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A B S T R A C T   

Structural, electronic, elastic, vibrational, thermodynamic, and optical properties of Mg2XH4 (X = Ni, Ru) 
compounds were investigated using density functional theory in the presence of zero temperature and pressure. 
Under ambient conditions, the Mg2NiH4 crystallizes in an orthorhombic type structure with space group Pccn 
and there are 56 atoms in its unit cell. Mg2RuH4 crystallizes in an orthorhombic type structure with space group 
Cmcm and contains 28 atoms in its unit cell. In addition, electronic band structure calculations were made for the 
orthorhombic structures of these two compounds. Mg2NiH4 is a direct band gap semiconductor of 1.3479 eV, 
while Mg2RuH4 is a semiconductor with an indirect band gap of 0.8768 eV. To understand whether the studied 
structures of Mg2XH4 are dynamically stable, phonon calculation was performed and both structures were found 
to be stable. In addition, the second-order independent elastic constant values, which give information about the 
hardness of Mg2XH4 and whether it is mechanically stable or not, were also calculated. From the elastic constant 
results obtained, Mg2XH4 was found to be mechanically stable in both structures. Some stiffness constants such as 
Bulk modulus (B), Shear modulus (G), Young's Modulus (E), and Poisson's ratio (υ) were also calculated from 
elastic constant values. According to the B/G ratio, the material was found to be brittle in both structures. It was 
also observed that the atoms forming the structures according to the Poisson ratio were connected by ionic 
bonds. In addition, thermo-physical and optical calculations of the compounds were also examined to have more 
information about the physical properties of Mg2XH4.   

1. Introduction 

The rising population and demand for energy to meet our everyday 
needs have prompted global policymakers, governments, and scientists 
to express alarm. The depletion of oil reserves, price volatility, and 
environmental harm caused by production and usage are significant 
challenges that demand urgent attention and investment. There is a 
pressing necessity to examine energy sources that are abundant, inex
pensive, and environmentally sustainable. Hydrogen energy is suggested 
and considered essential for addressing these issues. Hydrogen can 
function as an energy carrier in fixed power facilities, fuel cells, and 
portable devices [1]. 

The discovery of hydrogen storage materials is one of the most 
important steps for the development of the clean energy system of the 
future. The proliferation of Pure Electric Vehicles (PEVs) and Hybrid 

Electric Vehicles (HEVs) is considered a viable approach to address the 
aforementioned concerns. Nevertheless, the widespread adoption of 
electric vehicles is contingent upon the performance and cost efficiency 
of their respective battery systems. The nickel-metal hydride (Ni/MH) 
secondary battery is a promising on-board battery system for long-term 
use, offering numerous advantages including good overcharge/over- 
discharge capability, impressive rate capacity, substantial energy den
sity, extended cycle life, and environmental sustainability [2–5]. 

Various alloys have been used to improve the hydrogen absorption 
and desorption properties of the materials [6–10]. The magnesium- 
based alloys used in this study are considered to be one of the most 
suitable materials for hydrogen storage, due to their hydrogen storage 
capacity, lower cost compared to alternative systems, and most impor
tantly, the abundance of magnesium in the earth's crust [11]. Among 
these alloys, Mg2Ni alloy attracts more attention due to its relatively 
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high hydrogen storage capacity and favorable thermodynamics [12,13]. 
In the presence of moderate temperature and pressure, Mg2Ni absorbs 
hydrogen and forms a new hydride. This hydride is Mg2NiH4 and it 
contains 3.6 wt% hydrogen. As a result of the alloying of pure magne
sium with Ni due to the catalytic activity of transition metals, the 
hydrogen absorption rate of magnesium increases significantly. 

Reilly and Wiswall first discovered the reversible hydrogen adsorp
tion ability of Mg2Ni in 1968, forming a ternary hydride, Mg2NiH4 [14]. 
Thus, the physics and chemistry of ternary hydrides have been a subject 
of study since this date [6–10]. The research conducted by Garcia et al. 
[15] involves the use of density functional theory to study cubic 
Mg2NiH4, a compound consisting of seven atoms within its basic unit 
cell. Neutron diffraction was used to investigate the structural properties 
of Mg2NiH4 [16]. A study on the thermodynamic, electronic, and op
tical properties of the monoclinic structure of Mg2NiH4 was carried out 
by Myers et al. [17]. 

