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Abstract

In this study, we employed first-principles Density Functional Theory (DFT) calculations
using the Perdew–Burke–Ernzerhof (PBE) pseudopotential in Quantum ESPRESSO code to
investigate the structural, electronic, mechanical, vibrational, and thermodynamic properties
of MgAg and MgAu intermetallic compounds. Structural optimizations confirmed that both
compounds crystallize in the cubic Tetraauricupride structure with excellent agreement be-
tween the calculated lattice constants and available literature. The electronic band structures
and projected density of states (PDOS) revealed the metallic nature of both compounds, with
distinct orbital contributions near the Fermi level. Mechanical stability was confirmed through
elastic constants satisfying the Born-Huang criteria, with MgAu demonstrating higher stiff-
ness, lower compressibility, and slightly greater ductility compared to MgAg. Phonon dis-
persion relations and density of states confirmed the dynamical stability of both compounds,
showing positive phonon frequencies across the Brillouin zone. Thermodynamic analyses,
including vibrational free energy, entropy, heat capacities, and the Grüneisen parameter, in-
dicated that MgAu exhibits enhanced thermal stability and stronger thermal expansion effects.
The consistency between results obtained from phonon density of states and Brillouin zone
integration further validates the accuracy of the predictions. These findings provide valuable
insights into the potential applications of MgAg and MgAu alloys in areas such as materials
design, catalysis, and electronic devices.
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1 Introduction

Alloys constitute the majority of the materials
used in today’s technological world. Understanding
atomic structure and bonding, the local arrange-
ment of atoms, and their crystal structures is es-
sential for explaining and predicting how materials
are processed, characterized, and perform [1,2]. Al-
loys are among the most important materials that
have successfully met modern technological needs
to a considerable extent [3, 4]. Magnesium-based
alloys, such as MgAu and MgAg, are of particu-
lar interest in applications where a combination of
low density and enhanced mechanical properties is
required. Alloying magnesium with elements like
gold (Au) and silver (Ag) can lead to the forma-
tion of strengthening phases that contribute to im-
proved structural performance. These strengthen-
ing phases typically develop through processes of
solid-state nucleation and growth, which enhance
the overall strength and stability of the alloy. MgAu
and MgAg alloys offer the potential for lightweight
materials with superior strength-to-weight ratios,
making them promising candidates for advanced en-
gineering applications [5–7].

A considerable amount of research has been con-
ducted on MgAg alloys at ambient pressure to in-
vestigate their structural, electronic, mechanical,
dynamical, and thermodynamic characteristics [7].
Besterci et al. assessed the electrical conductivity
of MgAg alloys with different Mg contents that had
been internally oxidized [6]. Liu et al. explored the
valence band electronic structures of these alloys
using a combination of ultraviolet and X-ray pho-
toelectron spectroscopies, alongside first-principles
calculations for band structure and photocurrent
properties [8]. Chouhan et al. conducted a de-
tailed analysis of the structural, electronic, mechan-
ical, and phonon properties of MgAg through first-
principles approaches [9]. Liu et al. examined the
stable and metastable compositions and structures
of the MgAg system using a variable composition
evolutionary algorithm and first-principles calcula-
tions [10]. Other studies focused on the impact of
pressure on the structural, mechanical, dynamical,
and thermodynamic properties of MgAg using den-
sity functional theory [7].

Over the last few decades, binary MgAg alloys
have become the subject of much attention due to
their potential use in high-temperature structural
applications. These alloys are known for their ex-
ceptional resistance to corrosion in oxidizing envi-
ronments at elevated temperatures [5]. The struc-
tural, electronic, and phonon properties of MgAg
in the cesium-chloride phase have been examined
using density functional theory (DFT) within the
local density approximation (LDA) framework [9].
Chouhan et al. investigated the structural char-

acteristics of CsCl-type binary intermetallic com-
pounds of gold and silver with rare-earth met-
als using X-ray diffraction methods [9]. Ferro et
al. summarized the alloying behavior and sta-
bility of gold, silver, and copper, drawing from
both experimental data and literature [4]. Cur-
tarolo et al. studied the structural stability of bi-
nary intermetallic compounds using ab initio the-
ory within the LDA/GGA (local density approxi-
mation/generalized gradient approximation) meth-
ods [3].

