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This study conducts a comprehensive first-principles analysis of the structural, mechanical, phonon dispersion,
and electronic properties of XMg>Hg, XMgHg, and XsMgHg (X = Sc and Li) compounds. Using energy-volume
curves, cohesive and formation energy, and phonon dispersion analyses, we confirm the stability of these
compounds. Our calculations reveal that Li;MgHg and ScMgoHg are more stable in the cubic structure with space
group F43m (216), whereas other compounds are stable in the Fm3m (225) structure. Phonon dispersion cal-
culations indicate dynamical stability for all compounds except Li;MgHg in the Fm3m structure and Sc;MgHg
and LiMgHg in the cubic structure with space group F43m (216). Mechanical stability is confirmed through the
calculation of elastic constants, with Sc-based compounds showing higher bulk modulus, shear modulus, and
Young’s modulus compared to Li-based compounds. Electronic properties, analyzed through density of states and
band structure calculations, confirm the metallic nature of these compounds, with significant contributions from
Mg atoms at the Fermi energy. The study also identifies distinct electronic features such as flat electron bands
and a Dirac point at the Gamma point for ScMgHg,. Pressure-dependent studies indicate these materials are
normal metals without topological phase transitions.

1. Introduction properties, and topological phases. Previous studies indicate that

XMgoHg, XMgHgs, and XaMgHg (X = Sc and Li), except LiMgHg and

The search for materials with specific physical properties is a sig-
nificant focus in materials science. Full-Heusler compounds, represented
by the formula X,YZ, are of particular interest due to their diverse and
notable physical properties. These materials typically crystallize in an
FCC structure with space groups F43m (216 International number) and
Fm3m (225 International number). Advances in ab-initio calculation
techniques now allow for the prediction of various physical properties of
these solids. The substitution of X, Y, and Z atoms in X»YZ compounds
can significantly alter their stable crystal structures and modify their
physical properties.

This study investigates the physical properties of XMg,Hg, XMgHga,
and XsMgHg (X = Sc and Li) compounds, all of which have a cubic full-
Heusler crystal structure. To date, few studies have explored the phys-
ical properties of these compounds, and there are no comprehensive
theoretical or experimental reports on their stability, mechanical
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ScMg,Hg, are stable in a full-Heusler cubic crystal structure with space
group Fm3m (225 International number) [1]. Li»MgHg is stable in the
full-Heusler cubic crystal structure with space group F43m (216 Inter-
national number) [2-4]. However, some reports suggest that Li,MgHg
has a full-Heusler CuzMnAl crystal structure with space group Fm3m
(225 International number) [2-4].

Berland et al. [5] examined the electronic and thermoelectric prop-
erties of MgSc,Hg using density functional theory, finding that it is a
promising thermoelectric semiconductor with a small energy band gap
of 0.23 eV, suitable for n-type and some p-type applications.
Magnesium-based materials are notable for their applications in ther-
moelectrics, Mg-ion batteries, and optical materials due to their versatile
physical properties and structural and chemical flexibility. These ma-
terials also enhance corrosion resistance, casting characteristics, and
high-temperature  mechanical properties [6,7]. Furthermore,
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magnesium alloys are valued for their low density, excellent machin-
ability, and good stiffness.

Understanding material strength and stability criteria is crucial, and
this information can be derived from elastic tensor components [2,9].
Additionally, properties such as bulk modulus, Young’s modulus, shear
modulus, Poisson’s ratio, Pugh’s ratio, anisotropic mechanical response,
sound velocity, hardness, Debye temperature, and melting point are
associated with elastic tensor components [10-12]. Therefore, calcu-
lating these components is fundamental to studying the mechanical
properties of materials.

The primary objective of this paper is to identify the stable crystal
structures and investigate the structural properties of XMg,>Hg, XMgHgs,
and X,MgHg (X = Sc and Li) compounds using total energy-volume
curves, formation and cohesive energies, and phonon dispersion calcu-
lations. The second objective is to determine the elastic tensor compo-
nents and examine the mechanical properties of these compounds. The
third objective is to analyze the electronic properties, such as linear
electronic specific heat, band structure, topological phase, and identi-
fying the topological Dirac point of these compounds.

The paper is organized as follows: Section 2 describes the methods
and calculation details. Section 3 explains the results of various physical
properties, including structural, mechanical, electronic, and topological
phases of these compounds.

