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Abstract: This study presents a comprehensive first-principles investigation of the structural, electronic, mechanical,
optical, dynamical, thermal, and hydrogen storage properties of MGaH, (M = Li, Na, K, Rb, Cs) hydrides using density
functional theory. The optimized crystal structures reveal that LiGaH, and NaGaH, crystallize in the Cmcm space group,
while KGaH,, RbGaH,, and CsGaH, crystallize in the Pnma space group. All compounds exhibit thermodynamic stability
with negative formation enthalpies ranging from — 0.154 eV/atom (LiGaH,) to — 0.248 eV/atom (CsGaH,). Cohesive
energies vary between 3.110 and 3.173 eV/atom, confirming strong internal bonding. Mechanical analysis demonstrates
mechanical stability for all compounds, with elastic constants satisfying Born—-Huang criteria. The polycrystalline bulk
moduli (8.26-16.33 GPa), shear moduli (5.47-11.46 GPa), and Young’s moduli (13.44-27.54 GPa) indicate relatively soft
and brittle behavior (B/G < 1.75). Hardness calculations yield average Vickers hardness values of 0.88-2.87 GPa, con-
firming their soft nature. Phonon dispersion spectra show no imaginary frequencies, confirming dynamical stability.
Electronic band structures reveal wide band gaps, confirming semiconducting behavior: 4.57 eV (LiGaH,), 4.68 eV
(NaGaH,), 5.00 eV (KGaH,), 5.00 eV (RbGaH,), and 4.93 eV (CsGaH,). Optical analysis demonstrates high ultraviolet
absorption (maximum absorption coefficient up to 13.1 x 10° cm™' for CsGaH,), high reflectivity in the UV region
(maximum 36% for NaGaH,), and optical transparency in the visible range. Thermal properties reveal Debye temperatures
between 168.26 K (CsGaH,) and 352.04 K (LiGaH,), while melting temperatures range from 428.38 to 553.64 K. Min-
imum thermal conductivities are found between 0.29 and 0.72 W/m-K. Hydrogen storage analysis shows that LiGaH,
possesses the highest gravimetric (5.00 wt%) and volumetric (92.81 gH,L™") storage capacities, approaching the U.S.
DOE 2025 gravimetric target (5.5 wt%) and exceeding the volumetric target (40 gH,L.™"). The desorption temperatures
range from 113.70 K (LiGaH,) to 183.01 K (CsGaH,), suggesting relatively low hydrogen release energy barriers. Among
the studied compounds, LiGaH, demonstrates superior performance owing to its high storage capacity, strong bonding
(Ecoh = 3.173 eV/atom), high Debye temperature (352.04 K), and wide band gap (4.57 eV). Overall, the results highlight
LiGaH, as the most promising candidate for lightweight solid-state hydrogen storage, while providing systematic insights
into the role of alkali cation size on the stability, mechanical robustness, electronic band gap, optical absorption, and
storage performance of MGaH, hydrides.
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1. Introduction that the predominant source of meeting this demand is now
fossil fuels [1, 2]. Regrettably, the extensive dependence on
Energy demand is consistently rising as a result of vari-  fossil fuels has resulted in human-caused carbon dioxide

ables such as improving living standards and population = (CO,) emissions, hence exacerbating the occurrence of
expansion. The International Energy Agency (IEA) reports  extreme climate phenomena, including droughts, floods,
and deforestation. Researchers caution that a 2 degrees
Celsius increase in the average global temperature presents
a substantial hazard to the survival of life on our planet.
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Green hydrogen has the potential to reduce carbon emis-
sions in high-demand industrial sectors like steel and
cement. The world’s demand for hydrogen is expected to
rise by 700% by 2050, compared to the 70 million tons of
hydrogen that are produced each year now [3, 4]. Some
countries, like Chile, Norway, and the United States of
America (USA), have put in place industrial policies that
have helped them become world leaders in their areas.
These proactive steps can speed up the general use of green
hydrogen and lead to new developments in the business
world. Because of these worries, a lot of work has gone
into finding clean, long-lasting, useful, and good world
energy sources and other ways to transport energy [5, 6].

The pressing need for sustainable energy sources is
made clear by the fact that oil reserves are running out and
energy needs are rising. These resources are running out at
a worrisome rate because fossil fuels are being used up so
quickly. The main way that hydrogen from fossil fuels is
used is in industry, which is expected to affect green
hydrogen value chains [4, 7]. Hydrogen is better than fossil
fuels because it has fewer bad effects on the environment.
Hydrogen is not physically kept in the structure of the
metal; instead, it is stored in the solid as an oxide. This
makes it easy to turn hydrogen into steam and then back
into hydrogen by reducing steam [8].

Hydrogen is a clean form of energy that doesn’t harm
the world when it’s burned [9, 10]. Researchers are inter-
ested in hydrogen as a possible material for making fuel in
the future because it has unique qualities [9]. Besides that,
hydrogen has the most energy per unit mass [11, 12]. So, it
can be used instead of electricity and is a hopeful option for
a sustainable energy environment. Today, natural energy
sources like wind, sun, biomass, water, and waves can be
used to solve energy problems. But these sources have
some problems with how well they work and how much
they fluctuate. Even so, hydrogen is one of the most
hopeful alternatives, and researchers are very interested in
it [13, 14].

Hydrogen has significant potential as an energy carrier
that could revolutionize transportation and transform
portable applications. To optimize the use of hydrogen as
an energy carrier, it is imperative to consider many ele-
ments, such as transportation, production, and storage.
Several theoretical and experimental studies have been
conducted to evaluate the hydrogen storage potential of
various alkali metal-based complex hydrides. For instance,
Pan and Gao [15] investigated the structural stability,
hydrogen storage capacity, and dehydrogenation mecha-
nism of AMMgH; (AM = Li, Na, K, Rb) hydrides using
density functional theory, highlighting their promising
characteristics for hydrogen storage applications. Pan and
Zhu [16] carried out a comprehensive study on AMAIH,
(AM =Li, Na, K, Rb) hydrides, reporting their high

hydrogen storage capacities along with detailed insights
into their electronic and optical properties. The hydrogen
storage properties of light-element-based hydrides have
been extensively investigated. Gao et al. [17] explored the
structural stability, hydrogen storage mechanism, and
electronic properties of X3N3;Hg (X = B, C, Al) hydrides
using first-principles calculations and demonstrated that
these compounds are promising candidates with high
gravimetric hydrogen storage capacity. Similarly, Zhu
et al. [18] examined different phases of LiAlH, hydrides
and comprehensively analyzed their mechanical, elec-
tronic, optical, and dehydrogenation properties. Their study
revealed that the formation of [AIH,4] groups plays a crucial
role in both structural stability and hydrogen storage
capacity. Yang et al. [19] investigated the performance of
borophene-based single-atom catalysts (SACs) in the
hydrogen evolution reaction (HER) and reported that
especially Co- and Ni-doped systems exhibit high catalytic
activity with low overpotential. This study highlights the
critical importance of developing alternative low-cost and
highly efficient catalysts for green hydrogen production.
On the other hand, Pan and Zhu [20] explored different
phases of potassium aluminum hydride (KalH,) using first-
principles calculations and predicted the existence of a
novel monoclinic (P2/c) phase. Moreover, this phase was
found to possess a hydrogen storage capacity of 5.7 wt%,
indicating its potential to meet the U.S. Department of
Energy (DOE) targets. These studies provide valuable
evidence regarding the applicability of different alkali
metal complex hydrides in hydrogen storage technologies,
thereby underscoring the significance of investigating
AMGaH, compounds to address the existing gap in the
literature.