Mg2XH4 is of interest in the field of hydrogen storage for fuel cells 
and other hydrogen-based energy applications due to their ability to 
reversibly absorb and release hydrogen under certain conditions. 
Mg2NiH4 is a metal hydride that can absorb and release hydrogen 
reversibly. This property is crucial for hydrogen storage systems as it 
allows for the controlled storage and release of hydrogen gas. 
Ruthenium-based hydrides, such as Mg2RuH4, have been investigated 
for their catalytic properties, which can improve the kinetics of 
hydrogen absorption and desorption in magnesium hydride systems. 
The addition of ruthenium can act as a catalyst, enhancing the perfor
mance of magnesium hydride. 

Over the past few years, numerous materials have been examined for 
their ability to store hydrogen. However, comprehending the various 
characteristics of hydrogen storage materials is crucial, given that each 
material exhibits distinct hydrogenation/dehydrogenation behaviors. 
To fully harness the potential of hydrogen energy, it is crucial to thor
oughly investigate the physical properties of materials, including their 
crystal structures, hydrogenation capabilities, electronic characteristics, 
elastic properties, anisotropic properties, and thermodynamic proper
ties [18–20]. 

For instance, by modeling the material's behavior under pressure, we 
can gain insight into how it would react when subjected to hydrogen 
storage pressure. The utilization of reversible hydrogen storage mate
rials has the potential to bring about a significant transformation in the 
storage of hydrogen and the adoption of hydrogen energy in daily life. 
Additionally, it can contribute to reducing the average global temper
ature, thereby mitigating the impacts of global warming. Therefore, 
there is still a need to discover new kinds of materials. The properties of 
Mg2XH4 (X = Ni, Ru) compounds have been investigated using density 
functional theory calculations. This study is the first to examine their 
structural, elastic, isotropic, electronic, dynamic, thermodynamic, and 
optic properties. Gravimetric hydrogen densities, hydrogen desorption 
temperatures, and enthalpies of formation have also been estimated. The 
current literature lacks any experimental or theoretical exploration of 
these material features. Hence, this study will significantly enhance the 
current body of literature and understanding of solid-state hydrogen 
storage. 

This work is organized as follows. In Section 2 we present the ab 
initio calculating method. The results obtained for the calculated 
structural properties of the orthorhombic hydride Mg2XH4, electronic 
band structure, density of states, dynamic and mechanic properties, 
elastic anisotropy properties, Thermo-physical properties, and optic 
properties are described in Section 3. The conclusions are stated in 
Section 4. 

2. Methods 

The Siesta Package Program was used to analyze various physical 
aspects of the Mg2XH4 compound, including its structural, electronic, 
elastic, dynamic, optical, and thermo-physical characteristics. This 

analysis was conducted within the framework of Density Functional 
Theory [21]. The exchange-correlation energy [22] was selected to be 
calculated using the Perdew-Burke-Ernzerhof (PBE) parameter in the 
Generalized Gradient Approximation (GGA). Before starting the calcu
lations, necessary geometry optimizations were performed. The most 
stable structures with minimum energy were obtained for the simulation 
study. And all calculations were performed on these structures. The 
computations utilized Troullier Martins type norm-conserving pseudo
potentials for the Mg, Ni, Ru, and H atoms [23]. Furthermore, the cal
culations were conducted using the double zeta polarized basis set. After 
the optimization process, the mesh cut-off energy value was determined 
to be 300 Raydberg. The Monkhorst-Pack method was used to discretize 
the Brillouin zones (BZ) for Mg2NiH4 and Mg2RuH4, employing a k-point 
mesh [24]. The k-point mesh sizes were 8x6x4 for Mg2NiH4 and 6x4x8 
for Mg2RuH4. The conjugate-gradient (CG) method was employed to 
carry out structural optimizations until the residual force applied to all 
atoms reached a value below 0.01 eV/Å. To analyze every step of the 
reduction process, we employed the KPLOT software and the RGS al
gorithm [25,26]. The KPLOT program, developed using the RGS algo
rithm, allows us to acquire comprehensive data on the space group, 
lattice parameter values, and atomic positions of the compounds under 
investigation. The stress-strain technique with the Siesta program was 
used to compute the second-order independent elastic constant values of 
Mg2XH4. The hardness characteristics, including the Bulk modulus, 
Shear modulus, Young modulus, and Poisson's ratio, were calculated 
using the elastic constant values to obtain precise information on the 
material's hardness. The DFT method has proven to be one of the most 
accurate methods for the computation of the electronic structure of 
solids [27–33]. 

