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ABSTRACT

In this study, we investigate the structural, elastic, electronic, and thermodynamic properties of LaMgX, (X = Zn, Cd, Hg) intermetallic
hydrides using first-principle calculations based on density functional theory. The compounds exhibit metallic behavior with relatively high
bulk moduli, suggesting good mechanical stability. The thermodynamic parameters, such as Debye temperature and entropy, were derived
and analyzed to evaluate their thermal stability. Furthermore, the hydrogen storage potential of these compounds was assessed, revealing
favorable characteristics for reversible hydrogen absorption and desorption. In addition, their thermoelectric properties were investigated
by evaluating key indicators such as the Seebeck coefficient, electrical conductivity, and the electronic contribution to thermal conductivity.
These insights into energy transport behavior further support their multifunctional potential. Overall, these findings highlight the potential
of LaMgM, hydrides as promising candidates for hydrogen storage applications, especially in energy-efficient technologies.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0269533
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I. INTRODUCTION

The intermetallic compounds characterized by the general for-
mula LaMgX, (where X represents Cd, Zn, or Hg) have attracted
significant research interest for their dual potential as hydrogen stor-
age media and lightweight structural components. Among these,
the cadmium-containing variant LaMgCd, exhibits particularly
favorable characteristics, including reduced mass density, superior

thermal resistance, and excellent machining properties. These
attributes, combined with the hydrogen absorption capabili-
ties inherent to magnesium, establish LaMgCd, as a promis-
ing candidate for hydrogen storage systems and various indus-
trial applications.”” Comparative analyses reveal that these alloys
demonstrate enhanced hydrogen absorption and desorption kinet-
ics when compared to pure magnesium. The LaMgX, intermetal-
lic compounds possess distinctive physicochemical profiles that
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differentiate them substantially from conventional metal alloys. For
instance, incorporating zinc into the magnesium-lanthanum sys-
tem significantly enhances both ductility and mechanical resistance,
rendering LaMgZn, particularly valuable in aerospace engineer-
ing, automotive manufacturing, and structural frameworks.”* In
addition, zinc inclusion in this intermetallic system contributes to
superior resistance against localized corrosive processes, making
LaMgZn, particularly well-suited for deployment under aggres-
sive environmental conditions. Substituting mercury (Hg) in the
system modifies the electronic behavior of the resulting com-
pound, although widespread industrial implementation remains
constrained by mercury’s toxicological profile.” Nevertheless, the
unique electronic characteristics of LaMgHg, render it particu-
larly applicable for sensing technologies and specialized electronic
instrumentation. Magnesium has been extensively documented for
its capacity to absorb and store hydrogen. The LaMgX, systems
(X = Cd, Zn, Hg) enhance this capacity while simultaneously
improving thermodynamic stability and absorption kinetics, result-
ing in more efficient hydrogen storage solutions.” The remarkable
stability exhibited by these intermetallic compounds substantially
augments their hydrogen storage capacity a critical feature for appli-
cations in fuel cell technologies and hydrogen-powered transporta-
tion systems. Research conducted by Ziittel and colleagues examines
magnesium alloys enhanced with rare earth elements, particularly
lanthanum, which demonstrate considerable potential for forming
stable hydride compounds, thereby enhancing hydrogen storage
characteristics.” The lanthanum component establishes conditions
conducive to hydrogen interaction, consequently increasing absorp-
tion capacity. Investigations by Sato and Yartys explore the hydro-
gen storage potential of LaMg, and LaMgNi(4-x)Co(x) intermetal-
lic systems.® These alloys maintain structural integrity at elevated
temperatures, making them appropriate for thermally demanding
environments. The LaMgNi(4-x)Co(x) series demonstrates partic-
ularly efficient hydrogen storage capabilities, achieving absorption
capacities between 1.5 and 2.0 weight percent hydrogen, positioning
them as ideal candidates for hydrogen storage applications. Their
research underscores the importance of optimizing both processing
methodologies and compositional parameters to achieve perfor-
mance characteristics required for practical energy storage imple-
mentations. In conclusion, continued exploration of the LaMgX,
(X = Cd, Zn, Hg) alloy systems represent a promising direction
toward developing advanced materials for sustainable energy storage
and lightweight structural applications, addressing growing market
demands for environmentally compatible technologies.