In 2010, Herbst et al. examined the elastic and thermo-
physical properties of AGaH, (A = Li, Na, K, Rb, and Cs)
compounds using density functional theory [21]. The
structural, electronic, elastic, optical, thermal, and hydro-
gen storage properties of XGaHs (X = Ba, Ca, and Mg)
were also studied by us in an ab initio study [22]. We
selected the alkali metal series (Li, Na, K, Rb, Cs) because
they provide a systematic trend in ionic size, electronega-
tivity, and bonding strength, which allows us to clarify the
structure—property relationships of MGaH,; hydrides.
Lightweight elements such as Li and Na enhance gravi-
metric hydrogen capacity (LiGaH, reaches 5.00 wt%, close
to the DOE target), while heavier alkalis improve ther-
modynamic stability. Moreover, alkali metals exhibit
strong reactivity and hydrogen affinity, favoring stable hy-
dride formation. This choice is also motivated by the well-
established role of alkali-based complex hydrides (e.g.,
LiAlH,, NaAlH,) in hydrogen storage, whereas gallium-
based analogues remain largely unexplored. The only
previous theoretical work on AGaH,; compounds was
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carried out by Herbst et al. (2010), which focused mainly
on elastic and thermo-physical properties without
addressing optical, electronic, dynamic, or hydrogen stor-
age characteristics. Our study systematically fills this gap
by providing a comprehensive investigation of structural,
electronic, mechanical, optical, thermal, and hydrogen
storage properties across the alkali series. Although the
calculated gravimetric hydrogen storage capacities of
MGaH, hydrides (1.95-5.00 wt%) are slightly below the
DOE target of 5.5 wt%, the results remain scientifically
significant. LiGaH, reaches 5.00 wt% and, more impor-
tantly, achieves a volumetric capacity of 92.81 gH,L ™',
which far exceeds the DOE target of 40 gH,L ™", In addi-
tion, the relatively low hydrogen desorption temperatures
(113.70-183.01 K) indicate favorable thermodynamics for
practical applications. This systematic investigation across
the alkali series provides valuable insight into how cation
size and bonding strength affect hydrogen storage and
stability, while also offering a theoretical foundation for
further strategies such as doping, alloying, or nanostruc-
turing to enhance storage performance.

The primary objective of this study is to provide a
comprehensive investigation of novel materials that can
contribute to the safe, efficient, and high-capacity storage
of hydrogen, which has a strategic role in today’s energy
transformation processes. In this context, the structural,
electronic, mechanical, optical, phonon, thermal, and
hydrogen storage properties of alkali metal gallium
hydrides MGaH, (M = Li, Na, K, Rb, Cs) have been sys-
tematically analyzed within the framework of density
functional theory (DFT). Although these compounds have
been only marginally addressed in the literature, they stand
out as promising candidates for hydrogen storage tech-
nologies. In this study, detailed insights were obtained
regarding their structural stability, band gap characteristics,
elastic behavior, optical responses, phonon dispersions,
thermal parameters, and hydrogen storage -capacities,
offering a multidimensional assessment of their potential.
Accordingly, the results aim not only to fill the existing gap
in theoretical studies but also to provide valuable guidance
for future experimental research.

2. Methods

The Siesta Package Program [23] was utilized to analyze
many physical characteristics of the MGaH, (M = Li, Na,
K, Rb, Cs) compounds, including their structure, electronic
properties, elastic behavior, optical attributes, thermal
properties, and hydrogen storage properties. This research
was performed using Density Functional Theory. The
Perdew-Burke-Ernzerhof (PBE) function [24], which is
part of the Generalized Gradient Approximation (GGA),

was employed to calculate the exchange—correlation
energy. Before commencing the calculations, optimizations
were performed on the geometry. The simulation analysis
selected structures that exhibited the highest stability and
the lowest energy use. The computations were performed
on these structures as well. The computations utilized
norm-conserving pseudopotentials of the Troullier Martins
type [25] for the Li, Na, K, Rb, Cs, Ga, and H atoms. The
valence electron configurations of the Li, Na, K, Rb, Cs,
Ga, and H atoms in the above systems are 231, 351, 4sl, 531,
6sl, 4523d104p1, lsl, respectively.

The computations were performed with the double zeta
polarized basis set. After the optimization process, the
mesh cut-off energy value was determined to be 350
Rydberg. The Brillouin zones (BZ) for MGaH, were sep-
arated using a k-point mesh and the Monkhorst—Pack
method [26]. The k-point meshes utilized for LiGaHy,,
NaGaH,, KGaH,, RbGaH,, and CsGaH, were 8 x 6 x 10,
8 x10x 6,6 x10x8,6x 10 x 8, and 6 x 10 x 8,
respectively. The conjugate-gradient (CG) approach was
employed to optimize the structure until the residual force

acting on all atoms was below 0.01 eV/ A™". The maximal
atomic displacements and maximum force were defined as
1.0 A and 107 eV/atom, respectively. We utilized the
Vesta program [27] to obtain comprehensive data on the
compounds analyzed, encompassing their space group,
lattice parameter values, and atomic coordination. The
second-order independent elastic constant values of
MGaH, were determined using the volume-conserving
approach and the Siesta program.

3. Results and discussion
3.1. Structural properties

In Fig. 1, LiGaH, and NaGaH, with space group Cmcm
(No. 63), KGaH,, RbGaH,, and CsGaH, with space group
Pnma (No. 62) are shown, respectively. The unit cell of
MGaH, (M = Li, Na, K, Rb, Cs) compounds consists of 24
atoms, 4 each of M (Li, Na, K, Rb, Cs) and Ga atoms, and
16 of H atoms. For the compound LiGaHy, the Li, Ga, and
H atoms are represented by the following Wyckoff posi-
tions: Li at 4¢ (0, 0.4250, 0.2500), Ga at 4c (0, — 0.1830,
0.2500), H1 at 8f (0, 0.6728, 0.4520), and H2 at 8 g
(0.2003, — 0.0557, 0.2500). For the compound NaGaHy,
the Na, Ga, and H atoms are represented by the following
Wyckoff positions: Na at 4c (0, 0.3438, 0.2500), Ga at 4c
(0, — 0.1595, 0.2500), H1 at 8f (0, 0.6908, 0.4290), and H2
at 8g (0.1830, — 0.0131, 0.2500). For the compound
KGaH,, the K, Ga and H atoms are represented by the
following Wyckoff positions: K at 4c (0.1814, 0.2500,
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Fig. 1 Systematic representation of 2 x 2 x 2 supercell crystal structures for the MGaH, (M = Li, Na, K, Rb, Cs) hydrides with crystal axis

directions

0.1618), Ga at 4c (0.5628, 0.2500, 0.8091), H1 at &d
(0.4167, 0.9802, 0.3178), H2 at 4c (0.4019, 0.2500,
0.8928), and H3 and 4c (0.6890, 0.2500, 0.9590). For the
compound RbGaH,, the Rb, Ga and H atoms are repre-
sented by the following Wyckoff positions: Rb at 4c
(0.1824, 0.2500, 0.1624), Ga at 4c (0.5621, 0.2500,
0.8071), H1 at 8d (0.4178, 0.9742, 0.3155), H2 at 4c
(0.4076, 0.2500, 0.8880), and H3 and 4c (0.6829, 0.2500,
0.9529). For the compound CsGaH,, the Cs, Ga and H
atoms are represented by the following Wyckoff positions:
Cs at 4c (0.1845, 0.2500, 0.1642), Ga at 4c (0.5600,
0.2500, 0.8038), H1 at 8d (0.4205, 0.9659, 0.3133), H2 at
4c (0.4137, 0.2500, 0.8811), and H3 and 4c (0.6736,
0.2500, 0.9442). All structures were optimized at zero
temperature and pressure. The results obtained are pre-
sented in Table 1 with unit cell volume, formation energy,
and cohesive energy in comparison with other studies in
the literature. The results found in Table 1 are consistent
with the findings of earlier theoretical investigations in the
literature[4, 5].

The average bond lengths and bond angles of the
structure optimized for LiGaH, are Ga-H (1.586-1.618 A)
and H-Ga-H (101.21°-111.27°). The average bond lengths
and bond angles of the structure optimized for NaGaH, are
Ga-H (1.601-1.603 A) and H-Ga-H (106.33°~110.64°).
The average bond lengths and bond angles of the structure
optimized for KGaH, are Ga-H (1.594-1.611 10%) and
H-Ga-H (109.37°-113.42°). The average bond lengths and
bond angles of the structure optimized for RbGaH, are Ga-
H (1.595-1.600 A) and H-Ga-H (109.51°-113.02°). The
average bond lengths and bond angles of the structure
optimized for CsGaH, are Ga-H (1.597-1.612 A) and
H-Ga-H (108.68°-112.72°).