3. Results and discussions 

3.1. Structural and hydrogen storage properties 

The crystal structures of Mg2NiH4 and Mg2RuH4 are orthorhombic 
with space group Pccn (No. 56) and Cmcm (No. 63), respectively. Fig. 1 
illustrates the schematic representation of the crystal structure of 
Mg2XH4 (X = Ni, Ru). For Mg2NiH4, Mg, Ni, H atoms occupy the 
following Wyckoff positions in the unit cell: Mg1 at (¼, ¼, 0.9406), Mg2 
at (¼, ¾, 0.9768), Mg3 at (0.0136, 0.2628, 0.9297), Ni at (0.8697, 
0.5188, 0.8059), H1 at (0.2567, 0.5360, 0.7450), H2 at (0.6262, 0.7370, 
0.8185), H3 at (0.4577, 0.5558, 0.8414), and H4 (0.1102, 0.5707, 
0.9734). The unit cell contains sixteen Mg atoms, eight Ni atoms, and 
thirty-two H atoms. For Mg2RuH4, Mg, Ru, H atoms occupy the 
following Wyckoff positions in the unit cell: Mg1 at (0.7095, 0.1419, ¼), 
Ru at (0, 0.3680, ¼), H1 at (0.7413, 0.887, ¼), and H2 at (0, 0.7791, 
0.5157). The unit cell contains eight Mg atoms, four Ru atoms, and 
sixteen H atoms. To investigate the characteristics of Mg2XH4 in its 
ground state, the geometry optimization process has been carried out at 
absolute zero temperature and pressure. Table 1 displays the theoret
ical/experimental values for the structural properties along with the 
results of first-principles calculations. The calculated values of lattice 
constants agree very well with the results of a previous study [34]. 

In this study, formation energy, which is a thermodynamic quantity, 
was calculated. Additionally, desorption temperature was calculated 
using another thermodynamic quantity such as formation energy and 
entropy. Formation energy provides information about the stability of 
the compound. Lower formation energy values indicate higher ther
modynamic stability. The formation energy of Mg2NiH4 and Mg2RuH4 
compounds are obtained using the Eq. (1). 

ΔHf = Et(Mg2XH4) − 2E(Mg) − E(X) − 2(H2) (1) 

The symbol Et(Mg2XH4) represents the overall energy of Mg2XH4 
hydrides. E(Mg), E(X), and E(H2) denote the ground state energies of the 
Mg, X (X = Ni and Ru) atom, and hydrogen molecule, respectively. 
Formation energies for Mg2NiH4 and Mg2RuH4 were obtained as 
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− 0.2918 and − 0.4243 eV/atom, respectively. The negative formation 
energies indicate that the compounds Mg2XH4 (X = Ni and Ru) are 
capable of being synthesized and are thermodynamically stable. The 
formation energies of Mg2XH4 indicate that Mg2RuH4 is more stable 
than Mg2NiH4. 

Hydrogen desorption temperature (Tdes) is a very important 
parameter used to determine the temperature required to release the 
stored hydrogen. This value is approximately determined by the 
following equation [35]. 

Tdes =
ΔH
ΔS

(2) 

In Eq. (2), ΔH represents the formation energy and ΔS represents the 
entropy change of hydrogen represented by 130.7 J mol− 1 K− 1 [36]. 
Therefore, the hydrogen desorption temperatures of Mg2NiH4 and 
Mg2RuH4 are 215.43, and 313.25 K, respectively. In particular, the 
hydrogen desorption temperatures of the Mg2RuH4 compound are 
higher than the desorption temperatures of recently published MgX3H8 
(X = Sc, Ti, Zr), XPtH3 (X = Li, Na, K, Rb) and AeSiH3 (Ae = Li, K, Na, 
Mg) compounds [37–39]. 