Il. CALCULATION METHOD

We calculated properties of LaMgX, (X = Cd, Hg, Zn) com-
pounds using the Quantum Espresso software package’ within
the density functional theory (DFT) framework. For accurate
exchange-correlation effects, we employed SG15 Optimized Norm-
Conserving Vanderbilt pseudopotentials'’ and the Generalized Gra-
dient Approximation (GGA) with the Perdew-Burke-Ernzerhof
functional.'" We set the plane wave cutoff energy at 110 Ry, which
achieved our convergence criteria of 1 x 10™* Ry for energy and
residual forces less than 1 x 107> Ry/Bohr, balancing computa-
tional efficiency with accuracy. Brillouin zone integration utilized an

pubs.aip.org/aip/adv

8 x 8 x 8 Monkhorst-Pack k-point grid,'* ensuring thorough elec-
tronic structure sampling. We employed the thermos-pw module'’
integrated with Quantum Espresso to calculate elastic stiffness con-
stants and thermodynamic properties including vibrational energy,
free energy, entropy, and constant-volume heat capacity. This mod-
ule provided accurate temperature-dependent calculations essential
for evaluating the stability and exploring potential applications of
these intermetallic compounds for hydrogen storage systems and
lightweight structural components.

lll. RESULTS AND DISCUSSION
A. Crystal structure and stability

The intermetallic compounds LaMgX, (X = Cd, Hg, Zn) crys-
tallize in the fluorite-type cubic structure with space group Fm-3m
(No. 225). Within this structure, lanthanum (La) atoms form a face-
centered cubic sublattice at the 4a (0, 0, 0) positions. Magnesium
(Mg) atoms occupy the tetrahedral sites at the 4b (1/2, 1/2, 1/2)
positions, while the X atoms (cadmium, mercury, or zinc) are sit-
uated at the octahedral sites, corresponding to the 8c (1/4, 1/4, 1/4)
positions. The crystal structure of these LaMgX, compounds, clearly
showing the atomic arrangements, is depicted in Fig. 1. The red,
green, and blue balls represent the X, Mg, and La atoms, respec-
tively. Figure 2 shows energy vs volume optimization curve for
LaMgX,(X = Cd, Zn, Hg). By comparing the curves that illustrate
the relationship between the total energy and the volume of inter-
metallic LaMgHg2, LaMgZn2, and LaMgCd2, we see stability in the
volumetric properties of these materials. LaMgX, (X = Hg, Cd) com-
pounds reach their lowest total energy 10793.13 and 10 808.465 eV
at a larger volume 103 and 104 (A)’ to achieve optimal stability.
In addition, the energy curve has a steep slope; therefore, this total
energy is more sensitive to changes in volume. In contrast, the low-
est energy point for LaMgZn, 13242.785 eV occurs at a slightly
smaller volume of 89.5 A *. The curve for LaMgZn, exhibits a gentler
slope, indicating greater stability against volumetric changes com-
pared to LaMgHg, and LaMgCd,. The pronounced energy drop
at the stable volume indicates that LaMgCd, maintains high sta-
bility at reduced volumes, rendering it more resistant to volume

FIG. 1. Crystalline structure of LaMgX; (X = Zn, Cd, Hg).
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FIG. 2. Energy vs volume optimization curve of LaMgZn; (a), LaMgCd, (b), and
(c) LaMgHg,.