The thermal stability of hydrides is a crucial determinant
for their suitability in solid-state hydrogen storage, as it
directly impacts the quantity and longevity of hydrogen
that can be stored within them. To assess the thermal sta-
bility of MGaH, (M = Li, Na, K, Rb, Cs) hydrides, we
conducted measurements to determine their enthalpy of
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Table 1 The computed lattice constants (a, b, ¢ (A)), unit cell volume (V (AS)), formation energy (AEf(eV/atom)), and cohesive energy

(E.op(eV/atom)) values of MGaH, (M = Li, Na, K, Rb, Cs) compounds

Material a b c \% AE;¢ Econ References
LiGaH4 6.4941 7.1160 6.1900 286.17 — 0.154 3.173 This study
6.4751 7.0749 6.1639 282.36 - - [21]
6.5275 7.0384 6.2093 285.27 - - [28]
NaGaH,4 7.0829 6.4303 7.1545 325.86 — 0.168 3.127 This study
7.0662 6.4163 7.1387 323.64 - - [21]
7.1102 6.4717 7.1089 327.11 - - [28]
KGaH, 9.0529 5.5868 7.3200 370.22 —0.234 3.127 This study
9.0956 5.6185 7.3604 376.12 - - [21]
9.1133 5.6467 7.3990 380.75 - - [28]
RbGaH, 9.5183 5.7879 7.6396 420.88 — 0.239 3.108 This study
9.4928 5.7726 7.6179 417.44 - - [21]
9.5390 5.8275 7.6823 427.47 - - [28]
CsGaHy 10.0854 6.0219 7.9987 485.79 — 0.248 3.110 This study
10.0399 5.9992 7.9668 479.84 - - [21]
10.0154 6.0995 7.9831 487.67 - - [28]

formation (AHy). The formation energy was calculated
using the equation in Eq. 1.

AHf =5 Etm(MGaH4) - EIOI(M) - Etm(Ga) - 2Et0t (Hz)
(1)

In the formation energy equation, E.x(MGaH,),
Ewi(M), E(Ga), and E.y(Hy) represent the total
energies of M (Li, Na, K, Rb, Cs), Ga, and H,,
respectively. The calculated formation enthalpies for
LiGaH,, NaGaH,, KGaH,, RbGaH, and CsGaH, are
— 0.154, — 0.168, — 0.234, — 0.239, and — 0.248 eV/
atom, respectively. The negative value of the formation
energy indicates that it is thermodynamically stable and
can be synthesized experimentally [29-33]. CsGaH, was
determined to be more stable as a result of its greater
negative formation enthalpy energy. The cohesive energy,
denoted as E., is a fundamental parameter used to assess
the stability of a system. The term “bond strength” refers
to the amount of energy required to break the atomic bonds
within a crystal and separate its distinct components. The
magnitude of E.;, serves as a measure of the stability of the
crystal. Equation 2 below presents the formula for the
cohesive energy of the MGaH, compound.

Econ = —é[Em(MGaHu—Elm(M) — Eiot(Ga) — 2E i (Hy))] (2)

The term Ey,(MGaH,), refers to the total energy of the
MGaH,; compound, whereas E (M), E.(Ga), and
E(H,) indicate the energy of each atom within the unit

cell. The data presented in Table 1 demonstrates that the
heat release observed during the process is positive,
indicating a shift from isolated atoms to chemical
compounds [34]. The results demonstrate the
thermodynamic stability of all the materials that were
examined.

We can also gain insight into the structural stability of
these hydrides based on the formation enthalpy and cohe-
sive energy values provided in Table 1. Formation
enthalpy reflects the thermodynamic stability of a com-
pound relative to its constituent elements, while cohesive
energy represents the average bond strength within the
compound. A more negative AHf indicates higher ther-
modynamic stability, whereas a higher Ecoh corresponds to
stronger atomic bonding. In our study, CsGaH, shows the
most negative AHf (— 0.248 eV/atom), indicating high
thermodynamic stability, while LiGaH, shows the highest
Ecoh (3.173 eV/atom), reflecting strong internal bonding.
This correlation suggests that both thermodynamic and
bonding stabilities should be considered when evaluating
structural robustness.

3.2. Mechanical properties
3.2.1. Single-crystal elastic constant
The mechanical properties of materials, including elastic-

ity, interatomic forces, mechanical features, and phase
transition, have a crucial influence on forming different
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Table 2 The values of the Kleinman parameter (), tetragonal shear constant (C), elastic constants (C;; in GPa), and Cauchy pressure (C,, in GPa)

for the MGaH, compounds (M = Li, Na, K, Rb, and Cs)

Parameters LiGaH, NaGaH, KGaH, RbGaH, CsGaH, References

Cn 48.65 23.73 27.69 17.78 15.83 This study
46.80 26.50 18.70 17.00 14.70 [21]

Cx 17.79 19.86 32.18 18.05 14.55 This study
14.50 29.50 17.00 15.70 12.60 [21]

Cs;3 35.80 28.61 38.37 20.29 17.94 This study
34.40 32.20 20.50 20.90 15.70 [21]

Cyq 12.76 6.68 7.84 6.59 4.24 This study
13.00 9.20 5.00 5.10 4.70 [21]

Css 10.77 1.80 12.13 4.19 4.37 This study
10.40 3.50 5.00 5.00 2.70 [21]

Ces 7.79 8.66 14.37 11.05 9.76 This study
10.50 8.50 8.80 9.00 8.20 [21]

Cis 2.52 4.09 13.14 5.97 8.98 This study
4.60 7.10 9.60 9.20 8.70 [21]

Cis 7.85 2.46 4.55 2.39 3.18 This study
8.80 2.60 5.30 4.20 3.50 [21]

Cys 4.24 5.15 7.05 3.57 1.25 This study
5.90 7.40 5.10 3.60 4.30 [21]

Cp(C12—Ces) —5.27 — 4.58 —1.23 —5.09 —0.78 This study

(0 23.06 9.82 7.28 591 342 This study

s 0.21 0.36 0.79 0.58 0.94 This study

physical qualities [35]. The mechanical qualities play a
vital role in determining the effectiveness of hydrogen
storage materials and their practical uses. Elastic constants,
denoted as Cjj, are fundamental material factors that
determine the relationship between mechanical and
dynamic properties. They offer valuable insights into the
inherent forces present in solids and provide crucial
information regarding the stability, rigidity, and bonding
characteristics of a material. These factors encompass
crucial attributes such as stiffness, brittleness, ductility,
elastic anisotropy, and stability, all of which profoundly
influence the choice of materials in many engineering
applications. The modified Born-Huang stability criterion
for the orthorhombic crystal structure is shown in Eq. 3
[36]:

Ci1 >0, Cag >0, Cs5 > 0, Cg6 > 0, C11Cp > C},,
C11C0C33 + 2C12C13Ca3 — €11 C33 — CpnCl — C33C2, > 0

(3)

Table 2 demonstrates that the elastic constants exhibit
no negative values and fulfill the criterion for mechanical
stability. This suggests that the MGaH, (M = Li, Na, K,
Rb, Cs) compound possesses mechanical stability. The
elastic constants obtained were also compared with other
studies available in the literature. The crystal’s resistance

to tensile stress along the a, b, and c axes is measured by
the three diagonal elastic constants Cy;, Cy;, and Cjg,
respectively. For LiGaH,, NaGaH, and CsGaH, hydrides,
C,, is smaller than C;; and Css, indicating that these
hydrides are more compressible in the b-direction than in
the a- and c-directions. For KGaH, and RbGaH, hydrides,
C,; is smaller than C,, and Cs;, indicating that these
hydrides are more compressible in the a-direction than in
the b- and c-directions.

The elastic constant C44 represents the ability of a
compound to resist shear deformation when tangential
stress is applied to the (100) plane in the [010] direction. It
is observed that the C44 value for MGaH, (M = Li, Na, K,
Rb, Cs) hydrides is significantly lower than both C;; and
Cs3, suggesting that the hydrides are more susceptible to
deformation caused by shear stress compared to stress
applied in a single direction along any of the three crys-
tallographic orientations. For LiGAH,, the value of Cgg is
lower than that of C,4, suggesting that shear deformation
along the (001) plane is easier compared to shear defor-
mation along the (100) plane. For NaGaH,, KGaH,,
RbGaH,, and CsGaHy, the value of Cy4 is lower than that
of Cgg, suggesting that shear deformation along the (100)
plane is easier compared to shear deformation along the
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(001) plane. As seen from Table 2, since C; + Cyp > Cs3,
the elastic tensile is higher in the (001) plane than in the
c-axis, and the bond in the (001) plane is elastically more
rigid than in the c-axis.