3.2. Electronic properties 

The electronic band structure is a crucial aspect of solid-state phys
ics, as it provides insights into several material properties, including 
magnetic properties, electronic thermal conductivity, optoelectronic 
characteristics, electronic heat capacity, Hall effect, and electrical con
ductivity. In this study, the electronic band structure and density of the 
state curve of the Mg2XH4 were investigated along the high symmetry 
axes, and band gap values were calculated. In this way, the conductivity 
properties of the Mg2XH4 such as metallic, semiconductor, or insulator 
were calculated. From the density of state calculations, the contributions 
from orbitals above and below the Fermi energy level were analyzed in 
detail. 

Fig. 2a and b illustrates the computed electronic band structure of 

Mg2NiH4 and Mg2RuH4 inside the first Brillouin zone under conditions 
of zero temperature and pressure. The band structure is shown as a 
function of energy (E-EF) along several high symmetry directions, 
namely Γ- X- S- Y- Γ- Z- U- R- T- Z|X- U|Y- T|S- R, respectively. The 
Mg2NiH4 compound has a band structure that shows a direct and narrow 
bandgap between the highest energy level in the valence band and the 
lowest energy level in the conduction band at the Γ point within the 
material. The band structure analysis of Mg2RuH4 reveals the presence 
of an indirect bandgap, wherein the maximum of the valence band at the 
Γ point is separated from the minimum of the conduction band at the Z 
point. The determined band gap values for Mg2NiH4 and Mg2RuH4 were 
1.3479 eV and 0.8768 eV, respectively. Given that both materials 
possess a discernible band gap, it may be inferred that they exhibit 
characteristics of semiconductors. 

The concept of the electronic energy density of states (DOS) is 
employed to ascertain the quantity of potential electronic states that 
may be filled by an electron at each energy level within a certain energy 
range. The relationship between the structure of the density of states in 
the conduction and valence bands is intricately linked to the majority of 
the electrical and optical properties exhibited by crystalline solids. 
Furthermore, the determination of the DOS of a material is of utmost 
importance in understanding the individual atomic contributions to 
bonding and antibonding states. Fig. 3 illustrates the calculated total and 
partial density of states of Mg2XH4 in its ground state. The Fermi energy 
(EF) is denoted by a vertical dashed line. The semiconductor nature of 
the materials is evident in Fig. 3, where the absence of values inter
secting the Fermi level is observed. In addition, the PDOS (Partial 
Density of States) of Mg, H, and X atoms was computed to get insight 
into their respective contributions to the overall density of states and 
chemical bonding. The dominant contribution in the valence band of 
Mg2NiH4 arises from the hydrogen s-orbitals within the energy range of 
− 8 to − 5. Additionally, the most significant contribution is attributed to 
the nickel d-orbitals within the energy range of − 3 to 0. The dominant 
contribution in the conduction band above the Fermi level is attributed 
to the Ni-d orbitals. In the case of Mg2RuHdecom, the valence band is 
primarily influenced by the presence of hydrogen states within the en
ergy range of − 9 to − 6, with the most significant contribution. Addi
tionally, the valence band is also influenced by ruthenium d-orbitals 
within the energy range of − 3 to 0, which make a substantial contri
bution. The dominant contribution in the conduction band above the 
Fermi level is attributed to the Ru-d orbitals. 

3.3. Dynamic properties 

Vibrational properties provide insights into the structural 

Fig. 1. Crystal structures of Mg2NiH4 (left) and Mg2RuH4 (right) compounds.  

Table 1 
Optimized lattice parameters (an in Å, b in Å, c in Å, and equilibrium volume V 
in Å3) of Mg2XH4 (X = Ni, Ru) as compared to available theoretical data.  

Material A b c V References 

Mg2NiH4  6.3514  6.4697  13.1600  540.77 This study  
6.3682  6.4559  13.1024  538.63 [34] 

Mg2RuH4  7.0100  8.4162  4.8120  283.88 This study  
6.9990  8.4498  4.8159  284.82 [34]  
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characteristics of materials. Different vibrational modes are associated 
with specific atomic arrangements, and the analysis of these modes 
helps to characterize the crystal structure. Besides, the study of vibra
tional modes also contributes to understanding the phonon dispersion in 
materials. Phonons are quantized vibrational energy states, and their 
dispersion relation is crucial for understanding heat conduction, thermal 
expansion, and other thermal properties. 