fluctuations. Table I presents our calculated equilibrium lattice con-
stants (o), bulk moduli (By), and pressure derivatives of bulk moduli
(Bo’) for LaMgZn,, LaMgCd,, and LaMgHg,, alongside existing
experimental and theoretical values from the literature. The experi-
mentally determined lattice constants are 7.05-7.10 A for LaMgZn,,
7.45 A for LaMgCd,, and 7.42 A for LaMgng,H’“’ with rela-
tive uncertainties less than 0.1%. These values align well with our
computational results. Additional calculations using various density
functional theory (DFT) implementations and alternative software
packages have yielded comparable values, as documented in Refs. 15
and 16 for all three compounds. For LaMgCd, specifically, the exper-
imental lattice constant of ~7.45 A'° closely matches our theoretical
prediction, showing only minor deviations from values reported in
Refs. 17-19. The strong agreement between our results and those
obtained through different computational methods reinforces the
reliability of this research. The consistency between calculated lat-
tice constants and experimental measurements, together with the
derived bulk moduli and pressure derivatives, suggests favorable
elastic characteristics for these intermetallic compounds. Several

ARTICLE pubs.aip.org/aip/adv

TABLE |. Lattice constant ag in (A), B, B’ (GPa) of LaMgZn,, LaMgCd,, and
LaMgHgs.

Compound a0 (A) B (GPa) B’

LaMgZn, 7.09 Exp. 7.05-7.10"* 52.52 4.30
LaMgCd, 7.46 Exp. 7.45"° 48.15 4.58
LaMgHg, 7.44 Exp. 7.42'° 54.31 4.87

structurally related intermetallic compounds have been reported in
the literature, which support the feasibility of forming LaMgM,-
type hydrides. For instance, La;MgZn, exhibits lattice constants
in the range of 7.12-7.15 A while LaMg, shows values around
7.40-7.42 A."° In addition, La-Mg-RE systems are reported with
lattice parameters between 7.38 and 7.46 A.'® These compounds
demonstrate that similar rare-earth magnesium-based structures are
stable.

B. Hydrogen storage potential of LaMgX;Hn hydrides

Table IT summarizes the calculated total energies and cor-
responding hydrogen formation energies (Ef) for the LaMgX,H,
systems (X = Zn, Cd, Hg). The formation energies were determined
using the expression Er = Eramgxatn — ELamgxa — n/ 2Ey,.

As shown in the table, all LaMgM,H, compounds exhibit
significantly negative formation energies, indicating their thermo-
dynamic stability with respect to decomposition into LaMgM,
and H,. Among the series, LaMgZn,H, possesses the least nega-
tive Ef value (—175.63 eV), suggesting moderate hydrogen binding
strength, which is advantageous for reversible hydrogen storage
applications. In contrast, LaMgCd,Hyx and LaMgHg,Hy demon-
strate more negative formation energies (—284.93 and —-328.51 eV,
respectively), indicative of stronger metal-hydrogen interactions,
which may require higher desorption temperatures. These compu-
tational results corroborate the hypothesis introduced at the outset
of this study: the LaMgM,-based hydrides are viable candidates for
hydrogen storage.

C. Elastic constants and related parameters

The elastic parameters were determined by solving the tensor
matrix of nonlinear equations using the Charpin method.”’ In a

TABLE |II. Calculated total and formation energies of LaMgM,H, compounds
(M = Zn, Cd, Hg).

AIP Advances 15, 055109 (2025); doi: 10.1063/5.0269533
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Compounds Energy (eV) Energy formation (Ey)
LaMgZn,Hx —-25802.153 806 26 _175.63
LaMgZn, —25499.092 836 67 ’
LaMgCd,Hy —23194.318 19580 28493
LaMgCd, —22782.980 602 32 ’
LaMgHg,Hx ~ —45748.53253197 39851
LaMgHg, —45293.617738 43 ’
H, —31.607 742 397 26
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crystal, where the elastic regime is linear, the relationship between
the stresses oi and the corresponding strains &j conforms to Hooke’s
law,

6
0i =Y. Cijgj, (1)
i

where the coefficient Cj; are the elastic stiffness constants of the
crystal.

The deformation of a crystal by application of a deformation ¢j
results in a stress, from which we obtain the elastic constants from
Eq. (1),

€11 = €1, €2 = €, €33 = €, €12 = &1 = &2,

€13 = €31 = €52, €3 = €3 = &4/2,

eln=¢€, en=¢6,¢e3=0,€2=¢61=¢6/2, e13=¢631 =0, &3 = &3, =0,

By + Br G _Gv+GR
) > VRH = 2 .