2. Method of Calculations

Density functional theory (DFT) is one of the most practical first-
principal quantum-mechanical methods for studying the physical
properties of many-body particle systems. Numerous codes have been
developed for investigating the physical properties of solids using DFT.
The Wien2k code [13,14], which is based on DFT and employs the full
potential linearized augmented plane wave plus local orbital (APW +
lo) method, is widely used for studying the structural, mechanical, and
electronic properties of materials. This approach utilizes the APW +lo
method to solve the Kohn-Sham equations. Different approximations,
such as the generalized gradient approximation (GGA96) [15] using the
Perdew-Burke-Ernzerhof scheme, GGA-Engel-Vosko (GGA-EV) [16],
and modified Becke-Johnson (mBJ) [17], are employed to obtain the
exchange and correlation potentials. The GGA-EV approach, while not
suitable for structural calculations, is useful for band structure and en-
ergy gap calculations. The structural optimization, stability, structural
parameters, elastic tensor components, and mechanical properties of
these compounds were calculated using the GGA approach. The electron
density of states, linear electronic specific heat, band structures, and
topological phases of these compounds were calculated using GGA,
GGA-EV, and mBJ approaches. However, due to their close similarity,
only the calculated results from the mBJ approach are presented in this
work.

In the APW+ lo method, each unit cell is divided into non-
overlapping muffin-tin spheres and an interstitial region. Spherical
harmonics and plane waves are used to expand the Kohn-Sham wave
functions, charge density, and crystal potential within the muffin-tin
spheres and the interstitial region, respectively. The parameters used
in this calculation are as follows: the muffin-tin radii were chosen as Rgc,
Mg = 2.2 a.u., Ryg = 2.3 a.u. and Ry; = 2.1 a.u. For Brillouin zone
integration, 3500 k-points corresponding to a 15 x 15 x 15 mesh in
the irreducible wedge were used to achieve self-consistency in solving
the Kohn-Sham equations. The cut-off angular momentum quantum
number for the expansion of Kohn-Sham wave functions inside the
muffin-tin spheres was set to Ly, = 10. The cut-off wave function plane
wave expansion in the interstitial region was chosen as as Kp,, =9
/Ryt (a.1.) 7! (where Ry is the smallest muffin-tin radius in the crystal
structure cell). The cut-off for the Fourier expansion of charge density
and potential in the interstitial region was set to Gmax = 14 (Ry)"/2.
These cut-off values and the number of k-points were highly converged
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with respect to total energy and force at each atomic position, with
tolerances of 0.000001 Ry and 0.1 mRy/a.u., respectively.

The elastic constants Gy are crucial for assessing material strength,
stability, and safety. These constants are used to determine the me-
chanical stability of materials. Materials with cubic structures have
three independent elastic constants: Cyj, Cy2, and Cas [18]. Therefore,
three equations are needed to determine these independent elastic
constants. These equations are obtained by calculating the bulk modulus
(B) using the energy-volume curve, performing tetragonal strains to vary
the ratio ¢/a, and applying rhombohedral distortion to vary the length of
the cubic diagonal. For the calculation of elastic constants in this work,
the IReLasT code was used. The IReLasT code [19] computes the elastic
tensor components for cubic crystal structures using these three equa-
tions and the Wien2k self-consistent calculations. The elastic tensor
calculations are performed with total energy and force convergence
criteria of up to 0.000001 Ry and 0.1 mRy/a.u. at each atomic position,
respectively.

The Born-Huang criterion is a useful approach for evaluating the
mechanical stability of crystal structures [20]. For cubic crystal lattices,
the Born-Huang criterion is given by:

Cip—=Ci2>0,C1+2G2>0, Css >0 1)

Mechanical properties can be calculated using the elastic constants.
For the calculation of mechanical properties analysis using the elastic
tensor components, the EraTooLs code [21] was employed. ELaTooLs
code calculates the mechanical properties including bulk modulus (By,
Bg and Bygy), Young’s modulus (Ey, Eg and Evgy), shear modulus
(Gv, Gr and Gyry), Poisson’s ratio (vv, vg and vyry ), Pugh’s ratio (B/G)
within Voigt, Reuss and Voigt-Reuss-Hill (VRH) average approximations
[22-24] as follow:

1 5(cyy — €12)Cas (Gy + Gg)
Gy = =(3c44 + €1 — €2), Gg = ————— Gygy = ———,
v 5( s+ — C2), Gr Acas + (o0 —c12) VRH 2
C 2G;
By =By =1t 2012
3
2

Furthermore, the universal anisotropy index (A"Y), Zener anisotropy
factor (A%) and the Kube’s log-Euclidean anisotropy (AY), which describe
elastic anisotropy are calculated as follow [25-27]:

Gy By Caq

Al=s—"4 " 6 Af=2—"" 3)
Gr By Ci1 — G2

Bv 2 (GV)Z
Al=,/In({=) +5In({=— 4
() (& @
where Gy and By (Gy and By) are the shear and bulk moduli using the
Reuss (Voigt) approximation respectively.
Using the caleulated bulk modulus and shear modulus within Voigt,

Reuss and Voigt-Reuss-Hill average approximations. The Young’s
modulus (E) and Poisson’s ratio can be calculated as follow [22]:

9BG
- 6]
3B+G
3B - 2G
v="—— ©
6B+ 2G

Phonon dispersions describe the dynamical stability of materials. For
phonon dispersion calculations of these compounds, the Phonopy code
[29] was used. This code treats atomic vibrations with small displace-
ments using second-order terms, and higher-order terms (anharmonic
scattering) are calculated using perturbation theory. In this work,
phonon dispersion calculations were performed using a 2 x 2 x 2
supercell with 32 atoms and 16 displacements. Additionally, the total
energy and force at each atomic position were highly converged up to
0.00001 Ry and 0.1 mRy/a.u., respectively. The self-consistent
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calculations for each displacement were conducted using first-principles
calculations based on density functional theory within the GGA

approach in the Wien2k package.
3. Results and discussion

3.1. Structural properties

To determine the stable crystal structures of XMgyHg, XMgHgs,
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X;MgHg (X = Sc and Li) compounds, we calculated the total energy for
different volumes of these compounds in both ferromagnetic and
nonmagnetic phases, with and without spin-orbit interaction, using the
GGA approach. These calculations were performed for two cubic crystal
structures with space groups Fm3m (225) and F43m(216). These results
were fitted using the Birch-Murnaghan equation of state. The calcula-
tions indicate that XMg,Hg, XMgHg,, XoMgHg (X=Sc and Li) com-
pounds are nonmagnetic, showing no magnetic order.

Fig. 1 presents the calculated total energy versus volume for these
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Fig. 1. The calculated total energy versus volume for XMg,Hg, XMgHg,, and X,MgHg (X = Sc and Li) compounds, in both the presence and absence of spin-orbit
interaction within GGA approach, in the nonmagnetic phase. Results are shown for two different cubic structures: Fm3m (225) and F43m(216) space groups.
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compounds in both cubic structures, with and without spin-orbit inter-
action within the GGA approach. The results indicate that LixMgHg and
ScMg,Hg are more stable in the cubic structure with space group
F43m(216), while the other compounds are more stable in the cubic
structure with space group Fm3m (225). These findings align with
previously reported results [1]. Additionally, Fig. 1 shows that the
Li,MgHg compound undergoes a transition from the cubic structure
with space group F43m(216) to Fm3m (225) at 5.19 GPa.

The calculated lattice parameters, bulk modulus, and minimum en-
ergy of these compounds, with and without spin-orbit interaction in
both cubic structures, are provided and compared with available re-
ported results in Table 1. Spin-orbit interaction has a negligible effect on
the lattice parameters and bulk modulus but significantly impacts the
energy-volume diagram (Fig. 1), highlighting its importance. Compari-
son with other results demonstrates that these caleulations are in good
agreement with previously reported findings [11.

The unit cell volume of each compound is proportional to the atomic
size and the bonding of adjacent atoms in the solid. Due to the different
atomic sizes of Sc and Li, the calculated lattice parameters of XMg-Hg,
XMgHga2, and XaMgHg compounds with X = Sc are larger than those for
X = Li. The bulk moduli of materials are related to the degree of cova-
lency and ionicity. Generally, the bulk modulus increases with cova-
lency and decreases with ionicity due to bonding charge reduction. The
calculated bulk modulus for compounds with X = Se is larger than for X
= Li, attributed to the decrease in covalency and increase in ionicity
when Sc is replaced by Li.

To investigate the stability of XMgsHg, XMgHg», XoMgHg (X=Sc and
Li) compounds, we studied the enthalpy of formation (AH¢) and cohe-
sive energy (Ec). The cohesive energies (Ec) of XoYZ compounds are
calculated using the following equation [30-32]:

b EEH0GYZ) - NP Ny - N
Nx + Ny + Nz

)]
where ER2(X,YZ) is the total energy per formula unit of X;YZ bulk,

Table 1
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P gl and EP® are the total energies of individual X, Y, and Z
atoms. Nx, Ny, and Nz are the number of X, Y, and Z atoms in the unit
cell. The formation energies AHg) of XoYZ compounds are calculated
using [30-32]:

AH:(X2YZ) = E®®(X,YZ) — 2E9=(X) — E*=l(Y) — E*=(Z) (8)

where E™2!(X,YZ) is the total energy per formula unit of the X,YZ
compound, and E*?(X), E®®2!(Y) and E®®!(Z) are the total energies per
atom of pure X, Y, and Z elements in their stable crystal structures.

The calculated cohesive and formation energies of these compounds,
with and without spin-orbit interaction within the GGA approach in
both cubic structures, are given and compared with available reported
results [1] in Table 2. The negative cohesive and formation energies
indicate structural stability. The results show that the cohesive and
formation energies of these compounds in their stable phases are lower
than in other phases. The most stable erystal structures of these com-
pounds, as determined from cohesion and formation energy calcula-
tions, correspond to the results obtained from the energy-volume
diagram.