In the context of hydrogen storage materials, vibrational properties 
are crucial for understanding the interactions between hydrogen atoms 
and the host material. This information is essential for optimizing 
hydrogen storage capacities and diffusion rates. Vibrational properties 
are indicative of a material's thermal stability. Knowledge of these 
properties is crucial for designing materials that can withstand the 
thermal cycling associated with hydrogen absorption and desorption 

Fig. 2. Electronic band structure graph of Mg2NiH4 (a) and Mg2RuH4 (b) compounds.  

Ç. Yamçıçıer and C. Kürkçü                                                                                                                                                                                                                  



Journal of Energy Storage 84 (2024) 110883

5

Fig. 3. Density of states graph of Mg2NiH4 (a) and Mg2RuH4 (b) compounds.  
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processes. 
In the investigation of crystalline materials, the properties of pho

nons are of the utmost significance. The phonon dispersion spectra of a 
material can be used to either directly or indirectly determine a variety 
of the material's physical attributes [40]. Phonon dispersion spectra can 
be used to explain the structural equilibrium, transition of phase, and 

vibrational contribution to the thermal energy and charge transport 
properties of a material. The ground-state phonon dispersion curves of 
Mg2XH4 have been computed using the finite displacement approach 
based on density functional perturbation theory [41,42]. Fig. 4 shows 
the phonon dispersion spectra of Mg2XH4 in the Brillouin zone at zero 
pressure along the high symmetry axes. The compounds Mg2NiH4 and 

Fig. 4. Phonon graph of Mg2NiH4 (a) and Mg2RuH4 (b) compounds.  
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Mg2RuH4 exhibit a total of 56 atoms within each unit cell. The total 
number of phonon branches in the material is determined by multi
plying the number of atoms in the unit cell by the number of degrees of 
freedom possessed by each atom. The total number of phonon branches 
is 168, as each atom is capable of oscillating in three axes (x, y, z). 
Among these branches, the number of Acoustic Phonon branches is 
equal to the number of degrees of freedom, which is 3. 165 branches are 
specifically related to Optical Phonons. Optical phonons possess greater 
energy compared to acoustic phonons. In phonon dispersion spectra, the 
presence of a negative frequency at the gamma point is usually indica
tive of the dynamic instability of the material. The phonon distribution 
spectra of both Mg2NiH4 and Mg2RuH4 are dynamically stable in both 
compounds as they show positive phonon frequencies throughout the 
Brillouin region. 

3.4. Mechanic properties 

Calculating the elastic properties of hydrogen storage materials is 
crucial for several reasons, particularly in the context of developing 
efficient and practical hydrogen storage systems. Hydrogen storage is a 
key component of hydrogen-based energy systems, which are being 
explored as a clean and sustainable alternative to traditional energy 
sources. The elastic properties play a significant role in the design, 
performance, and safety of these materials. Elastic properties, such as 
Young's modulus and bulk modulus, provide information about the 
material's ability to withstand deformation under external forces. Un
derstanding these properties is essential for ensuring the structural 
integrity and stability of the hydrogen storage materials during cycling 
(absorption and desorption of hydrogen). Furthermore, knowledge of 
elastic properties helps also in assessing the durability and reliability of 
hydrogen storage materials over repeated cycles of hydrogen uptake and 
release. This is important for practical applications where materials 
undergo stress and strain during the loading and unloading of hydrogen. 
In addition, by understanding the elastic properties, researchers can 
tailor the design of hydrogen storage materials to optimize their per
formance. This includes choosing materials with appropriate mechani
cal properties to enhance the overall efficiency and longevity of the 
hydrogen storage system. 

In summary, calculating the elastic properties of hydrogen storage 
materials is crucial for optimizing the design, performance, and safety of 
hydrogen storage systems, which, in turn, contributes to the develop
ment of reliable and efficient hydrogen-based energy solutions. The 
second-order independent elastic constant values obtained for the ma
terials used in this study and the hardness constant data calculated using 
these values are ideal for the design of hydrogen storage systems. The 
elastic constant values obtained also met the Born stability criteria, 
which are well-known in the literature. Therefore, both materials are 
mechanically stable. This result is very important for the design of new 
hydrogen storage systems. 