The tetragonal shear modulus (C' = %), which
represents the resistance to shear deformation by shear
stress applied in the [110] direction in the (110) plane, is a
measure of the stiffness of a crystalline material. The value
of C’ is directly correlated with the level of dynamic sta-
bility exhibited by a crystal. If the shear constant of a
material has a positive value, it signifies that the material is
stable when subjected to tetragonal distortions. Conversely,
if the shear constant is negative, the material is likely to be
dynamically unstable. Looking at the C’ values in Table 2,
it is seen that the values are positive for MGaH, (M = Li,
Na, K, Rb, Cs) hydrides. This is an indication of the
mechanical stability of MGaH, (M = Li, Na, K, Rb, Cs)

hydrides.
The Kleinman parameter [37] (= 7%%82%?2),

dimensionless parameter, also referred to as the internal
strain parameter, is a measure of the stability of the crystal
against bending and stretching [38] distortions. Kleinman
parameters have values between a minimum value of zero
and a maximum value of one. If the value of the Kleinman
parameter is close to zero, it means that bond stretching
under stress is dominant, and if the value of ( is close to 1,
it means that bond bending is dominant. The calculated
Kleinman parameter values for LiGaH, and NaGaH, are
0.21 and 0.36. These values suggest that the mechanical
strength of these hydrides is dominated by bond stress. The
calculated Kleinman parameter value for RbGaH, hydride
is 0.58. According to this value, it is thought that the
mechanical strength of RbGaH, hydride is due to both
bond stretching and bond bending. The calculated Klein-
man parameter values for KGaH, and CsGaH, hydrides are
0.79 and 0.94, respectively. According to these values, it
can be said that the mechanical strength of these hydrides is
due to bond bending.

Cauchy pressure, another important elastic parameter,
provides information about the brittleness or ductility of a
material as well as the interatomic bonds. The Cauchy
pressure for orthorhombic structures can be obtained from
the equations. C, = C;2 — Ci6, C, = C13 — Cs5 and C), =
Co3 — Cyq [39-41]. A positive value of the Cauchy pres-
sure indicates a metallic bond, while a negative value
represents a directional covalent bond of angular character.
In addition, a negative value of Cauchy pressure indicates a
brittle structure, while a positive value indicates ductility.
Therefore, as can be seen from Table 2, the negative
Cauchy pressure values calculated for MGaH, hydrides
indicate that these hydrides have a brittle structure and
covalent bonding.

3.2.2. Polycrystalline elastic properties

For polycrystalline materials, the elastic modulus holds
greater significance in terms of practical applicability
compared to the elastic constant. The elastic modulus of a
material is a physical property that quantifies its ability to
resist deformation under tension or compression, as long as
it remains within its elastic limit. Poisson’s ratio (V),
Young’s modulus (E), shear modulus (G), and bulk mod-
ulus (B) are typically used to quantify it. Voigt’s [42]
model and Reuss’s [43] model are used in the calculation
of elastic moduli. The Voigt model sets an upper bound,
while the Reuss model establishes a lower bound for the
polycrystalline elastic modulus in the Voigt-Reuss-Hill
theory. In contrast, the Hill model determines the arith-
metic mean of the Voigt and Reuss models [44]. Bulk
modulus (BH = BV;BR) and shear modulus (GH = %)

were defined using the Hill approach. Young’s modulus

(E = %) and Poisson’s ratio (V = %ggfg;) are cal-

culated using the bulk modulus and shear modulus. All
calculated values are given in Table 3. The bulk modulus is
highly significant due to its role in assessing the mechan-
ical characteristics of solids. It demonstrates the capacity of
solids to withstand compression. As can be seen from
Table 3, the fact that the Bulk modulus values for MGaH,
hydrides are larger than the shear modulus values indicates
that the mechanical strength will be limited to shear
deformation. Young’s modulus quantifies the rigidity of an
elastic substance in response to a change in its length, and
also functions as an indicator of its ability to withstand
thermal shock [45]. When the Young’s modulus value of a
solid material is small, the material is soft. The Young’s
moduli of all calculated materials have small values, so
MGaH, hydrides are expected to be soft materials.

The B/G ratio, also known as Pugh’s ratio, provides
information about the brittleness or ductility of a solid
material [46—48]. If a material shows ductile properties, the
B/G ratio is greater than 1.75. If the B/G ratio is less than
1.75, it exhibits brittle properties. Since the B/G ratio
calculated for MGaH, hydrides is less than 1.75, these
hydrides show brittle properties. Poisson’s ratio (v) is an
indicator that distinguishes the ductility (v > 0.26) or
brittleness (v < 0.26) of a solid material. According to this
criterion, LiGaH,, KGaH,, RbGaH, and CsGaH, are
brittle. However, it should be noted that NaGaH, hydride is
on the borderline between brittle and ductile. Poisson’s
ratio can be used to determine the type of chemical
bonding present in solids. The Poisson’s ratio is determined
to be 0.1 for a covalent solid and 0.33 for a metallic
material, as reported in reference [49]. The Poisson’s ratio
of MGaH, falls within the range of these two distinct
values, suggesting that the chemical bonding in these
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Table 3 The calculated values for the polycrystalline Bg, By, By, bulk moduli, Ggr, Gy, Gy, shear moduli, E, Young’s modulus (all in GPa), B/
G, Pugh’s ratio, v, Poisson’s ratio, and uM , machinability index for the compounds MGaH, (M = Li, Na, K, Rb, Cs)

Compound Br Bv Bu Ggr Gy Gy E B/G v uM References

LiGaH, 12.00 14.61 13.30 10.82 12.10 11.46 26.71 1.16 0.17 1.04 This Study
- - 13.20 - - 11.20 26.20 - - - [21]

NaGaH, 10.47 10.62 10.54 4.87 7.46 6.17 15.49 1.71 0.26 1.58 This Study
- - 13.50 - - 8.20 20.30 - - - [21]

KGaH, 16.25 16.41 16.33 10.83 11.77 11.30 27.54 1.45 0.19 2.08 This Study
- - 10.70 - - 5.90 15.00 - - - [21]

RbGaH, 8.87 8.88 8.88 6.55 7.31 6.93 16.50 1.28 0.19 1.35 This Study
- - 9.70 - - 5.90 17.70 - - - [21]

CsGaH, 8.17 8.35 8.26 4.93 6.00 5.47 13.44 1.51 0.23 1.95 This Study
- - 8.40 - - 4.40 11.20 - - - [21]

hydrides is a combination of covalent and metallic. Addi-
tionally, Poisson’s ratio provides further insight into the
nature of the bonding forces. The reported range of v for
central-force solids is 0.25-0.50. If v falls within this
range, the solid is considered to have central inter-atomic
forces. Otherwise, it is classified as a non-central force
solid [50, 51]. Based on this classification, the values of v
for the NaGaH, compound suggest the presence of central
inter-atomic forces, while for LiGaH,, KGaH,, RbGaHy,,
and CsGaH,, it indicates the involvement of non-central
forces in these solids.

Machinability index (4" = &), calculated from the
ratio of bulk modulus in Cyy, is a very important parameter
in engineering applications where solids are used [52].
Machinability refers to the inherent property of a material
that determines its ease of being machined using a cutting
tool. A material with exceptional machinability necessi-
tates lower energy use during cutting, yields a pristine
surface quality, and minimizes tool deterioration. The
machinability index is a commonly utilized metric in the
field of engineering for evaluating the ease of machining in
manufacturing and production processes. Machinability is
influenced by several elements, such as the tool’s type and
shape, the cutting process, the machine tool, the metallur-
gical structure of the tool, and the cutting depth. Addi-
tionally, it has an impact on the malleability and reduced
friction of solid materials. KGaH, (2.08) exhibits a greater
value of p™ in comparison to LiGaH, (1.04), NaGaH,
(1.58), RbGaH, (1.35), and CsGaH, (1.95). KGaH4 exhi-
bits larger elastic moduli compared to LiGaH,, NaGaH,,
RbGaH,, and CsGaH,, suggesting that KGaH, is more
suitable for tool applications than the latter compounds.
Among the phases under investigation, KGaH, has the

highest ,uM value of 2.08, while LiGaH, has the lowest
value.

3.2.3. Hardness

Hardness is an essential property of solids that are widely
utilized in various technological applications. It quantita-
tively measures a substance’s ability to resist deformation,
show plasticity, and demonstrate strength [53]. Hardness is
instrumental in comprehending the mechanical behavior of
solids. The hardness of a solid, which is influenced by its
elastic moduli, can be calculated using the following
equations [52, 54-571].

(1-2v)E
(HY) migo = ED) (4)
G2 105
iaa=2((3) 6| -3 5)
(HV)Tian: 092 (E) 1‘13760'708 (6)
(HV)Teter =0.151G (7)
(Hv)Mazhnix = YoxX(0)E (8)

x(c) in Eq. 8 is a function of the poison ratio and is
calculated as follows:

B 1 —8.56 + 19.567
1-750+ 12262 4 19.663

x(c)

Also 7y, is a dimensionless constant with a value of
0.096.
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Table 4 The computed hardness (GPa) values of MGaH, (M = Li, Na, K, Rb, Cs) compounds

Compound (HV)Chen (HV)Tian (HV)Teler (HV)Mian (HV)MaLhnik (HV)avg
LiGaH, 4.00 4.25 1.73 2.56 1.80 2.87
NaGaH,4 0.10 1.65 0.93 1.01 0.73 0.88
KGaH,4 2.37 3.16 1.71 2.12 1.31 2.13
RbGaH, 1.65 2.62 1.05 1.43 0.94 1.54
CsGaHy 0.33 1.78 0.83 0.99 0.62 0.91
The (Hv)niior HV)chenr HV)ians  (HV)Teers  and Shear anisotropy factor between (011) and (010)

(HV) pazmiie Values obtained for the MGaH, (M = Li, Na,
K, Rb, Cs) compounds are presented in Table 4.

