred.

Conclusions

In this study, we systematically investigated the structural,
elastic, electronic, phonon, and thermodynamic properties
of X,MgSi (X=Ru, Rh, Pd) full-Heusler alloys using first-
principles calculations. The electronic, elastic, structural,
phonon, and thermodynamic characteristics of X,MgSi
(X=Ru, Rh, and Pd) full-Heusler alloys were explored
through density functional theory (DFT) computations
within the framework of the GGA-PBE approximation [40,
41]. Our results confirm that all three compounds are struc-
turally, mechanically, and dynamically stable, exhibiting
metallic characteristics and ductile behavior. The enthalp-
ies of formation, elastic constants, and phonon dispersions

@ Springer

collectively establish a comprehensive property database for
these previously unexplored materials. The obtained phonon
dispersion relations and projected density of states confirm
that the alloys are dynamically stable in the L2: structure. In
addition, the thermodynamic characteristics of the X,MgSi
(X=Ru, Rh, and Pd) alloys were systematically analyzed
within the framework of the Debye quasiharmonic approxi-
mation (QHA) [5]. The computed formation energies for
all the compounds were found to be negative, suggesting
favorable chemical stability and a high likelihood of experi-
mental synthesizability.

Prior to this study, experimental data were entirely
absent, and theoretical reports were limited to isolated
structural parameters. By systematically establishing
mechanical stability, electronic structure, lattice dynam-
ics, and temperature-dependent thermodynamic behavior,
our findings provide a robust theoretical foundation that
can guide future experimental synthesis efforts and serve
as a benchmark for computational screening of similar
Mg-based alloys. The lightweight nature of Mg combined
with its favorable mechanical properties suggest its poten-
tial utility in structural components for the aerospace and
automotive industries where weight reduction is critical.

Furthermore, the metallic character and thermal trans-
port properties (indicated by Debye temperatures) make
these compounds worth exploring for thermoelectric
applications, particularly in intermediate-temperature
ranges. Among these three materials, Ru,MgSi stands out
for its superior mechanical strength and thermal conduc-
tivity, while Pd,MgSi, with its softer nature and higher
ductility, may be more suitable for applications requiring
formability or as a component in composite materials.
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