The elastic constants serve to create a connection between the dy
namic and mechanical characteristics exhibited by crystals when sub
jected to stress. [43]. The provided data offers crucial insights into the 
crystal's reaction to external forces, as characterized by the B, bulk 
modulus, Y, Young's modulus, G, shear modulus, and v, Poisson's ratio. 
These constants play a crucial role in assessing the mechanical proper
ties of materials and evaluating their suitability for diverse engineering 
applications [44,45]. Furthermore, the calculation of elastic constants 
has significant importance in assessing the structural and mechanical 
stability of materials. Table 2 displays the derived elastic constants for 

Mg2XH4. The current Born-Huang stability requirements for an ortho
rhombic crystal structure are presented below [46]: 

C11 > 0,C44 > 0,C55 > 0,C66 > 0,C11C22

> C2
12,C11C22C33 + 2C12C13C23 − C11C2

23 − C22C2
13 − C33C2

12 > 0 (3) 

According to the data provided in Table 2, it is evident that the 
elastic constants exhibit non-negative values, hence fulfilling the me
chanical stability criterion. This observation suggests that Mg2XH4 has 
mechanical stability. The elastic constants C11, C22, and C33 of ortho
rhombic crystals are recognized as key factors in determining the 
response to uniaxial strain and the resistance to mechanical stress along 
the a, b, and c axes. The results shown in Table 2 indicate that the 
ordering of the elastic constants for Mg2NiH4 is C11 > C22 > C33, whereas 
for Mg2RuH4, the ordering is C33 > C22 > C11. In the context of uniaxial 
stresses, it can be observed that Mg2NiH4 exhibits the most compress
ibility, while Mg2RuH4 demonstrates the lowest compressibility when 
subjected to stress along the c-direction. Conversely, Mg2NiH4 displays 
the lowest compressibility, while Mg2RuH4 exhibits the highest 
compressibility when subjected to stress along the a-direction. 

The elastic constant C44 is a measure of the ability of a material to 
withstand shear deformation resulting from the application of tangential 
stress along the [001] direction in the (001) plane. If the elastic con
stants adhere to the subsequent condition: C44 < (C11, C22, C33), This 
demonstrated that, in comparison to unidirectional compression, shear 
from three crystallographic axes is more effective at deforming com
pounds along the same directions. As seen by the data presented in 
Table 2, it is apparent that the sensitivity to shear deformation is higher 
for the examined compounds, particularly Mg2XH4, due to the fulfill
ment of this criterion. The additional elastic constants, C13 and C12, are 
referred to as non-diagonal shear components and are indicative of the 
compound's ability to withstand deformations. 

Poisson's ratio and anisotropy indicators can be obtained using 
different elastic modulus of elastic constants Cij. The linear combination 
of various elastic constants can be used to get the isotropic bulk and 
shear modulus using Voigt's technique [47]. As per the Voight approach, 
the Bulk and Shear modules are denoted as BV and GV, correspondingly. 
In contrast, Reuss [48] obtains an alternative estimation for the bulk and 
shear modulus based on the elastic constants of a single crystal. As per 
the Ruess methodology, the Bulk and Shear modules are denoted as BR 
and GR, correspondingly. Subsequently, Hill [49] provided a definition 
stating that the Reuss approximation represents the minimum bounds of 
the elastic modulus in polycrystalline materials, while the Voight 
approximation represents the maximum bounds of the elastic modulus 
in polycrystalline materials. Eqs. (4) and (5) depict the expressions for 
the bulk modulus and shear modulus, as per Hill's definitions. 

B =
BV + BR

2
(4)  

G =
GV + GR

2
(5) 

Table 3 presents the values of the B, bulk modulus, G, shear modulus, 
B/G, Pugh's ratio, E, Young's modulus, and v, Poisson's ratio for poly
crystalline materials. The ability of a material to resist changes in length 
when exposed to either tension or compression is quantified by Young's 
modulus. Dividing the tensile stress by the tensile strain is another way 
to get this figure. Another interesting fact is that the covalent nature of 
compounds is directly proportional to their Young's modulus. The value 
can be determined by dividing the tensile stress by the tensile strain. 

Table 2 
Elastic constants, Cij, of Mg2XH4 (X = Ni, Ru) (all in GPa).  