Bvry =

Young’s modulus E and Poisson’s ratio v are obtained by E
9BG 3B-2G

= 3B+GY T 2(3B+G) "

For materials with cubic symmetry, the elasticity matrix sim-
plifies to three essential constants: Cy1, Ci2, and Ca4. As no experi-
mental or theoretical elastic constants have been previously reported
for these compounds, our results represent novel predictions. These
critical parameters, which characterize the mechanical behavior of
the materials, are compiled in Table III. The elastic constants Ciy,
Ci2, and Cy4 quantify the material’s stiffness under different defor-
mation modes. Among the three compounds, LaMgZn, exhibits
the highest C;; value, indicating superior resistance to deformation
along crystallographic axes compared to its counterparts. The bulk
modulus reflects a material’s resistance to volumetric changes under
applied pressure, while its pressure derivative describes how the bulk
modulus itself varies with increasing pressure. LaMgHg, demon-
strates a higher modulus of elasticity, signifying greater resistance
to volumetric deformation compared to the other two intermetallic
compounds.

The elastic constants and bulk modulus of LaMgX, (X = Cd,
Zn, Hg) satisfy all mechanical stability criteria: Ci; + 2Ci2 > 0, Cy4
>0, Ci1 > Ci2, and Cy2 < B < Cyy, confirming that these intermetal-
lic compounds are mechanically stable. Shear modulus quantifies
a material’s resistance to shape deformation under shear stress.
Among the compounds, LaMgZn, demonstrates the highest shear
modulus, indicating superior resistance to shear deformation. The
B/G ratio serves as an indicator of material ductility, with B/G > 1.75

ARTICLE pubs.aip.org/aip/adv

classifying a material as ductile, and B/G < 1.75 indicating brittle-
ness. Our analysis shows that LaMgHg, possesses the highest B/G
ratio, identifying it as the most ductile of the three compounds.
For cubic crystals, positive Cauchy pressure (PC = C1,-Cys) indi-
cates material ductility.”’** The calculated Cauchy pressures for
LaMgZn,, LaMgCd,, and LaMgHg, are 3.66, 9.66, and 20.14 GPa,
respectively, confirming their ductile nature and corroborating the
B/G ratio results. Young’s modulus and Poisson’s ratio are fun-
damental parameters for evaluating polycrystalline material hard-
ness. Young’s modulus measures material stiffness, while Poisson’s
ratio represents the ratio between transverse strain (perpendicular
to applied load) and axial strain (parallel to applied load) during
stretching. These properties correlate with bulk and shear moduli
through the following equations:**

Cpp +2C
B= 11 3 12.

Young’s modulus quantifies a material’s resistance to elastic defor-
mation under applied stress. With the highest E value, LaMgZn,
demonstrates superior stiffness compared to the other two inter-
metallic compounds. Poisson’s ratio characterizes the relationship
between lateral and longitudinal strain during deformation. Higher
values indicate greater material ductility. LaMgHg, exhibits the
highest Poisson’s ratio (v), confirming its position as the most
ductile of the three compounds. The Debye temperature reflects
the crystal lattice’s vibrational characteristics. LaMgZn, possesses
the highest Debye temperature, indicating more pronounced ther-
mal vibrations within its structure. From these analyses, we can
conclude that LaMgZn, is the stiffest material with the greatest
resistance to shear stress, while LaMgHg, emerges as the most duc-
tile and least stiff compound. LaMgCd, occupies an intermediate
position between these two extremes, with properties leaning more
toward ductility than stiffness. The relatively modest elastic con-
stants observed in LaMgX, (X = Cd, Zn, Hg) compounds can be
attributed to their larger lattice spacings and consequently reduced
Coulomb forces and hardness. The comparatively low values of bulk,
shear, and Young’s moduli in these double perovskites further sub-
stantiate their reduced hardness and rigidity. Numerous rare-earth
intermetallic compounds containing magnesium and various tran-
sition metals have demonstrated bulk and shear moduli within sim-
ilar ranges. For example, Mg-Zn-RE alloys have been reported to
exhibit bulk modulus values between 45 and 55 GPa;'' Mg-Cd-RE
systems show moduli in the range of 40-50 GPa;’’ and Mg-Hg-RE
alloys present values around 50-60 GPa.”! These mechanical char-
acteristics highlight the general mechanical robustness and stability
of rare-earth-based intermetallic systems, Rare-earth intermetal-
lic hydrides display Debye temperatures within close ranges. For

TABLE Ill. Elastic constants, bulk modulus, shear modulus, B/G ratio, Young’s modulus, Poisson’s ratio, and Debye

temperature for LaMgX; (X = Zn, Cd, Hg).