The hardness values obtained by various methods
exhibit disparities. The expectation arises from the fact that
the formulas were developed using distinct elastic moduli
(either shear modulus or both shear modulus and bulk
modulus and Young’s modulus) and Poisson’s ratio.
Mazhnik et al. [57] said that there can be significant vari-
ations in hardness ratings when computed based on the
elastic moduli of materials. We calculated the average
hardness values of MGaH,; (M = Li, Na, K, Rb, Cs)
compounds to estimate their hardness. The average hard-
ness ((Hy)ayg) values for MGaH, (M = Li, Na, K, Rb, Cs)
hydrides were obtained as 2.87, 0.88, 2.13, 1.54, and 0.91,
respectively, and the order is LiGaH, > KGaH, >
RbGaH, > CsGaH, > NaGaH,. The measured hardness
values range from 0.88 to 2.87 GPa, indicating that all the
compounds being studied are classified as soft.

3.2.4. Elastic anisotropy

Elastic anisotropy impacts various mechanical phenomena,
such as the development of plastic deformations in crystals,
the displacement of fractures in materials, and the pro-
duction of cracks in materials. An anisotropic material
exhibits varying physical properties in different directions.
Comprehending elastic anisotropy has substantial impli-
cations for both practical engineering disciplines and the
study of crystal physics. Therefore, it is crucial to thor-
oughly calculate the elastic anisotropy characteristics of
MGaH, (M = Li, Na, K, Rb, Cs) compounds to gain a
deeper understanding of their flexibility and potential uses
in various external stress conditions. In this section, cal-
culations of shear anisotropy factors (A;3), shear modu-
lus percent anisotropy factor (Ag), bulk modulus percent
anisotropy factor (Ag), Zener anisotropy (A°®?), linear
compressibility (K./K,), universal anisotropy index (AY,
dg) and universal log-Euclidean index (A" for MGaH,
(M = Li, Na, K, Rb, Cs) compounds are presented. Shear
anisotropy factors for an orthorhombic crystalline system
are obtained by the following equations.[58, 59].

directions for shear plane {100},

Cu
A = 9
: (C11 + C33+ —2Cy3) ®)

Shear anisotropy factor between (101) and (001)
directions for shear plane {010},

_ 10
27 Cp+Cs3 — 2Cxs (10)

Shear anisotropy factor between (110) and (010)
directions for shear plane {001},
Az =

(Ci1 + Cn + —2C12)

(11)

The shear anisotropy factors calculated for MGaH,
hydrides are listed in Table 5.

Aj, A, and Aj values equal to 1 indicate isotropy, while
values different from 1 indicate anisotropy. Therefore,
MGaH, hydrides exhibit anisotropic properties. Regarding
A, RbGaH, exhibits the lowest level of anisotropy, while
KGaH, displays the highest level of anisotropy. Regarding
A,, LiGaH, exhibits the lowest level of anisotropy,

Table 5 Shear anisotropy factors (A, A,, A3z), compressibility ani-
sotropy (Ag), shear anisotropy (Ag), universal anisotropy index (AY),
equivalent Zener anisotropy measure (A°Y), universal log-Euclidean
index (Ar) and linear compressibility ratio (K./K,) for the hydrides
MGaH,; (M = Li, Na, K, Rb, Cs)

Parameters LiGaH; NaGaH, KGaH; RbGaH; CsGaH4
Ay 0.742 0.563 0.551 0.792 0.620
Ay 0.955 0.189 0.860 0.537 0.584
Aj 0.507 0.978 1.710 1.851 3.148
Agp 0.098 0.007 0.005 0.001 0.011
Ag 0.056 0.210 0.042 0.055 0.098
AY 0.812 2.670 0.446 0.583 1.108
dg 2.610 2.944 2.539 2.566 2.666
A 2.228 3.973 1.981 1.981 2.528
A 0.553 0.231 0.019 0.019 0.077
K /K, 1.269 0.876 1.059 1.059 1.250
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whereas NaGaH, displays the highest level of anisotropy.
Regarding Aj;, NaGaH, exhibits the lowest degree of ani-
sotropy, whereas CsGaH, displays the highest degree of
anisotropy.

The equations presented are employed to determine the
universal anisotropy index (A" and dg), the Zener aniso-
tropy measure (A°Y), shear anisotropy (Ag), and com-
pressibility anisotropy (Ag) for materials exhibiting any
crystal symmetry [60-63].

By Gy

AV ="245""2_6>0 12
Br GR - ( )

dp = VAY +6 (13)

a9 = (14 240) 44/ (14240 2—1 (14)
12 12

_ By — By

Ap =~ % 15
5= BT B (15)
Gy — Gg
Ap=— % 16
¢ Gy + Gg (16)

A commonly used metric in elastic properties to
measure anisotropic is the universal anisotropy index A".
It is a unique anisotropy scale that is independent of the
crystal symmetries of solids. The difference between the
universal anisotropy index and other anisotropy scales is
that it considers both bulk and shear contributions. When
the value of the universal anisotropy index is 1, the
compound is isotropic, otherwise, it is anisotropic. The AY
values calculated for MGaH, hydrides are different from 1,
as indicated in Table 5, and therefore these hydrides are
anisotropic. Once again, it can be noted from Table 5 that
the value of the equivalent Zener anisotropy index (A®9) is
greater than one, which further confirms the anisotropic
characteristics of the compounds. The values of shear
anisotropy (Ag) and compressibility anisotropy (Ap) are
equal to one for an isotropic crystal, while a value of zero
indicates maximum anisotropy. For NaGaH,, KGaH,,
RbGaH,, and CsGaH, hydrides, the shear anisotropy is
larger than the compressibility anisotropy, but for LiGaHy
hydride, the compressibility anisotropy is larger than the
shear anisotropy.

The log-Euclidean (A%) formula is defined by the fol-
lowing equation [59]:

W@ o

_ 3 (Cn—Cn—2Cy)
53(C11—C12)14Cas

The constants Cj, and CF =

5_Cu(Cii—Cn)
3 3(C1] —C12)+4C44

for the elastic constant C,4, respectively. According to
Kube and Jong [60, 64], the A" value for inorganic crystals

are the Voigt and Reuss approximations

spans from 0 to 10.26, with approximately 90% of
compounds having an A" value of less than one.
Furthermore, a significant proportion (78%) of inorganic
crystalline compounds with high A™ values display layered
or lamellar structures [65]. High values of A" suggest a
pronounced layered structure, whereas low values of A"
indicate a structure that lacks layering. The low A" value
suggests that MGaH, (M = Li, Na, K, Rb, Cs) does not
possess clearly defined layered features. When perfect
isotropy is achieved, the value of A" is precisely zero. The
AL values for the molecules LiGaH4, NaGaH,, KGaH,,
RbGaH,, and CsGaH, are predicted to be 0.553, 0.231,
0.019, 0.019, and 0.077, respectively. All these numbers
are below 1, indicating a moderate level of anisotropy.
The computation of linear compressibility along the a
and c axes is determined using the following equation [66].

ke Cii+Cin—2Cp3
ka / Cy3 —Cp3 (18)

The f-value is a crucial determinant that determines
whether a material exhibits isotropy or anisotropy. An
isotropic material is defined as having a f value of one. If
the value of f is not equal to one, it indicates that the
material exhibits anisotropy. The data presented in Table 5
demonstrates that the MGaH, (M = Li, Na, K, Rb, Cs)
hydrides exhibit anisotropic characteristics. The data
presented in Table 5 is unique and does not have any
current estimates available for comparison.