While substantial research has been devoted to
understand the structural stability and mechanical
properties, there has been limited focus on the de-
tailed investigation of temperature variation of me-
chanical and thermodynamic properties and com-
parison of structural, electronic, vibrational, me-
chanical, and thermodynamic properties of MgAg
and MgAu compounds. This gap in research has
prompted us to undertake a systematic investiga-
tion of these properties in the present study.

2 Computational details

In this work, first-principles calculations were con-
ducted within the framework of density functional
theory (DFT) using the Quantum ESPRESSO sim-
ulation package [11]. The exchange-correlation in-
teractions were treated using the generalized gradi-
ent approximation (GGA) with the Perdew-Burke-
Ernzerhof (PBE) functional [12]. To accurately
model the electron-ion interactions, ultrasoft pseu-
dopotentials were utilized. A plane-wave basis set
with a carefully optimized kinetic energy cutoff was
employed to ensure convergence and computational
accuracy. The Brillouin zone was sampled using a
Monkhorst-Pack k-point grid, selected to provide
precise total energy calculations and reliable struc-
tural optimization. Structural relaxation was per-
formed until the residual forces acting on the atoms
were reduced below a defined convergence thresh-
old. The mechanical properties, including elastic
constants and elastic moduli, were computed us-
ing the thermopw package [13] which applies the
stress-strain method to extract the complete elas-
tic tensor. The bulk modulus and shear modulus
were determined using the Voigt-Reuss-Hill (VRH)
averaging scheme, providing insights into the me-
chanical stability and resistance to deformation of
the materials. Phonon calculations were also per-
formed using density functional perturbation the-
ory (DFPT) to investigate the vibrational proper-
ties of the compounds. Phonon dispersion curves
and phonon density of states were calculated to ver-
ify the dynamic stability and to gain a deeper un-
derstanding of lattice vibrational behavior, which is
essential for thermodynamic analysis.
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3 Results and discussion

3.1 Structural properties

MgAg and MgAu both crystallize in the Tetraau-
ricupride structure with a cubic Pm3̄m space
group. In these compounds, magnesium atoms
are coordinated in a body-centered cubic geometry,
each surrounded by eight equivalent noble metal
atoms. The relaxed crystal structures of MgAg and
MgAu used in this study are shown in Figure 1.
We calculated the bond length, equilibrium lattice
constant (a), and formation energy of MgAg and

MgAu. The obtained values are presented in Ta-
ble 1.

The formation energy of materials is obtained
by the relation [14–18]

Ef =
1

N
(Etot − nAEA − nBEB) , (1)

where Etot represents the total energy associ-
ated with the geometric optimization of the system,
nA and nB denote the number of atoms of types A
and B in the crystal system, and EA, EB are the
ground-state energies of each atom.

Figure 1: Relaxed crystal structures of MgAg and MgAu alloys.

Table 1: Bond length, lattice constant, and formation energy of MgAg and MgAu alloys.

Compounds Bond length (Å) Lattice constant (Å) Formation energy (eV/atom)
MgAg (This work) 2.8759 3.320 -0.267
Others – 3.334a, 3.341b –
MgAu (This work) 2.8602 3.302 -0.622
Others – 3.312a –

a Ref. [9], b Ref. [7]

The calculated lattice constant for MgAg is
3.320 Å, which shows good agreement with the
previously reported values of 3.334 Å [9] and
3.341 Å [7]. Similarly, the lattice constant for
MgAu is calculated to be 3.302 Å, closely match-
ing the literature value of 3.312 Å [9]. The forma-
tion energies for MgAg and MgAu are found to be
−0.267 eV/atom and −0.622 eV/atom, respectively,
indicating that both compounds are thermodynam-
ically stable. The more negative formation energy
of MgAu suggests that it is energetically more fa-
vorable compared to MgAg.

3.2 Electronic properties

Figure 2(a–d) depict the band structures and pro-
jected density of states (PDOS) for MgAg and
MgAu alloys, offering valuable insights into their

electronic properties. In the band structures (2(a)
and 2(b)), the energy dispersion relations for MgAg
and MgAu are displayed, respectively. The Fermi
level (EF ) is marked at 0 by a solid horizontal line,
indicating the energy threshold between occupied
and unoccupied states. The band structures re-
veal the presence of multiple bands crossing or ap-
proaching EF , suggesting metallic behavior for both
compounds.