Compound Cj; (GPa) Ci; (GPa) Cu4 (GPa) B(GPa) G(GPa) B/G E(GPa) v Op (K)
LaMgZn, 87.23 35.0 31.34 52.40 29.13 1.79 73.74 0.26 271.58
LaMngz 69.14 37.91 28.25 48.32 2227 217 5790 0.30 212.83
LaMgHg, 78.20 43.02 22.88 54.74 20.59 2.66 5489 0.33 170.16
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example, LaNis alloys range between 260 and 280 K,*° LaMg,-type LaMgZn,|
compounds between 200 and 220 K,'” and La-Mg-RE systems from 5
160 to 190 K,'® reflecting similar lattice dynamics and structural 49 t:‘:
stability. i Lad
24 Mg_s
. . Mg_p
D. Electronic properties o X oL, od ] z:_s
The electronic behavior of LaMgX, compounds (X = Zn, Cd, S S |£ Zn::
Hg) is best analyzed through their band structure and projected 2 2 2 Total DOS
density of states (PDOS). The calculations were performed at 0 K, ul ul
. . . . . w4 L
as is standard in density functional theory (DFT) calculations, as
shown in Fig. 3. The band structure diagrams, located on the left N 7
side of each plot, display the energy of electronic states as a func-
tion of momentum (wave vector). In all three compounds, several 8
energy bands clearly cross the Fermi level (set at 0 eV), indicating
the presence of free electrons and confirming the metallic nature of 10 T I
these materials. The number and dispersion of bands vary across Zn, r X WK L 0 5 10 15 20 25 30 35 40
Cd, and Hg, reflecting subtle differences in atomic interactions and DOS (States/eV)

electron mobility. On the right, the PDOS curves break down the
contributions of each element and orbital type (s, p, d) to the elec-
tronic structure. La-d orbitals contribute strongly near the Fermi

level, while Zn, Cd, and Hg states dominate at lower energies. These ::_:
PDOS profiles confirm orbital hybridization and support the band =
structure findings. s

The comparison between GGA and GGA+U total DOS for ——cdd

Total DOS|

LaMgZn,, shown in Fig. 4, highlights the influence of on-site
Coulomb interactions (U) on the electronic structure. In the GGA
results, a pronounced peak appears slightly above the Fermi level
(~2 eV), indicating a high density of unoccupied La-4f states. When
applying the GGA+U correction, this peak is shifted slightly down-
ward in energy, reflecting the repulsion introduced by the U term,
which pushes the 4f states farther from the Fermi level. As a result,
the density at the Fermi level decreases slightly, but remains non-
zero preserving the metallic character of the compound. The shift in

iy . . 1 es -10 10 T T T T T T T
peak position also implies reduced hybridization between La and Cd r X w K L 0 5 10 15 20 25 30 35 40
orbitals. This adjustment corrects the common underestimation of DOS (States/eV)
f-state localization in standard GGA. Overall, GGA+U offers a more
realistic picture of the electronic behavior of LaMgCd,, especially
regarding the role of La’s localized 4f electrons. ]