The equations that define the bulk modulus along the a,
b, and c axes and their anisotropies are as follows [59]:

B dP D dP B,
g —ad—F— =7, py =b— = —,
da 14oa+p db «
_dpP B, (19)
T p
where D=Cy +2C1206+C220C2+2C13ﬁ+C33ﬁ2+
2Cy 03 and
_ {(C11 = C12)(C33 — C13)} — {(C3 — C13)(C11 — C13)
{(C33 = C13)(Ca2 — C12)} — {(C13 — C3)(C12 — Ca3) }
_ {(Cpa = C12)(C11 — C13)} —{(C11 — C12)(C3 — C12)}
{(Cx2 — C12)(C33 — C13)} — {(C12 — C3)(C13 — C3) }

The By, and B. values of the LiGaH,; and CsGaH,4
hydrides are much lower than the B, value. Accordingly, it
is harder for the LiGaH, and CsGaH, hydrides to compress
in the a direction than in the b and c directions. For the
NaGaH,, KGaH, and RbGaH, hydrides, the B. value is
higher than the B, and B, values. These findings indicate
that the ability of the NaGaH,;, KGaH4, and RbGaH4
hydrides to be compressed is more challenging in the c
direction compared to the a and b directions. The
information presented in Table 6 is original and does not
have any previous data for comparison in the literature. In
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Table 6 Bulk moduli B,, By, and B. in GPa along crystallographic
axes a, b, and c, respectively

Compound B, By B. o B Ag, Ag,

LiGaH4 7492 2258 41.10 332 1.82 3318 1.820
NaGaH, 2940 2638 4259 1.11 0.69 1.115 1.614
KGaH, 37.27 56.55 60.76 0.66 0.61 0.659 1.074
RbGaH, 23.83 27.00 3035 0.88 0.79 0.883 1.124
CsGaH, 3446 1844 2766 1.87 125 1.869 1.500

The linear bulk modulus anisotropies (Ag,, and Ag_) along the a and ¢
axes for MGaH, (M = Li, Na, K, Rb, Cs) hydrides

addition, as seen in Table 6, the bulk modulus along the a
(Ap, = g—z) and ¢ (Ap, = g—;) axes are considered. For
MGaH, (M =Li, Na, K, Rb, Cs) hydrides, both Ap,
values and Ap, values do not equal 1, indicating the
presence of anisotropy in the axial bulk modulus.

To provide a more comprehensive representation of
elastic anisotropy, we utilized the VELAS [67] code to
estimate the direction-dependent variation of bulk modu-
lus, shear modulus, Young’s modulus, Poisson’s ratio,
linear compressibility, and hardness. Figures 2 and 3 depict
a 3D graph illustrating Young’s modulus, bulk modulus,
shear modulus, Poisson’s ratio, linear compressibility, and
hardness. Isotropic crystals should display spherical sym-
metry in their 3D contour plots. Any deviation from this
indicates the presence of anisotropy. Figures 2 and 3
exhibit non-spherical deviations in the 3D depictions of
Young’s modulus, bulk modulus, shear modulus, Poisson’s
ratio, linear compressibility, and hardness, demonstrating
anisotropy. Table 7 presents the uppermost and lowermost
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values of Young’s modulus, linear compressibility, bulk
modulus, and shear modulus, together with their respective
ratios. These ratios are useful indicators of elastic
anisotropy.

3.3. Optical properties

The optical properties of a material play a vital role in
understanding its interaction with light, including reflec-
tion, refraction, absorption, scattering, and transmission.
Various energy-dependent optical parameters, such as the
energy loss function, reflectivity, optical conductivity,
refractive index, absorption coefficient, and dielectric
function, help predict the overall optical response of a
material. In recent years, there has been a growing interest
in studying the optical characteristics of materials due to
their significance in integrated optics applications. These
properties are essential for advancements in optoelectron-
ics, optical modulation, optical information processing,
display technologies, communications, and data storage.
By analyzing the frequency-dependent optical behavior,
researchers can gain insights into aspects such as energy
band structures, excitons, localized defects, lattice vibra-
tions, impurity states, and specific magnetic excitations
[68]. The frequency-dependent dielectric function was used
to calculate the optical characteristics of MGaH, (M = Li,
Na, K, Rb, Cs).

e(w) = g1 (w) + ig(w) (20)
The dielectric function of a material is composed of a
real part and an imaginary part, each of which provides a

different insight into the optical behaviour of the material.
The real part is associated with the degree of polarisation

Fig. 2. 3D directional dependences of bulk modulus, shear modulus, and Young’s modulus for MGaH, (M = Li, Na, K, Rb, Cs) hydrides
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2 (GPa)

H

Fig. 3. 3D directional dependences of Poisson’s ratio, linear compressibility, and hardness for MGaH, (M = Li, Na, K, Rb, Cs) hydrides

Table 7 Maximum, minimum, and anisotropy values of Young’s modulus, linear compressibility, shear modulus values, and bulk modulus for

MGaH,; (M = Li, Na, K, Rb, Cs) hydrides

Compound Enin Enax Ag Bemin Brnax Ag Gmin Grnax Ag Bmin Bmax Ag

LiGaH4 17.12 46.78 0.21 14.96 49.61 0.35 7.79 16.68 0.13 6.72 22.29 0.28
NaGaH, 6.34 27.18 0.37 25.46 36.93 0.12 1.80 11.74 0.41 9.02 13.09 0.11
KGaH, 21.39 36.70 0.15 16.48 25.00 0.09 7.84 16.63 0.16 13.33 20.23 0.09
RbGaH,4 11.53 22.54 0.14 34.77 39.39 0.30 4.19 11.05 0.19 8.46 9.59 0.03
CsGaH, 9.18 21.38 0.19 26.00 48.58 0.14 3.05 9.76 0.22 6.86 12.82 0.18

and the propagation velocity of electromagnetic waves
within the material, while the imaginary part reflects the
ability of the material to absorb energy from an external
electromagnetic field due to frequency-dependent dipole
oscillations. Both intraband and interband electronic
transitions affect €(w) in condensed matter systems. At
lower energies, intraband transitions dominate, while
interband contributions are largely governed by electronic
band structure [69]. Several key optical parameters,
including the refractive index, absorption coefficient,
energy-loss  function,  reflectivity, and  optical
conductivity, can be derived from the complex dielectric
function &(®), which varies with energy. Figures 4 and 5
illustrate the optical response of MGaH, (M = Li, Na, K,
Rb, Cs) for photon energies up to 25 eV, specifically for
the [100] polarization direction of the electric field. Here,
€; and &, denote the real and imaginary parts of the
dielectric ~ function, respectively.  This  function
characterizes the material’s ability to sustain an
electromagnetic field [70] and its interaction with
incident light, including absorption behavior [71].

The value of the static dielectric function & (0) is 2.70,
3.28, 3.03, 2.74, and 2.35 for LiGaH,, NaGaH,, KGaHy,,
RbGaH,, and CsGaH,, respectively. This suggests that the
polarizability of NaGaH, is higher. From Figs. 6(a) and
6(e), the maximum values of ¢ (w) are found to be at 5.74
at 5.03 eV for LiGaH,, 6.90 at 5.04 eV for NaGaH,, 6.67
at 5.36 eV for KGaH,, 6.07 at 5.60 eV for RbGaH,, and
5.24 at 5.84 eV for CsGaH,. In the negative region, the real
part ¢; (o) reaches a minimum value of — 0.82 for LiGaH,,
— 1.52 for NaGaH,, — 0.65 for KGaH,, — 0.44 for
RbGaH,, and — 0.30 for CsGaH, at photon energies of
7.28, 7.52, 8.24, 8.00, and 9.84 eV, respectively.

The refractive index, denoted as n(w), is a statistical
parameter used to quantify the degree of light refraction. It
is particularly useful in the field of photoelectricity. It
consists mostly of both actual and imagined components.
n(w) represents the real component, which is commonly
referred to as the refractive index. From the Fig. 4(f), the
static refractive index n(0) at zero frequency is 1.64 for
LiGaH,, 1.81 for NaGaH,, 1.74 for KGaH,, 1.65 for
RbGaH, and 1.53 for CsGaH,. Equation £;(0) = n*(0)
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Fig. 4 (a)—(e) Real and imaginary part of the dielectric function and (f) Refractive index for MGaH, (M = Li, Na, K, Rb, Cs)

shows that these static values of n(0) are comparable with
static values of €(0). The refractive index, n(w), exhibits
an upward trend in the ultraviolet region and attains its
maximum value at certain energy levels for different
compounds: 2.47 at 5.12 eV for LiGaHy, 2.69 at 5.20 eV
for NaGaH,, 2.65 at 5.52 eV for KGaH,, 2.53 at 5.76 eV
for RbGaH,, and 2.36 at 6.00 eV for CsGaH,. The higher
value of n(w) for NaGaH, implies a substantial slowing
down of light waves caused by electric polarization, lead-
ing to an increased refractive index.