The PDOS plots (2(c) and 2(d)) further dis-
sect the contributions of different atomic orbitals
to the total density of states (DOS). For MgAg,
the PDOS highlights significant contributions from
Mg-s, Mg-p, and Ag-d orbitals near EF , with the
Ag-d states dominating below EF . This indicates
strong hybridization between Mg and Ag orbitals,
which could influence bonding and electronic prop-
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erties. In contrast, for MgAu, the Au-d states are
expected to lie deeper in energy compared to Ag-
d, potentially leading to differences in hybridization
and electronic behavior. The total DOS near EF is
finite for both compounds, reinforcing their metallic
nature.

These findings suggest that both MgAg and
MgAu exhibit metallic conductivity, with their elec-

tronic properties heavily influenced by the inter-
play between Mg-(s, p) and noble metal (Ag/Au)-
d states. The stronger localization of d-states in
MgAu may lead to distinct electronic and bonding
characteristics compared to MgAg, which could be
relevant for applications in catalysis, spintronics, or
alloy design.

Figure 2: Band structures and PDOS of MgAg and MgAu alloys.

3.3 Vibrational Properties

The phonon band structure and density of states
(DOS) provide essential insights into the lattice dy-
namics, thermal properties, and structural stabil-
ity of materials. In this work, we have also exam-
ined the phonon dispersion relations and DOS for
MgAg and MgAu alloys. Figure 3(a-d) shows the
phonon band structures and phonon DOS of MgAg
and MgAu alloys. These plots reveal how atomic vi-
brations propagate through the crystal lattice and
how their frequencies are distributed in MgAg and
MgAu alloys. The phonon analysis shows the ab-
sence of imaginary frequencies, which confirms the
dynamical stability of the materials [19].

The phonon dispersion relations of MgAg and
MgAu demonstrate clear vibrational differences
while sharing some fundamental characteristics.

Both materials exhibit phonon frequencies extend-
ing up to approximately 250 cm−1, with fully posi-
tive frequencies throughout the Brillouin zone con-
firming their dynamical stability. In MgAg (Fig-
ure 3(a)), the acoustic branches appear around
100 cm−1, while in MgAu ((Figure 3(b))) they are
slightly lower at about 75 cm−1, reflecting the mass
difference between Ag and Au atoms. Notably,
both systems show a significant separation of about
110 cm−1 between their acoustic and optical modes,
indicating similar overall gaps in their vibrational
spectra. The optical branches in both compounds
reach up to the maximum frequency range, with
MgAu displaying slightly more dispersed optical
modes compared to MgAg. This similarity in over-
all band structure but difference in specific branch
positions highlights how atomic mass affects vibra-
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tional properties while maintaining similar qualita-
tive features.

The density of states plots reveal more pro-
nounced differences between the two materials’ vi-
brational characteristics. The MgAg DOS shows a
distinctive double peak structure in the lower fre-
quency range (60–90 cm−1), followed by an approx-
imately 80 cm−1 gap, and then two well-defined
high-frequency peaks at 220 cm−1 and 240 cm−1,
(Figure 3(c)). In contrast, MgAu presents a more
prominent initial peak at 50 cm−1 with the same
80 cm−1 gap, but develops different high-frequency
features with peaks at 180 cm−1 and 240 cm−1,

(Figure 3(d)). The presence of the gap at nearly
similar energies in both materials suggests a com-
mon origin in their lattice dynamics, while the vary-
ing peak intensities and positions reflect the differ-
ent atomic masses and bonding environments.

The sharper high-frequency peaks in MgAg in-
dicate more localized vibrational modes compared
to MgAu, likely due to the specific arrangement of
lighter Ag atoms in the lattice versus the heavier
Au atoms. These DOS differences imply potentially
distinct thermal and mechanical properties despite
their similar maximum frequencies and band gaps.

Figure 3: Phonon band structures and phonon density of states (DOS) for MgAg and MgAu alloys.