E. Thermal properties
1. Debye vibrational energy

o
L

The Debye model for the internal energy of a material predicts
that the internal energy depends on the vibrational modes of the
crystal. The phonons that contribute the most to the internal energy
will occur at the maximum of the integrand in the Debye integral.
The Debye model assumes that atoms in materials move in a col-
lective fashion, described by quantized normal modes. The phonon
modes exhibit uniform density throughout the reciprocal k-space.
Figure 5 illustrates the temperature-dependent variations in Debye
vibrational energy for LaMgX, (X = Zn, Cd and Hg) compounds. -10 10 N
Debye vibrational energy represents the energy of atomic vibrations r X w K Lo 5 10 15 20 25 30 3
within the crystal lattice structure, which significantly influences DOS (States/eV)
thermal properties including specific heat and thermal conductivity.
The Debye model specifically characterizes these collective atomic
vibrations, termed “phonons.” Beyond atomic mass considerations,

—Hg_d

Total_DOS|

_Ef (eV)

& E

FIG. 3. Band structure of LaMgZn,, LaMgCd,, and LaMgHg, (left panel) and
TDOS (right panel).
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FIG. 4. Total density of the state of LaMgZn; using GGA+U approximation.

the vibrational behavior of these materials is substantially influenced
by the strength of interatomic chemical bonds.

Stronger bonds require more energy to increase the vibrations,
which influence how a material responds to changes in temperature.
Near absolute zero (0 K), atomic vibrations are severely limited due
to insufficient thermal energy, resulting in minimal Debye vibra-
tional energy. As temperature rises, atoms acquire greater thermal
energy, enabling more vigorous vibrations throughout the crystal
lattice, which manifests as increased Debye vibrational energy.

We see that beyond 100, 150, and 200 K, the LaMgHg,,
LaMgCd,, and LaMgZn, materials studied have negative vibrational
free energy, which explains their thermodynamic stability. There is
a phase transition at 100, 150, and 200 K for LaMgHg,, LaMgCd,,

and LaMgZn, respectively.

—— LaMgZn,

ARTICLE
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2. Heat capacity at constant volume

The vibrational partition function for a system consisting of N
diatomic molecules is
N
1 )
=0, ’
- e=pt)

(g

where Z;;, is the vibrational partition function of a diatomic system,
0.y is the vibrational temperature, and T is the absolute temperature

in Kelvin.
The vibrational contribution to the molar internal energy is

0 anvib _ NAUkBevib _ Revib
oT - e(-)/T_l _e(J/T_1
where kg is the Boltzmann constant, Nay is Avogadro’s number, R

is the universal gas constant, and 0 is the Debye temperature.
The vibrational contribution to molar heat capacity at constant

volume is

Uy = kBTZ(

c. :(M) ZR(@)Zﬂ
vib,V 8T v T (eem'b/T _ 1)2‘

Heat capacity at constant volume (CV) represents the ratio of
change in internal energy to temperature variation, expressed as CV
= QU/JT. Thermal energy is stored through the occupation of spe-
cific degrees of freedom within the material. CV quantifies the heat
required to elevate a material’s temperature while maintaining con-
stant volume. Figure 6 illustrates the temperature dependence of
constant volume heat capacity for LaMgX, (X = Zn, Cd, Hg) com-
pounds. As temperature rises, the particles’ kinetic energy increases,
necessitating greater heat input to achieve further temperature ele-
vation. At lower temperatures, particles occupy lower energy states.
With increasing temperature, these particles access higher energy
levels, resulting in a nearly linear increase in heat capacity.
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FIG. 5. Debye vibrational energy vs temperature for LaMgX; (X = Zn, Cd, and Hg).
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FIG. 6. Effect of temperature on constant volume heat capacity for LaMgX;
(X =2Zn, Cd, Hg).
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Due to its lightest atomic mass composition, LaMgZn, exhibits
more rapid lattice vibrations, resulting in elevated heat capacity at
lower temperature ranges. Conversely, LaMgHg,, containing the
heaviest elements, demonstrates reduced vibrational frequencies,
yielding lower heat capacity values. LaMgCd,, with an atomic mass
intermediate between the zinc and mercury variants, displays corre-
sponding intermediate thermal behavior. As temperatures approach
~800 K, all three compounds reach thermal saturation, with heat
capacities stabilizing as they approach their respective Debye limits.
This represents the threshold at which all lattice vibrational modes
become fully excited, resulting in a plateauing heat capacity. Com-
prehending the heat capacity characteristics of these compounds is
essential for applications demanding thermal regulation and stabil-
ity. Materials exhibiting higher heat capacities demonstrate superior
thermal energy storage capabilities, rendering them particularly
valuable in electronics industries and systems undergoing thermal
transitions.