For the dynamical stability of each material, it is necessary that all
phonon frequencies are positive. Therefore, any phonon density of states
with negative frequencies, which correspond to imaginary phonon fre-
quencies, indicates the dynamical instability of materials. To study the
dynamical stability, the phonon dispersion and partial phonon density of
states of these compounds were calculated using the full-potential
Wien2k package and the Phonopy code [29] fora 2 x 2 x 2 super-
cell within the GGA approach. The calculated partial phonon density of
states of these compounds in cubic structures with Fm3m (225) and
F43m(216) space groups is shown in Fig. 2 and 3, respectively.

There are no imaginary phonon frequencies in XMg>Hg, XMgHg» and
X,MgHg (X = Sc and Li) compounds in cubic structures with Fm3m
(225), except for the LisMgHg compound, indicating the dynamical
stability of these compounds and their potential for laboratory synthesis.
However, XMg,Hg, XMgHg» and XoMgHg (X = Sc and Li) compounds in

The calculated lattice parameters [a(;\]), bulk modulus (B(GPa)) and minimum energy (Ep(Ry)) for one formula unit of these compounds within GGA approach in the
presence and absence of spin-orbit interaction in two different cubic structures with Fm3m (225) and F43m (216) space groups, and available reported results [1].

Compounds Reference Space Group Spin-Orbit Interaction a(A) B (GPa) Ey(Ry)
ScMgHg., This work F43m (216) Yes 6.9817 60.59 -80576.7174
No 6.9848 58.87 -80576.5263
Fm3m (225) Yes 6.9624 67.69 -80576.7890
No 6.9672 66.69 -80576.5985
[11 6.90 J— N
ScMg,Hg This work F43m(216) Yes 6.9854 55.39 -41653.6367
No 6.9848 54.78 -41653.5421
Fm3m (225) Yes 6.9439 54.74 -41653.6027
No 6.9598 50.26 -41653.5072
ScoMgHg This work F43m(216) Yes 7.0830 54.33 -42781.3719
No 7.0910 54.42 -42781.2767
Fm3m (225) Yes 7.0854 62.41 -42781.4314
No 7.0787 63.66 -42781.3364
[11 7.05 J— N
LiMg-Hg This work F43m (216) Yes 6.8331 35.79 -40140.2141
No 6.8372 35.72 -40140.1186
Fm3m (225) Yes 6.7902 44.30 -40140.2342
No 6.7911 42,55 -40140.1379
[1] 6.71 43 _
LiMgHg» This work F43m (216) Yes 6.8586 42,33 -79063.3217
No 6.8592 41.27 -79063.1326
Fm3m (225) Yes 6.8500 44.69 -79063.3503
No 6.8602 40.1192 -79063.1591
[1] 6.76 _ _
Li,MgHg This work F43m(216) Yes 6.6885 34.23 -39754.61479
No 6.6909 33.57 -39754.5187
Fm3m (225) Yes 6.6058 31.81 -39754.6080
No 6.6146 30.74 -39754.5125

[1]

6.61 _ —_—
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Table 2
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The calculated cohesive and formation energies of these compounds within GGA approach in the presence and absence of spin-orbit interaction in two different cubic
structures with space groups Fm3m (225) and F43m(216) and the available data in the literature [1].

Space Group Spin-Orbit Interaction LiMgHg= LiMg-Hg Li:MgHg ScMgHgz SeMg-Hg SczMgHg
Cohesive energy (eV/atom) (This work) F43m(216) Yes -1.920 -2.128 -3.492 -1.152 -11.744 -1.44
No -1.196 -1.800 -2.612 -0.504 -11.420 -1.968
Fm3m (225) Yes -1.940 -2.196 -2.916 -1.396 -11.628 -2.860
No -1.288 -1.864 -2.520 -0.748 -11.304 -2.212
Formation energy (eV/atom) (This work) F43m(216) Yes -0.388 -0.356 -0.564 -0.196 -0.260 -0.068
No 0.2560 -0.032 -0.236 0.452 0.064 0.252
Fm3m (225) Yes -0.484 -0.424 -0.540 -0.440 -0.144 -0.272
No 0.164 -0.100 -0.216 0.208 0.180 0.052
Literature [1] -0.300 -0.241 -0.270 -0.377 _ -0.232
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Fig. 2. The calculated phonon density of stats (PDOS) of XMgzHg, XMgHg,, and X;MgHg (X = Sc and Li) compounds in cubic structures with Fm3m (225) space
group, in the presence of spin-orbit interaction within GGA approach.

cubic structures with F43m(216), except for LiMg2Hg and Sc2MgHg,
exhibit phonon distributions with negative frequencies, indicating
dynamical instability. The presence of imaginary phonon frequencies
can be attributed to factors such as atomic number, chemical bonding,
and atomic position geometry, including atomic arrangement and

crystal structure symmetry.