3.4 Mechanical properties

To gain a deeper understanding of the mechanical
properties of the materials, the elastic constant ma-
trices (Cij) were calculated. For the cubic struc-
tures of MgAg and MgAu, three independent elastic
constants C11, C12, and C44 were obtained. These
constants were then employed to evaluate the elas-
tic properties through the Voigt–Reuss–Hill (VRH)
approximation methods. Based on this approach,
the relationships between the bulk modulus (B)
and shear modulus (G) can be determined as fol-
lows [16,20–26]

BV =
C11 + 2C12

3
, (2)

GV =
C11 − C12 + 3C44

5
, (3)

BR = BV , (4)

GR =
5(C11 − C12)C44

4C44 + 3(C11 − C12)
, (5)

B =
BV +BR

2
, G =

GV +GR

2
. (6)
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Furthermore, we calculated the Pugh’s ratio
(B/G), Young’s modulus (Y ), Poisson’s ratio (ν),
and Grüneisen parameter (γ) using the following
relations [21,23,24]

Y =
9BG

3B +G
, (7)

ν =
3B − 2G

2(3B +G)
, (8)

k =
B

G
. (9)

Table 2 presents a comprehensive comparison
of the elastic and mechanical properties of MgAg
and MgAu compounds. The listed properties in-
clude the elastic constants (Cij), bulk modulus (B),
shear modulus (G), Young’s modulus (Y ), pressure
derivatives (B′), Pugh’s ratio (k), and Poisson’s ra-
tio (ν). These parameters were computed in this
study and compared with previously published lit-
erature.

Figure 4: Temperature dependence of (a) isothermal bulk modulus (BT ), (b) isentropic bulk modulus
(BS), (c) their difference ∆B = BT − BS , and (d) pressure derivative of bulk modulus (B′) for MgAg
and MgAu alloys.

The calculated elastic constants (Cij) for MgAg
and MgAu confirm their mechanical stability, as
they satisfy the Born–Huang stability criteria for
cubic crystals [23, 27, 28]. Among the two com-
pounds, MgAu exhibits higher stiffness than MgAg,
as evidenced by its larger C11 of 102.203 GPa com-
pared to 81.349 GPa for MgAg, indicating stronger
resistance to uniaxial deformation. The C12 values
of 53.832 GPa for MgAg and 71.651 GPa for MgAu
suggest that MgAu has greater resistance to shear
deformation under compressive stress, while the C44

values of 48.691 GPa for MgAg and 50.173 GPa
for MgAu indicate that MgAu is slightly more re-
sistant to shear strain. The bulk modulus (B),

which represents resistance to volume change, is
significantly higher for MgAu (81.835 GPa) than
for MgAg (63.005 GPa), indicating that MgAu is
less compressible. Similarly, the shear modulus
(G), a measure of resistance to shear deformation
within the elastic region, is slightly higher for MgAu
(31.215 GPa) than for MgAg (29.437 GPa), suggest-
ing marginally better resistance to shape deforma-
tion.

Young’s modulus (Y ), which reflects material
stiffness, follows the trend MgAu (82.870 GPa) >
MgAg (76.125 GPa), reinforcing that MgAu is me-
chanically stronger. The Pugh’s ratio (k = B/G),
which distinguishes ductile (k > 1.75) from brit-
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tle (k < 1.75) materials, reveals that both MgAg
(k = 2.140) and MgAu (k = 2.621) exhibit ductile
behavior, with MgAu being slightly more ductile.
This is further supported by Poisson’s ratio (ν),
where MgAu (ν = 0.327) shows marginally higher
bond flexibility compared to MgAg (ν = 0.293).

These results are consistent with previous stud-
ies [7, 9], with minor discrepancies likely at-
tributable to differences in computational param-

eters, such as the choice of DFT functionals and
pseudopotentials. Notably, the calculated C44 value
for MgAu (50.173 GPa) is lower than the reported
literature value of 56.73 GPa, which may result
from variations in computational approaches and
pseudopotentials used. However, the bulk modu-
lus (B) for both compounds closely matches exist-
ing data (Table 2), supporting the reliability of our
computational approach.

Table 2: Mechanical parameters of MgAg and MgAu alloys.