3. Entropy

Entropy quantifies system disorder or uncertainty by measur-
ing the number of possible configurations that a system may adopt.
When calculating the vibrational component of molar entropy,
we must utilize a shifted energy scale, as including the zero-point
contribution to the internal energy would result in an infinite value,

Oui,i ] ( Uy Ovit 1 (eg”"h/T _ 1).

S“"””':R[ T \ ot )V: T(e/" ~ 1)

As temperature increases, entropy rises predictably due to enhanced
atomic and molecular motion, which amplifies system random-
ness. Figure 7 depicts the temperature-dependent thermodynamic
entropy for LaMgX, (X = Zn, Cd, Hg) compounds. The data
reveal a nearly linear relationship between entropy and tempera-
ture for all materials, indicating a consistent increase in disorder
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FIG. 7. Effect of temperature on thermodynamic entropy of LaMgX, (X = Zn, Cd,
Hg).

ARTICLE pubs.aip.org/aip/adv

with rising temperature. LaMgZn, exhibits the lowest entropy val-
ues across all temperature ranges, suggesting that it possesses the
most stable structure among the three compounds. The zinc atoms
appear to constrain molecular motion more effectively than cad-
mium or mercury. Conversely, LaMgHg, demonstrates the highest
entropy throughout the temperature spectrum, indicating that mer-
cury atoms contribute most significantly to molecular disorder. This
characteristic may result from mercury’s greater atomic mass or
specific atomic properties that enhance movement and disorder.
LaMgCd; displays intermediate entropy values, positioned between
LaMgZn, and LaMgHg,. Its slightly elevated entropy compared to
LaMgZn, likely stems from cadmium’s larger atomic mass, which
facilitates increased molecular motion.

At room temperature, entropy differences among the stud-
ied materials are minimal, with LaMgHg, exhibiting slightly higher
values. Beyond 300 K, these differences become increasingly pro-
nounced, as LaMgHg, demonstrates a steeper entropy increase,
while LaMgZn, maintains the lowest entropy profile. Atomic mass
significantly influences this behavior pattern. Conversely, materials
with lower entropy, such as LaMgZn,, demonstrate superior thermal
stability, making them more suitable for environments requiring
sustained performance at elevated temperatures.

F. Thermoelectric properties
1. Seebeck coefficient

Figure 8 illustrates the variation of the Seebeck coefficient for
LaMgX, compounds (where X = Cd, Hg, Zn) as a function of the
chemical potential. The three compounds exhibit values near zero
at the Fermi level, suggesting metallic behavior and weak thermo-
electric properties in their undoped state. There is a clear correlation
between the electronic structure calculations and the Seebeck char-
acteristics, reinforcing the reliability of the predictions regarding the
metallic nature of these compounds. At negative chemical poten-
tials, a p-type behavior is observed, while at positive potentials, the
behavior transitions to n-type with sharp negative peaks in Cd and
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FIG. 8. Seebeck coefficient as a function of chemical potential at temperatures
T =300 K for LaMgX, X(Zn, Cd and Hg) using GGA approximation.
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Hg. In contrast, the LaMgZn; compound demonstrates a more grad-
ual and stable behavior, positioning it as a promising candidate for
thermoelectric applications.

2. Electrical conductivity

Figure 9 represents the relationship between the electrical
conductivity (o/t) and chemical potential for three compounds:
LaMgCd,, LaMgHg,, and LaMgZn,. At the Fermi level (Eg), the
compounds show moderate values ranging between 4 and 5.5
(Qm-K-s)"'-10”. LaMgHg, exhibits a high value at 0 eV (~6.7)
and a sharp decrease at 2 eV before reaching its highest value at
4 eV (~7). Meanwhile, LaMgZn, displays a distinctive peak at 1 eV
(~6.5) that exceeds the other compounds in this region. LaMgCd,
maintains moderate values throughout most of the range with a
drop at 1 eV and fluctuations at high potentials. These variations
reflect shifts in the electronic density of states of the materials
and indicate the possibility of tuning their electronic properties by
controlling the Fermi level, allowing for the selection of the appro-
priate compound for thermoelectric applications based on specific
performance requirements.