3.2. Elastic properties

The calculated elastic tensor components of the XMg,Hg, XMgHg,,
XoMgHg (X=Sc and Li) compounds in their stable crystal structures
within GGA approach are presented in Table 3. These components
satisfy the Born-Huang criterion, indicating that these materials are
mechanically stable.
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Fig 3. The calculated phonon density of stats (PDOS) of XMg-Hg, XMgHg,, and XaMgHg (X = Sc and Li) compounds in cubic structures with F43m(216) space group,

in the presence of spin-orbit interaction within GGA approach.

Table 3

The calculated elastic constants (Cy) and Cauchy pressure (P¢) of Xg-Hg, XMgHgs, XoMgHg (X=Sc and Li) compounds within GGA approach in the presence of spin-

orbit interaction.

LiMgHg= LiMg-Hg Li:MgHg ScMgHg: ScMgoHg SczMgHg
C11(GPa) 60.80 63.50 43.22 90.54 72.43 83.63
C1z (GPa) 36.46 34.78 30.41 56.93 47.59 52.83
C44 (GPa) 35.95 49.01 37.11 50.50 52.13 65.18
Cn — 24.34 28.72 12.81 33.61 24.84 30.80
Ci12(GPa)
Pz =Ci1z — Cys 24.85 14.49 6.11 6.43 20.30 18.45

The Cj; component of the elastic tensor represents the material’s
resistance to linear compression in the [100] direction [18], while the
Cy44 component indicates the material’s resistance to monoclinic shear
stress in the [001] direction on the (100) plane [18,33]. The results show
that the C;; component is larger than the C;5 and C;; components,
suggesting that these compounds are more resistant to compression
along the [100] direction, indicating stronger atomic bonding in this
direction.

Some fundamental mechanical properties, such as bulk modulus (By,

By and Bygy), Young’s modulus, shear modulus, Poisson’s ratio, Pugh’s

ratio within Voigt, Reuss and Voigt-Reuss-Hill (VRH) average approxi-
mations, universal anisotropy index, Zener anisotropy factor, and the
Kube’s log-Euclidean anisotropy [22,23] are calculated and presented in
Table 4.

The response of materials to compressibility due to hydrostatic
pressure depends on the bulk modulus (B) [18]. The bulk modulus also
indicates the strength of atomic bonds in erystals. The bulk modulus of
these compounds, previously calculated using the total energy-volume
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Table 4
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The calculated elastic constants bulk modulus (By, Bz and Byyergg), Young’s modulus ((Ey, E and Egyerag)), shear modulus (Gy, Gg and Gayergg)), Poisson’s ratio (vy,
vg and Vayerage ), Pugh’s ratio (B/G) within Voigt's and, Reuss’s approximations, universal anisotropy index (A"), Zener anisotropy factor (A%), and the Kube’s log-
Euclidean anisotropy (AY) of XMg,Hg, XMgHg,, X,MgHg (X=Sc and Li) compounds within GGA approach in the presence of spin-orbit interaction using Voigt,

Reuss, and Voigt-Reuss-Hill approximations.

LiMgHg. LiMg,Hg Li,MgHg ScMgHg, ScMgqHg Se,MgHg
Bulk modulus (GPa) By 44,58 44.35 38.02 68.13 53.83 63.09
43[1]
B, 44.58 44.35 38.02 68.13 53.83 63.09
43[1]
Byan 44.58 44.35 38.02 68.13 53.83 63.09
Shear modulus (GPa) Gy 31.62 35.16 26.83 37.02 31.09 45.27
30[1]
Gp 21.58 24.94 19.51 28.02 16.38 28.43
15 [1]
Gyan 26.60 30.05 23.17 32.52 23.73 36.85
Young modulus (GPa) Ey 76.72 83.43 65.16 94,03 78.22 109.61
Ep 55.75 63.01 49.98 73.93 75.67 74.15
Even 66.56 73.53 57.77 84.17 62.08 92.53
Poisson ratio vy 0.21 0.19 0.21 0.27 0.26 0.21
0.27 [1]
v 0.29 0.26 0.28 0.31 0.36 0.30
VvrH 0.25 0.22 0.24 0.29 0.31 0.25
Pugh'’s ratio (B/G) (B/G), 1.4099 1.26 1.42 1.84 1.7313 1.3937
(B/G)g 2.0657 1.78 1.95 2.43 3.2876 2.2196
(B/G)ymu 1.6759 1.48 1.64 2.09 2.2682 1.7122
Universal anisotropy index (A"Y) 2.3259 2.0479 1.8759 1.6054 4.4946 2.9632
5.04 [1]
Zener anisotropy factor (A%) 3.6654 3.4136 3.2561 3.0051 5.5658 4.2131
Zener anisotropy factor (AY) 0.8541 0.7676 0.7124 0.6226 1.4340 1.0407

curve (in Section 3.1), is recalculated using the elastic tensor compo-
nents. The results are consistent with those from Section 3.1. Comparing
the results in Table 4 shows that the bulk modulus of Sc-based com-
pounds is larger than that of Li-based compounds, indicating that
Li-based compounds are more compressible and have weaker bond
strengths.