Parameter MgAg (This work) Others MgAu (This work) Others
C11 (GPa) 81.349 84.24a, 85.05b 102.203 100.57b
C12 (GPa) 53.832 55.21a, 53.26b 71.651 74.45b
C44 (GPa) 48.691 49.59a, 48.24b 50.173 56.73b
B (GPa) 63.005 63.85b 81.835 83.15b
G (GPa) 29.437 30.94b 31.215 31.76b
Y (GPa) 76.125 79.93b 82.870 84.53b
B′ 4.679 4.673b 4.840 4.821b
k = B/G 2.140 2.063b 2.621 2.617b
ν 0.293 0.291b 0.327 0.330b

a Ref. [9], b Ref. [7]

Furthermore, Figure 4 presents a comparative
analysis of the temperature dependence of the bulk
modulus and its derivatives for MgAg and MgAu
compounds. The plot of isothermal bulk modulus
as a function of temperature shows that for both
MgAg and MgAu, the bulk modulus initially de-
creases slightly at low temperatures, reaches a min-
imum, and then increases significantly with temper-
ature.

Notably, MgAu exhibits a slightly higher bulk
modulus than MgAg across the entire temperature
range. The plot of the isentropic bulk modulus pa-
rameter (BS) as a function of temperature shows
that both MgAg and MgAu display a rising trend
in BS with increasing temperature. The isother-
mal bulk modulus (BT ) increases more steeply com-
pared to BS , especially at higher temperatures.

We further calculated and plotted the difference
between BT and BS , denoted as ∆B = BT − BS ,
as a function of temperature. This difference re-
flects how the material’s resistance to compression
changes when considering temperature-dependent
effects beyond the static approximation. The ob-
served trend shows that ∆B increases with tem-
perature, reaching a maximum around 400–500 K,
and then gradually decreases at higher tempera-
tures. This indicates that the additional thermal
effects influencing the bulk modulus are most pro-
nounced in the mid-temperature range and dimin-
ish as temperature continues to rise. Furthermore,
MgAu consistently exhibits a larger ∆B compared

to MgAg across the entire temperature range, sug-
gesting that the compressibility of MgAu is more
sensitive to these thermal influences.

We finally calculated the pressure derivative of
the bulk modulus (B′) as a function of tempera-
ture. For MgAg, the derivative starts at negative
values at low temperatures and becomes positive at
higher temperatures. In contrast, MgAu exhibits
the opposite behavior, with B′ starting positive at
low temperatures and becoming negative as tem-
perature increases. This trend signifies a complex
relationship between pressure and bulk modulus un-
der thermal expansion.

The close agreement between the results ob-
tained from Brillouin zone integration and those
derived from phonon DOS methods confirms the
reliability and accuracy of our computational ap-
proach.

3.5. Thermodynamic properties

3.5.1. Helmholtz free energy

Figure 5 presents the computational results re-
lated to the Helmholtz free energy. For MgAg,
the Helmholtz free energy ranges from approxi-
mately −420.98 Ry to −421.03 Ry, whereas for
MgAu it ranges from approximately −240.40 Ry to
−240.45 Ry. These values indicate the stability of
the systems under different configurations or condi-
tions [29]. The results suggest that the phonon con-
tributions to the free energy are significant and vary
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with temperature or other parameters. Addition-
ally, the excellent agreement between the two com-
putational methods, namely Brillouin zone integra-
tion and phonon DOS, in the temperature range
0–800 K emphasizes the reliability of the results.

3.5.2. Thermal energy, Vibrational free en-
ergy, and Entropy

Figure 6 illustrates the thermodynamic properties
such as thermal energy, vibrational free energy, and
entropy of MgAg and MgAu as functions of tem-
perature, calculated using both the Brillouin zone
integration and phonon DOS methods.

The thermal energy increases smoothly with ris-
ing temperature for both MgAg and MgAu, follow-
ing an almost linear trend at higher temperatures.
Across the entire temperature range, MgAu consis-
tently exhibits slightly higher thermal energy com-
pared to MgAg, indicating that MgAu absorbs more
vibrational energy per mole as the temperature in-

creases.
The vibrational free energy decreases steadily

with increasing temperature in both compounds,
which is the expected behavior due to enhanced lat-
tice vibrations at elevated thermal states. MgAu
consistently shows lower vibrational free energy
compared to MgAg, suggesting that MgAu is ther-
modynamically more favorable at higher tempera-
tures.

Similarly, the entropy increases rapidly at low
temperatures and then more gradually at higher
temperatures, consistent with the expected popu-
lation of vibrational degrees of freedom. MgAu dis-
plays higher entropy than MgAg across the full tem-
perature range, implying that the vibrational states
of MgAu contribute more significantly to the disor-
der of the system.

The close agreement between the Brillouin zone
integration and phonon DOS results validates the
reliability of the computational approaches.