3. Thermal conductivity

Figure 10 depicts the relationship between thermal conductiv-
ity (K/t) measured in W/m-K-s and chemical potential (eV) for three
LaMgX, compounds: LaMgCd,, LaMgHg,, and LaMgZn,. At the
Fermi level (EF) marked by a vertical dotted line at 0 eV, the thermal
conductivity values of all three compounds converge to approxi-
mately 3-4 W/m-K-s, suggesting similar thermal transport behavior
at this critical energy level. All the compounds exhibit significant
oscillations in thermal conductivity across the chemical potential
range, with a notable sharp decrease around +2 eV, where LaMgHg,
reaches its minimum value. In the negative chemical potential region
(between —4 and 0 eV), LaMgHg, consistently shows lower thermal
conductivity compared to the other compounds, while LaMgCd,
demonstrates relatively stable behavior. At high positive chemical
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FIG. 9. Electrical conductivity as a function of chemical potential at temperatures
T = 300 for LaMgX, X(Zn, Cd and Hg) using GGA approximation.
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FIG. 10. Electronic thermal conductivity as a function of chemical potential at
temperatures T = 300 for LaMgX, X(Zn, Cd and Hg) using GGA approximation.

potential values (>+3 eV), LaMgZn, displays superior thermal con-
ductivity, followed by LaMgHg> and then LaMgCd,. The differences
in thermal conductivity behavior can be attributed to the distinct
electronic band structures of these compounds and the character-
istic influence of Cd, Hg, and Zn elements on transport properties.
These compounds show similar patterns, with peaks around +1 and
+3 eV, indicating shared electronic structure characteristics despite
their compositional differences.

4. Power factor

Figure 11 displays power factor curves as a function of chem-
ical potential for three LaMgX, compounds: LaMgCd,, LaMgHg>,
and LaMgZn,. The power factor (PF = S%0) is crucial for eval-
uating thermoelectric performance, with higher values indicating
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FIG. 11. Power factor as a function of chemical potential at temperatures T = 300
for LaMgX; X(Zn, Cd, and Hg) using GGA approximation.
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better heat-to-electricity conversion efficiency. LaMgHg, demon-
strates superior thermoelectric properties with the highest power
factor peak of ~9500 near 0 eV (Fermi level), followed by LaMgCd,
with a maximum value around 7000, also near 0 eV, and a sec-
ondary peak of about 5000 at 2 eV. LaMgZn, shows relatively lower
values, with its primary peak reaching about 4500 at 0 eV and a
secondary peak of 3500 at ~2.5 eV. All the compounds exhibit min-
imal power factor values in the negative chemical potential region
(below —1 eV), indicating poor thermoelectric performance in this
range. The sharp, narrow peaks rather than smooth curves sug-
gest abrupt changes in electronic properties at specific energy levels
and indicate that optimal thermoelectric performance occurs within
very narrow chemical potential ranges, requiring precise doping
control.

IV. CONCLUSION

LaMgX,(X = Cd, Zn, Hg) intermetallic alloys crystallize in the
cubic structure, have potential practical experimental and materials
optimization in hydrogen storage, and have lightweight structural
applications and energy systems. LaMgX,(X = Hg and Cd) alloys
achieve minimum total energy at larger volume to achieve optimal
stability, and the energy curve has a steep slope, hence their sensi-
tivity to volume changes. The metallic bonding states between (La,
Mg)-(Cd, Zn, Hg) and no zero TDOS at the Fermi level explain
the metallic character of the studied alloys. The lightest (heaviest)
mass and rapid lattice (slows) vibrations of LaMgZn, (LaMgHg,)
result in a higher (lower) heat capacity at lower temperatures.
LaMgHg, (LaMgZn,) material is less (more) stable with higher
(lower) entropy at elevated temperatures, making LaMgZn,more
suitable for environments.
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