The impact of photons of different frequencies on the
conductivity of compounds is represented by the optical
conductivity o(w), which is displayed in Fig. 5(a). Maxi-
mum values of the peaks of o(w) are obtained at 426,171
Q 'em ™' at 6.36 eV for LiGaH,, 589,430 Q' cm™! at
6.76 eV for NaGaH,, 543,441 Q' cm™" at 6.72 eV for
KGaH,, 500,166 Q™' cm™" at 6.88 eV for RbGaH,, and
413,640 Q 'cm™! at 7.00 eV for CsGaHy. Moreover, the
value of () falls with increasing photonic energy after
8 eV. Furthermore, evident is the fact that the compounds’
optical conduction only occurs in the UV area and is not
common in the visible range. This shows that the

compound’s electrons would not be excited by incident
photons in the visible area.

The absorption coefficient o(®) quantifies the com-
pounds’ ability to absorb incoming photons. Absorption is
the phenomenon that happens when the energy of incoming
photons matches the transition frequency of the electrons in
atoms. Figure 5(b) depicts the absorption coefficient ol®).
Figure 5(b) indicates that the movement of electrons from
the valence band to the conduction band is caused by the
absorption of photons of different frequencies. In the vis-
ible region, the value of the absorption coefficient is zero,
which means that there is no optical excitation in this
region. The absorption coefficient reaches a maximum at
100 x 10°cm™  at  6.72eV  for  LiGaH,,
12.6 x 10° cm ™' at 7.2 eV for NaGaH,, 12.0 x 10° cm™!
at 7.84 eV for KGaH,, 114 x 10° cm™! at 7.68 eV for
RbGaH,, and 13.1 x 10’ em™" 1 at 7.36 eV for CsGaH,.
The abundance of peaks in the higher photon energy range
of 6-15 eV indicates that these compounds effectively
absorb light in the ultraviolet region.

Reflectivity R(®) refers to the amount of incident light
that is reflected from the compound’s surface. The static
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Fig. 5 (a) Conductivity, (b) Absorption coefficient, (¢) Reflectivity, and (d) Loss function for MGaH, (M = Li, Na, K, Rb, Cs)

reflectance values R(0) obtained from Fig. 5(c) are 6% for
LiGaH,, 8% for NaGaH,, 7% for KGaH,, 6% for RbGaH,
and 4% for CsGaH,. The maximum reflectance R(w) is
observed at 31% at 7.20 eV for LiGaH,, 36% at 7.36 eV
for NaGaH,, 31% at 7.84 eV for KGaH,, 29% at 7.76 eV
for RbGaH, and 25% at 7.60 eV for CsGaH,. The
reflectivity R(w) values obtained from Fig. 5(c) indicate
that the compounds demonstrate high reflectance in the UV
area and low reflection in the visible range.

The energy loss function, L(w), provides valuable
insights into a material’s electronic structure, plasmon
resonance, absorption characteristics, and reflectivity
[72, 73]. This characteristic also determines the amount of
energy dissipated when a high-speed electron passes
through the material. Moreover, the plasma frequency of a
substance is linked to the highest point of L(w). Fig-
ure 5(d) displays the L(w) spectra of MGaH, (M = Li, Na,
K, Rb, Cs) hydrides. L(w) values increase in the ultraviolet
region at higher frequencies, peaking at 1.90 at 12.92 eV
for LiGaH,, 2.46 at 14.00 eV for NaGaH,, 2.78 at
14.32 eV for KGaH,, 2.67 at 14.00 eV for RbGaH,, and
2.61 at 13.28 eV for CsGaH,.

3.4. Electronic properties

The PBE-GGA method is used in this study to determine
the band structure and density of states (DOS) of the alkali
gallium hydrides MGaH, (M = Li, Na, K, Rb, Cs). Band
structure plots describe the energy levels available for
electrons to occupy in a material, allowing for the predic-
tion of the electronic properties of a crystal structure. The
band structure and density of states graphs of MGaH,
compounds are shown in Fig. 6. As can be seen from
Fig. 6(a), (b), and (e), the maximum point of the valence
band and the minimum points of the conduction band for
LiGaH,, NaGaH, and CsGaH, are at the " point in these
compounds. Therefore, LiGaH,, NaGaH, and CsGaH,
have a direct band gap. However, KGaH, and RbGaH,
hydrides have an indirect band gap because the maximum
point of the valence band and the minimum point of the
conduction band are not located at the same point. The
band gaps for the calculated hydrides were obtained as
4.57 eV for LiGaH,, 4.68 eV for NaGaH,, 5.00 eV for
KGaH,, 5.00 eV for RbGaH,, and 4.93 eV for CsGaHy,.
According to these results, it is seen that alkaline gallium
hydrides MGaH, (M = Li, Na, K, Rb, Cs) have wide band
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gaps. In addition, these results are in agreement with other
studies in the literature [21, 28]. The energy distribution of
electrons in the corresponding atoms and orbitals that
contribute to the formation of valence and conduction
bands is illustrated by the total density of states (TDOS)
and partial density of states (PDOS) plots of the com-
pounds. The Fermi level (Eg) is situated at 0 eV for the
DOS plots. PDOS plots of MGaH, hydrides show a similar
distribution. In the valence band near the Fermi level, it is
seen that the largest contribution comes from the 1s orbital
of H, followed by the 4p orbital of Ga. It is also seen that in
the — 4 to — 6 eV range, the most doping comes from the
4s orbital of Ga. In the upper region of the Fermi level, the
largest contributions in the conduction band are observed
to come from the 4s and 4p orbitals of Ga and the 1s orbital
of H.

3.5. Dynamic stability

Phonon dispersion spectra are essential for evaluating the
dynamical stability of hydrides, as they provide critical
insights into the vibrational behavior of the crystal lattice.
By analyzing these spectra, researchers can determine
whether any phonon modes exhibit imaginary frequencies,
which would indicate potential structural instability.

Density of States (states / eV)

Phonon dispersion analysis also offers valuable informa-
tion regarding phase transitions, the presence of soft modes
that may lead to structural distortions, and the material’s
response to external stresses. This comprehensive vibra-
tional data is crucial for the development of stable hydride
materials with desirable properties for applications in
photovoltaics, optoelectronics, and advanced technologies.
Figure 7(a)—(e) presents the phonon dispersion curves
for MGaH4 (M = Li, Na, K, Rb, Cs) hydrides, illustrating
their evolution along the high-symmetry directions (I'-X—
S—-Y-T") within the Brillouin zone. The crystal structure of
MGaH, contains twenty-four atoms per unit cell, resulting
in seventy-two phonon branches, comprising three acoustic
and sixty-nine optical modes. The absence of negative
phonon frequencies in the dispersion bands shown in Fig. 7
confirms the dynamical stability of these materials. Fur-
thermore, additional evidence of stability is provided by
the acoustic mode, which exhibits zero frequency at the I'-
point, in accordance with fundamental stability criteria.

3.6. Thermal properties
The Debye temperature (0p) in solid-state physics deter-

mines the upper limit of lattice vibration energy modes and
serves as a threshold for the distribution of phonon energy.
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This parameter also provides valuable information
regarding the thermal conductivity, specific heat capacity,
melting temperature, lattice dynamics, and elastic constants
of a material. The Anderson method [74] was implemented
in this investigation to determine the Op. The following
equation is employed to calculate Op using the sound
velocity (vi):

_h [(3N\ Nap]?
HD_kB[<4n> M} vm 1)

The equation above represents the relationship between
various variables. M represents the molar mass, N
represents the total number of atoms in the cell, h
represents Planck’s constant, p represents the density, Ny
represents Avogadro’s number, and kg represents
Boltzmann’s constant. The subsequent equation can be
utilized to compute the mean sound velocity (vy,).