The shear modulus, equal to the ratio of shear stress to shear strain,
indicates the solid’s rigidity. It is a critical parameter for evaluating
deformation resistance and hardness under shear stress [33,34]. The
shear modulus of these compounds is of the same order of magnitude,
with SczMgHg having a slightly larger value than the other compounds.

Young’s modulus, the ratio of stress (force per unit area ¢ = F /A) to
strain (extension per unit length £ = dl/I), is used to determine solid
stiffness. A larger Young’s modulus indicates a stiffer solid [24]. The
calculated Young’s modulus for XMg,Hg, XMgHg», XaMgHg compounds
with X = Sc is larger than for X = Li. Additionally, Se;MgHg and
Li,MgHg have the highest and lowest stiffness, respectively.

The ScaMgHg (LioMgHg) compound has larger (smaller) values of
Young’s modulus and shear modulus compared to the other compounds,
indicating a higher (lower) degree of resistance to deformation, hard-
ness, and stiffness. The calculated shear modulus and Young’s modulus
of these compounds are almost of the same order as those of aluminum
alloys, which are 26.91 GPa and 70 GPa, respectively [35].

Poisson’s ratio (v) and Pugh’s ratio (B/G) are important for
describing material ductility and brittleness. Poisson’s ratio also can
describe the stability of materials under shear deformation [36]. A
Poisson’s ratio of 0.26 and a Pugh’s ratio of 1.75 are criteria dis-
tinguishing ductile from brittle materials. Materials with B /G > 1.75
and v > 0.26 are ductile; otherwise, they are brittle [37]. The results in
Table 4 show SeMgHg» and SeMg,Hg are ductile, while the other com-
pounds are brittle. A Poisson’s ratio of around 0.25 indicates materials
dominated by ionic contributions, while lower values suggest covalent
bonding. The average Poisson’s ratios, except for ScMg,Hg, ScMgHg-
and LiMg,Hg, are about 0.25, implying that interatomic forces in these
compounds are primarily ionic.

In addition to, Cauchy pressure (Pc), defined as P¢c = Cj2 —Cas de-
scribes the brittleness and ductility of solids [35-40]. The Cauchy pres-
sure critical value is zero, which separates the materials with ductile and

brittle bonds. Materials with negative P¢ are covalent with brittle bonds,
while positive P¢ indicates metallic-like duectility bonding with delo-
calized electrons. Cauchy pressure of these compounds is calculated and
also given in Table. 3. The positive P¢ values for these compounds
suggest metallic-like ductility bonding.

Elastic anisotropy shows the material response to strain in all di-
rections and is an important mechanical property [41]. Anisotropic
mechanical response to external stress can be studied using anisotropy
indices. A crystal with AY = 0 and A? = 1 is isotropic, while deviations
indicate anisotropy. The degree of anisotropy is represented by the de-
parture of AV and A% from zero and one, respectively. The calculated
anisotropy indices (AY and A%) for XMg,Hg, XMgHg,, X,MgHg (X=Sc
and Li) compounds are given in Table 4. ScMg,Hg and ScMgHg, have
the largest and smallest deviations, respectively, indicating significant
differences in elastic anisotropy. Materials with A = 0 are elastically
isotropic. The calculated AY, AZ and A" indicate that ScMg,Hg has more
anisotropy, while ScMgHg, has less.

Furthermore, the three-dimensional surface structure of Young's
modulus is a useful indicator of a material’s elastic anisotropy. For
elastically isotropic materials, the three-dimensional surface of Young’s
modulus is spherical, and its projection on different planes is circular.
Deviations from spherical or circular shapes indicate the degree of
elastic anisotropy.

Using the ELATOOLS package, we calculated the three-dimensional
surface structures and their xy-plane projections of Young’s modulus
for the compounds studied. These results are shown in Fig. 4 and 5. The
three-dimensional surface structures of Young’s modulus for these
compounds deviate from spherical symmetry, indicating elastic anisot-
ropy. Among the compounds, ScMg,Hg exhibits the largest deviation
from spherical symmetry, while SeMgHg, shows the smallest deviation.