3.5.3. Grüneisen parameter, isochoric and
isobaric heat capacities

Figure 7 presents the Grüneisen parameter, iso-
choric heat capacity (Cv), isobaric heat capacity
(Cp), and the difference between Cp and Cv as

functions of temperature for MgAg and MgAu, cal-
culated using both the Brillouin zone integration
and phonon DOS methods. Both compounds show
a rapid decrease in the Grüneisen parameter with
temperature, particularly at low T , after which the
values stabilize.

MgAu consistently exhibits higher Grüneisen
parameters than MgAg across the entire temper-
ature range, indicating greater sensitivity of MgAu
to volume changes under thermal excitation.

As expected, Cv increases sharply at low tem-
peratures and gradually levels off toward the Du-
long–Petit limit [30] at high T . For both com-
pounds, MgAu displays higher Cv values, suggest-
ing that MgAu can store more thermal energy at
constant volume.

The behavior of Cp mirrors that of Cv, with
MgAu maintaining higher values throughout. The

difference Cp − Cv reflects the material’s thermal
expansion and compressibility. For MgAu, the dif-
ference increases with T , peaks around 300–400 K,
and then decreases at higher T . For MgAg, the
difference shows a smaller variation, with slight in-
creases and decreases before rising again at elevated
temperatures. Overall, MgAu consistently shows a
larger Cp − Cv difference, indicating stronger ther-
mal expansion effects. Both computational meth-
ods yield nearly overlapping trends, underscoring
the reliability of the results.

4 Conclusion

In this work, we carried out first-principles calcula-
tions to explore the structural, electronic, mechan-
ical, and thermodynamic properties of MgAg and
MgAu compounds. The outcomes of our Density
Functional Theory (DFT) calculations were care-
fully analyzed and compared with existing litera-
ture to ensure the reliability of our results.

The calculated lattice constants and bond
lengths closely match reported values, validating
the accuracy of our computational approach. The
more negative formation energy of MgAu indicates

that it is energetically more stable than MgAg.
The band structures and projected density of states
(PDOS) confirm the metallic nature of both com-
pounds, as multiple bands cross the Fermi level.
The phonon dispersion relations and phonon den-
sity of states (DOS) further verify their dynami-
cal stability, with all phonon frequencies remaining
positive throughout the Brillouin zone. Both com-
pounds share similar phonon spectra, extending up
to approximately 250 cm−1 and exhibiting a dis-
tinct acoustic–optical gap of about 110 cm−1.

Elastic constant calculations show that both
MgAg and MgAu satisfy the Born–Huang stabil-
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Figure 5: Helmholtz free energy of MgAg and MgAu alloys as a function of temperature.

ity criteria, confirming their mechanical stability.
Among the two, MgAu consistently exhibits higher
stiffness, greater resistance to deformation, and
lower compressibility than MgAg, as reflected by its
larger elastic constants, bulk modulus, shear modu-
lus, and Young’s modulus. Both alloys demonstrate
ductile behavior, as indicated by Pugh’s ratio and
Poisson’s ratio, with MgAu showing slightly higher
ductility and bond flexibility.

Thermodynamic analyses reveal that both com-
pounds are stable across a wide temperature range.
The Helmholtz free energy confirms their stabil-
ity under varying conditions, while thermal en-
ergy, vibrational free energy, and entropy display
consistent temperature dependence. MgAu gener-
ally exhibits higher thermal energy, lower vibra-
tional free energy, and greater entropy compared
to MgAg, suggesting enhanced vibrational activ-
ity and superior thermodynamic favorability. The
Grüneisen parameter decreases with temperature,
with MgAu showing higher sensitivity to volume

changes. Both isochoric (CV ) and isobaric (CP )
heat capacities increase with temperature and satu-
rate at high temperatures, with MgAu consistently
exhibiting higher values. The difference between
CP and CV indicates stronger thermal expansion
effects in MgAu.

Overall, the results demonstrate that MgAg and
MgAu alloys are structurally, mechanically, and
thermodynamically stable, with MgAu consistently
outperforming MgAg in terms of energetic favor-
ability, stiffness, ductility, and thermal response.
Across all properties, the Brillouin zone integration
and phonon DOS methods produce highly consis-
tent results, confirming the robustness and reliabil-
ity of our computational predictions.
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