Phases C11 C12 C13 C22 C23 C33 C44 C55 C66 

Mg2NiH4  119.161  31.945  35.725  112.261  14.939  108.759  27.514  42.515  36.266 
Mg2RuH4  92.194  57.428  30.366  121.013  38.400  138.822  51.116  44.681  51.855  
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Furthermore, it can be observed that an increase in Young's modulus 
leads to a corresponding increase in the covalent character of the com
pounds [50]. Looking at Table 3, it can be said that Mg2RuH4 has a more 
covalent structure. The Pugh's ratio, which is the ratio of bulk modulus 
(B) to shear modulus (G), is a useful indicator for determining the 
ductility or brittleness of a material. Based on Pugh's ratio, a material 
can be classified as either ductile or brittle. If the Pugh's ratio of a ma
terial exceeds 1.75, it is considered ductile, while a Pugh's ratio below 
1.75 indicates brittleness. As can be seen from Table 3, both Mg2NiH4 
(1.478) and Mg2RuH4 (1.636) exhibit brittle properties. Another value 
known as Poisson's ratio can be used to illustrate the threshold between 
ductility and brittleness in a material. The threshold value, as deter
mined by Poisson's ratio, is 0.26. The material's ductility can be deter
mined by comparing its Poisson's ratio to a threshold value of 0.26. If the 
Poisson's ratio is >0.26, the material is considered ductile. Conversely, if 
the Poisson's ratio is less than or equal to 0.26, the material is classified 
as brittle. The relationship between Poisson's ratio and the type of 
interatomic forces in solids has been studied [51]. The dominance of 
bondings in a solid is associated with the range of Poisson's ratio be
tween 0.25 and 0.50. If the ratio falls outside of the specified range, the 
solid is primarily influenced by non-central force interactions. Further
more, Poisson's ratio can be used to determine whether or not a material 
features ionic and/or covalent bonding. Poisson's ratio for covalently 
and ionic bonded materials was found to have values of 0.25 and 0.10, 
respectively [52]. As can be seen from Table 3, it can be said that 
Mg2XH4 is brittle and the ionic bond is dominant. 

The machinability index (μM), Kleinman parameter (ζ), and Vickers 
hardness (Hv), which are important mechanical performance indicators, 
were calculated using the following equations [53,54] and presented in 
Table 4. 

μM =
B

C44
(6)  

ζ =
C11 + 8C12

7C11 + 2C12
(7)  

HV = 2
(
k2G

)0.585
− 3; (k = G/B) (8) 

A parameter known as the machinability index (μM), is used to 
determine a material's dry lubricating nature. The lubricating property 
of a material is directly proportional to its lubrication quality value, μM. 
That is, the higher the μM, the higher the lubricating property of the 
material. In addition, the higher the μM value of a material, the higher 
the machinability of the material [55–59]. Considering the μM values 
presented in Table 4, it can be said that the machinability of the 
Mg2NiH4 compound is higher. The Kleinman parameter (ζ) typically 
falls within the range of 0 to 1. The parameter provides insight into the 
relative importance of bond bending and bond tension in determining 
the resistance to external stress. When the value of ζ approaches zero, 
the primary factor influencing the behavior under stress is bond 
stretching. Conversely, when ζ approaches 1, the dominant factor is 

bond bending. The Kleinman parameter for Mg2XH4 falls within the 
range of 0 to 1, indicating that both bond stretching and bond bending 
factors contribute to the mechanical strength of Mg2XH4. Hardness is an 
important indicator for determining the elastic and plastic properties of 
a material [60]. As can be seen from Table 3, it can be said that these 
materials are relatively hard, where the hardness values for Mg2XH4 are 
below the super hardness (HV ≥ 40 GPa) value. The directional bulk 
modulus, which refers to the bulk modulus along the a-, b-, and c-axes, 
and the isotropic bulk modulus (Brelax) [54,55] are computed using the 
equation provided and are displayed in Table 4. 

Ba = a
dP
da

=
Λ

1 + α + β
(9)  

Bb = b
dP
db

=
Ba

α (10)  

Bc = c
dP
dc

=
Ba

β
(11)  

Brelax =
Λ

(1 + α + β)2 (12)  

where 

Λ = C11 + 2C12α+C22α2 + 2C13β+C33β2 + 2C23αβ  

and 

α =
{(C11 − C12)(C33 − C13) } − {(C23 − C13)(C11 − C13)