The projection of Young’s modulus in the xy-plane for XMg,Hg,
XMgHg», XoMgHg (X=Sc and Li) compounds in their equilibrium crystal
structure phases further illustrates their anisotropic properties. The
deviation of these projections from circular symmetry is consistent with
the three-dimensional surface structures and the calculated universal
anisotropy indices. Specifically, the projections for ScMg,Hg and
ScMgHgz exhibit the largest and smallest deviations from circular
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Fig. 4. Three-dimensional surface representation of Young's modulus for XMg,Hg, XMgHg,, and X;MgHg (X = Sc and Li) compounds within GGA approach in the

presence of spin-orbit interaction in their equilibrium crystal structure phase

symmetry, respectively, confirming their respective degrees of elastic
anisotropy.

3.3. Electronic properties

3.3.1. Electron density of states

To investigate the electronic properties of XMgoHg, XMgHg», and
X,MgHg (X=5Sc and Li) compounds, we calculated the electron density
of states (DOS) within GGA, GGA-EV and mBJ approaches in their stable
crystal structure phases. Due to similar behaviors of the calculated re-
sults within the GGA, GGA-EV and mBJ approaches, only the results
from the mBJ approach are shown in Fig. 6. The results indicate that
these compounds are metallic, with the main distribution of the electron
density of states at the Fermi energy primarily attributed to the Mg
atom. Using the calculated electron density of states at the Fermi energy,
we calculated the linear electronic specific heat of these compounds
using the following equation:

EZ
r= gKiD(EF (9)

where y, Kg and D(Eg) are the linear electronic specific heat, Boltzmann
constant, and the electron density of states at the Fermi energy,
respectively. The calculated linear electronic specific heat per formula
unit of these compounds within the mBJ approach, with and without
spin-orbit coupling, is provided in Table 5. The results show that the
linear electronic specific heat of XMgaHg, XMgHg2, and XsMgHg com-
pounds with X = Sc is larger than the corresponding values for X = Li.

To understand the effect of pressure on the linear electronic specific
heat of these compounds, we calculated the total and partial contribu-
tions of Se, Li, Mg, and Hg atoms to y at different pressures. The results
are shown in Fig. 7. In all compounds, except ScoMgHg, the linear
electronic specific heat exhibits an almost linear behavior with slight

variation and decreases with increasing pressure. The results indicate
that Sc and Li atoms have the highest and lowest contributions to the
linear electronic specific heat, respectively.

The different behavior of the linear electronic specific heat of
ScoMgHg under pressure compared to other compounds is due to the
presence of a Sc atom peak near the Fermi energy. This peak shifts to-
wards and eventually aligns with the Fermi energy at approximately
12.5 GPa, resulting in a distinct change in the electronic specific heat
behavior under pressure.

3.3.2. Band structure

The band structures of XMgoHg, XMgHga, and XsMgHg (X=Sc and
Li) compounds were calculated using GGA, GGA-EV, and mBJ ap-
proaches in their stable crystal structure phases, both with and without
spin-orbit coupling. Due to the similar behavior observed in the calcu-
lated band structures across these methods, only the mBJ results with
spin-orbit coupling are shown in Fig. 5. The results indicate that all these
compounds are metallic.

The band structures of Se,MgHg, ScMg,Hg and ScMgHg, share some
common features. Notably, several electron bands around the Fermi
energy are flat in the L-X direction and dispersive in the W-L and X-K
directions. A Dirac point with a band opening of 0.024 eV is present at
the Gamma point in the band structure of ScMgHgs. In contrast, the
band structures of Li,MgHg, LiMg,Hg and LiMgHg, exhibit more
dispersive characteristics around the Fermi energy. The band structure
similarities between ScMg»>Hg and LiMg-Hg, and between ScMgHg» and
LiMgHg,, are more pronounced than those between Sc;MgHg and
Lio,MgHg. This difference arises from the distinct electronic structures of
Sc and Li atoms. Due to the presence of a Dirac point, the electrical
conduction of ScMgHg, can be described by massless fermions as charge
carriers. These massless fermions give rise to various phenomena,
including quantum Hall effects, magnetoelectric effects, and ultra-high
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spin orbit interaction in their equilibrium crystal structure phase.

carrier mobility.

To investigate the topological inversion and band order of these
compounds, we analyzed the distribution of s, p, and d electrons in the
band structure with spin-orbit coupling under different pressures
(ranging from -7 GPa to 10 GPa). The results show that these compounds
exhibit normal band order without any band inversion within the
studied pressure range. Therefore, these compounds are normal metals
and do not undergo any topological phase transitions.