B

3

In the present instance, “v;” and “v,” represent the
longitudinal and transverse sound velocities, respectively.
The values of v; and v, can be derived from:

v = ,/% (23)
G
V= \/% (24)

Furthermore, the acoustic Gruneisen constant y, is
commonly employed to quantify the anharmonic properties
of interactions between atoms in solids. It can be computed
using the subsequent equation [75]:

. 3 <(3v,2 - 4v,2)) (25)

2\ v+ 202

Table 8 presents the computed values of Op, the acoustic
Griineisen constant, the mass density (p), and the acoustic
velocities (v}, v, and v,) for MGaH, compounds. LiGaH,
has a Debye temperature of 352.04 K, which is higher than
that of KGaH, (309.47 K), NaGaH, (245.16 K), RbGaH,
(244 K), and CsGaH, (168.26 K). Thus, LiGaH, at a
temperature of 352.04 K has the greatest chemical bond
strength. Furthermore, the expansion coefficient of LiGaHy
drops as the Debye temperature increases, leading to
enhanced thermal stability and a lower coefficient of
expansion.
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Table 8 Computed properties of MGaH, (M = Li, Na, K, Rb, Cs): mass density (p, g/cm3), longitudinal, transverse, and average sound
velocities (v, Vi, Vin in m/s), Debye temperature (0p, K), melting temperature (T,,, K), minimum thermal conductivity (Ky;,, W/m-K), and

Griineisen parameter (7,)

Compound p V¢ Vi Vi Tm Op Kinin Ya

LiGaH, 1.95 2421.78 3824.57 2663.98 553.64 352.04 0.72 1.16
NaGaH, 1.97 1768.60 3085.09 1964.68 468.11 245.16 0.48 1.53
KGaH, 2.15 2294.37 3824.68 2538.17 494.63 309.47 0.59 1.36
RbGaH, 2.02 1850.19 2991.53 2040.46 437.77 244.00 0.45 1.25
CsGaH, 2.83 1390.86 2345.84 1540.38 428.38 168.26 0.29 1.40

A high-value Griineisen constant indicates a significant
level of anharmonicity. According to the data in Table 8§,
KGaH, has the highest vy, value of 1.53, indicating that
KGaH,4 has the most nonharmonicity.

The melting temperature, or melting point, of a material
refers to the specific temperature at which it undergoes a
phase transition from a solid to a liquid state under a given
atmospheric pressure. Currently, the investigation of the
melting temperature (T,,) of a substance is both intriguing
and essential. Materials with greater melting temperatures
exhibit reduced thermal expansion, higher cohesive energy,
and higher bonding energy [76]. By utilizing the formula
provided below, we have computed the T, of MGaH4
compounds using the optimized elastic constants [77].

T, = 354 + 1.5(2Cy; + C33) (26)

This expression is used to approximate the melting
temperature of MGaH,, and it is shown in Table 8. The
estimated melting temperatures of MGaH, hydrides are
quite low, demonstrating their soft nature. It is also noticed
that the compound LiGaH, (553.64 K) has a much higher
melting point compared to the NaGaH, (468.11 K),
KGaH, (494.63 K), RbGaH, (437.77 K), and CsGaH,
(428.38 K) hydrides. Thus, LiGaH, will have higher
bonding and cohesive energy compared to NaGaH,,
KGaH,, RbGaH,, and CsGaH,.

The minimum thermal conductivity offers valuable
insight into the atomic dynamics of a crystal during heating
or cooling. It represents the theoretical lower limit of a
material’s intrinsic thermal conductivity. One approach to
determining this minimum value is through the following
mathematical expression [78, 79].

2
M \ 3
Kpin = kam( )
npNA

The calculated values for MGaH, hydrides are recorded
in Table 8.

Consequently, the compound with a high Debye tem-
perature exhibits the highest melting point and the highest
level of hardness. This outcome is anticipated since a
greater Debye temperature signifies a more robust

(27)

interatomic bonding, resulting in an elevated melting
temperature and increased mechanical strength. The Debye
temperatures computed for MGaH, are often low, reflect-
ing the inherent softness of these materials.

3.7. Hydrogen storage properties

The practical use of hydrogen as an alternative fuel faces
challenges due to slow progress in developing materials
with high hydrogen storage capacity. Hydrides have gar-
nered significant interest in the scientific community
because of their advantageous properties, such as high
storage capacity, structural flexibility, and compatibility
with fuel cell operating pressures. To evaluate the potential
of MGaH, (M = Li, Na, K, Rb, Cs) hydrides for solid-state
hydrogen storage, an analysis was conducted to determine
their volumetric (C,) and gravimetric (C,,q,) storage
capacities. The weight percentage of the studied hydrides
was calculated using Eq. (28), where My represents the
molecular weight of hydrogen, My, denotes the molecu-
lar weight of the host material, and H/M indicates the
hydrogen-to-metal ratio.

(12)Mu

Cop = | —F——
i (MH()sz + (%)MH

The measured values of C,,.¢, for MGaH, (M = Li, Na,
K, Rb, Cs) hydrides are shown in Table 9. The measured
weight percentages of LiGaH,, NaGaH,, KGaH,, RbGaHy,,
and CsGaH, hydrides are 5.00%, 4.17%, 3.58%, 2.53%,
and 1.95%, respectively. In addition, we have determined
the C, values for MGaH, (M = Li, Na, K, Rb, Cs) hydrides
to be 92.81, 81.51, 71.74, 63.11, and 54.67 gH,l ',
respectively. In summary, our findings have indicated
that the LiGaH, hydride exhibits the highest attained
storage capacities, 5.00 wt% for Cy,¢, and 92.81 gHzl_l for
C, as compared to the discussed hydrides. These findings
indicate that the LiGaH; compound has promising
potential as a highly efficient choice for solid-state
hydrogen storage. Furthermore, the C,,q of LiGaH,
hydride is close to the US-DOE target of 5.5 wt% for

x100> % (28)
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Table 9 Calculated desorption temperature [Ty (K)], gravimetric
[Cwi%], and volumetric [C, (gHzl_l)] storage capacities for MGaHy
(M = Li, Na, K, Rb, Cs) hydrides

Compound Tyes Cwia (o

LiGaH4 113.70 5.00 92.81
NaGaH,4 127.28 4.17 81.51
KGaH, 172.37 3.58 71.74
RbGaH, 176.70 2.53 63.11
CsGaH, 183.01 1.95 54.67

2025, while the C, target of 40gH,1™" is above all hydrides
discussed.

Desorption temperature (T4e) is an important factor for
hydrogen storage applications. Tgs can be calculated using
the following equation [80-83].

AS

Tges = E

(29)

The production of hydrogen gas (H,) is the main factor
that determines the change in entropy during the
breakdown process. According to scientific experts and
published literature, the current consensus is that the
change in entropy (AS) for H, is around -130.7 J/mol.K at
standard temperature and pressure conditions [84]. The
value of AH is the enthalpy of formation energy
determined from Eq. (1). The desorption temperature
values for LiGaH,, NaGaH,, KGaH,, RbGaH,, and
CsGaH, are 113.70 K, 127.28 K, 172.37 K, 176.70 K,
and 183.01 K, respectively. The desorption temperature
measurements we got are below the specified range of Tges
(233 to 333 K) set by the United States Department of
Energy for the year 2025 [85, 86].

In MGaH, (M =Li, Na, K, Rb, Cs) hydrides, the
hydrogen storage capacity is determined by the interplay
between mechanical and electronic properties. The size and
ionic character of the alkali metal cations directly influence
the crystal structure’s elasticity and mechanical stability,
ensuring the safe storage of hydrogen. Systems with
smaller ions, such as LiGaH, and NaGaH,, form more
compact and mechanically robust structures, whereas lar-
ger ions (K, Rb, Cs) increase lattice flexibility but also raise
the risk of structural instability. From an electronic per-
spective, the charge distribution between the metal cations
and Ga-H units optimizes hydrogen binding energies and
governs the thermodynamics of adsorption—desorption. In
this context, mechanical stability protects the material
against volume changes during hydrogen uptake, while the
electronic structure chemically stabilizes hydrogen. Con-
sequently, in MGaH, hydrides, high and reversible
hydrogen storage capacity is achieved through a balanced

combination of suitable mechanical properties and favor-
able electronic interactions.

4. Conclusions

Using density functional theory (DFT), this study exten-
sively investigated the structural, electronic, mechanical,
dynamic, optical, thermal, and hydrogen storage properties
of MGaH4 (M = Li, Na, K, Rb, Cs) compounds. The
results are novel as no such comprehensive study on these
compounds exists in the literature. The thermal stability of
the compounds is determined by calculating the formation
energy. The formation energy values obtained for all
compounds are negative. Thus, it is clear that the com-
pounds are stable. The band gaps for the calculated
hydrides were obtained as 4.57 eV for LiGaHy4, 4.68 eV for
NaGaH,4, 5.00 eV for KGaH,, 5.00 eV for RbGaH,, and
4.93 eV for CsGaH,. The materials exhibit semiconducting
properties with a wide band gap. The elastic constant and
phonon calculations show that all compounds are
mechanically and dynamically stable. Besides, according
to the B/G ratio, which gives information about the hard-
ness of the material, all compounds exhibit brittle proper-
ties. LiGaH4 has the largest gravimetric (5.00 wt%) and
volumetric (92.81 gH,l™') storage capacity among the
compounds. In addition, the debye temperatures were also
calculated for the compounds, and LiGaH4 (352.04 K) has
the largest temperature value.
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