3.3.2.1. Potential Applications of XMg-Hg, XMgHg>, and X,MgHg Com-
pounds. Based on the results obtained in this study, the XMg,Hg,
XMgHg2, and XaMgHg (X = Sc and Li) compounds show promising
potential for various applications across different fields. These materials,
being part of the Heusler compound family, have inherent properties
that make them attractive for spintronic devices due to their unique
transport properties and potential for high spin polarization [42]. The
metallic nature and significant contributions from Mg atoms at the
Fermi energy suggest these compounds could be useful in electronic
applications where tunable conductivity is desired.

The mechanical stability and elastic properties of these compounds,
particularly the higher stiffness of Sc-based compounds, indicate po-
tential uses in structural applications where lightweight yet strong ma-
terials are required. This aligns with the general advantages of
magnesium alloys in industries such as automotive, aerospace, and de-
fense, where weight reduction is crucial [43].

Furthermore, the presence of a Dirac point in ScMgHgs could be
exploited in quantum electronic devices or topological insulators. These

materials could be used in developing new quantum computing tech-
nologies or advanced electronic components that leverage the unique
properties of Dirac fermions. The pressure-dependent studies showing
these materials remain normal metals without topological phase tran-
sitions suggest they could be used in high-pressure environments
without significant property changes.

In the realm of energy applications, while not explicitly studied in
this work, many Heusler compounds, especially half-Heuslers, have
shown promise as thermoelectric materials [44]. The ability to tune the
electronic properties of these compounds through composition adjust-
ments could potentially lead to optimized thermoelectric performance
for energy harvesting or cooling applications.

Lastly, the biocompatibility of magnesium-based materials suggests
that, with proper surface treatment to address corrosion issues, these
compounds could find applications in biomedical engineering, such as in
temporary implants or drug delivery systems [45]. However, further
studies on biocompatibility and long-term stability would be necessary
to fully explore this potential application area.

4. Conclusions

This study has investigated the structural, mechanical, electronic,
and topological properties of XMg,Hg, XMgHga, and X,MgHg (X = Sc
and Li) compounds with a cubic full-Heusler crystal structure. Our
findings indicate that these compounds are nonmagnetic and exhibit
structural stability, as confirmed by their cohesive and formation en-
ergies. Li;)MgHg and ScMg,Hg are more stable in the cubic structure
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Table 5

The calculated linear electronic specific heat (r) of these compounds within mBJ approach in the presence of spin-orbit interaction
,( mimol-K~2) LiMgHg2 LiMgoHg Li:MgHg ScMgHgz ScMgoHg Sc:MgHg
With SOI 3.02 2.50 3.46 3.51 4.70 11.03
Without SOI 2.96 2.50 3.48 3.40 4.50 10.51

10
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Fig. 7. The total and partial contributions of Sc, Li, Mg, and Hg atoms to the linear electronic specific heat within mBJ approach in the presence of spin-orbit

interaction at different pressures.

with space group F43m(216), while the other compounds are more
stable in the cubic structure with space group Fm3m (225). Additionally,
the calculated phonon dispersion shows that XMg,Hg, XMgHg,, and
X,MgHg (X = Sc and Li) compounds, except for Li;MgHg in the Fm3m
crystal structure and Se;MgHg and LiMg;Hg compounds in F43m crystal
structure, are dynamically stable. In contrast, ScMgsHg and Li,MgHg
compounds in the F43m crystal structure are dynamically unstable.
The calculated elastic constants satisfy the Born-Huang criteria,
confirming the mechanical stability of these materials. The bulk
modulus, shear modulus, and Young’s modulus were determined,
showing that Sc-based compounds are stiffer and less compressible
compared to Li-based compounds. Se;MgHg and Li;MgHg exhibit the
highest and lowest stiffness, respectively. The duectility and brittleness
were assessed using Poisson’s ratio and Pugh’s ratio, revealing that
ScMgHg2 and ScMgaHg are ductile, whereas the other compounds are
brittle. The interatomic forces in SeMg,Hg, ScMgHg,, and LiMg,Hg are

predominantly ionie, as indicated by their Poisson’s ratios. The positive
Cauchy pressure values confirm metallic-like bonding in these com-
pounds. Elastic anisotropy calculations reveal that SeMg>Hg has more
pronounced anisotropy compared to ScMgHgs.

The electronic properties were analyzed through the density of states
and band structure calculations. All compounds were found to be
metallic, with significant contributions to the electron density of states
at the Fermi energy primarily from Mg atoms. The linear electronic
specific heat of Se-based compounds is higher than that of Li-based
compounds. The band structures revealed notable features, such as flat
electron bands and a Dirac point at the Gamma point for SeMgHgs. The
pressure dependence of the electronic specific heat and band structures
indicated no topological phase transitions, confirming that these com-
pounds are normal metals.

This comprehensive study enhances our understanding of the
structural, mechanical, and electronic behaviors of these full-Heusler
compounds, laying the groundwork for future material design and
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applications in advanced technologies.
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