{(C33 − C13)(C22 − C12) } − {(C13 − C23)(C12 − C23) }

β =
{(C22 − C12)(C11 − C13) } − {(C11 − C12)(C23 − C12) }

{(C22 − C12)(C33 − C13) } − {(C12 − C23)(C13 − C23) }

The Brelax value, as determined by Eq. (12), is found to be equivalent 
to the value obtained through the Reuss approximation. The determi
nation of changes in the b- and c- axes relies on the parameters α and β, 
which are influenced by the deformation along the a-axis. The smaller 
value of Bc for Mg2NiH4, in comparison to Ba and Bb, suggests that 
Mg2NiH4 is more susceptible to compression when stress is applied in 
the c-direction. The smaller value of Ba compared to Bb and Bc for 
Mg2RuH4 indicates that it is more compressible in the a-direction. These 
results shown in Table 4 are recent and there are no available data to 
compare. 

3.5. Elastic anisotropy properties 

The presence of anisotropy in mechanical properties is a funda
mental factor that influences the equilibrium strains and mechanical 
stability of a material when subjected to various types of stress. The 
impact of elastic anisotropy on various phenomena such as the forma
tion of micro-scale cracks in ceramics, plastic relaxation in thin films, 
and the development of plastic deformation in crystals has been docu

Table 3 
Elastic moduli (all in GPa), Pugh's ratio, and Poisson's ratio of Mg2XH4 (X = Ni, Ru).  

Phases BV BR B GV GR G E B/G υ 

Mg2NiH4  56.16  55.417  55.787  38.43  37.023  37.726  92.360  1.478  0.224 
Mg2RuH4  67.16  65.525  66.337  44.59  40.717  42.651  105.37  1.636  0.235  

Table 4 
Machinability index (μM), Kleinman parameter (ζ), Vickers hardness (Hv in GPa), bulk modulus (Brelax in GPa), bulk modulus along a-, b-, and c-axes (Ba, Bb, and Bc in 
GPa), and α and β of Mg2XH4 (X = Ni, Ru) compounds.  

Phases μM Hv ζ Brelax Ba Bb Bc α β 

Mg2NiH4  2.027  6.939  0.421  55.417  219.168  149.077  147.612  1.470  1.484 
Mg2RuH4  1.297  7.527  0.775  65.525  138.651  298.534  212.799  0.464  0.651  
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mented. To accurately predict the behavior of solids under different 
external stress conditions, it is essential to analyze the elastic anisotropy 
parameters [59,61]. Table 5 presents the calculated values for various 
factors related to anisotropy, including the AG, percentage anisotropy in 
shear, A1, A2, and A3, shear anisotropy factors, A, Zener anisotropy 
factor, Aeq, equivalent Zener anisotropy, AB, percentage anisotropy in 
compressibility and AU and dE, universal anisotropy factors. The equa
tions provided below are the commonly used equations for calculating 
the anisotropy factor [62,63]: 

A =
2C44

C11 − C12
(13)  

A1 =
4C44

C11 + C33 − 2C13
(14)  

A2 =
4C55

C22 + C33 − 2C23
(15)  

A3 =
4C66

C11 + C22 − 2C12
(16)  

AB =
BV − BR

BV + BR
(17)  

AG =
GV − GR

GV + GR
(18)  

AU =
BV

BR
+ 5

GV

GR
− 6 ≥ 0 (19)  

dE =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅
AU + 6

√
(20)  

Aeq =

(

1+
5

12
AU

)

+

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(

1 +
5
12

AU

)2

− 1

√

(21) 

The calculated value of A1, A2, and A3 indicates the isotropic nature 
of the material. As presented in Table 5, the calculated A1, A2, and A3 

values are different from 1.0. It can be said that for these Mg2XH4 (X =
Ni, Ru) compounds it is strongly anisotropic for shear stress along 
different crystal planes. If the AB and AG values are equal to 1, it is elastic 
isotropic, if the value is equal to 0, it represents the highest anisotropic. 
Therefore, as seen in Table 5 for Mg2XH4, the fact that the AG value is 
greater than the AB value for both Mg2NiH4 and Mg2RuH4 indicates that 
the anisotropy at shear is greater than the anisotropy at compressibility. 
Ranganathan and Ostoja-Starzewski [64] presented a universal aniso
tropic factor, indicated by AU, that applies to all symmetries in crystals. 
The crystal is regarded as elastically isotropic when AU = 0. Any value of 
AU different than zero shows that the crystal is anisotropic. When the AU 

values calculated for Mg2XH4 are examined, the fact that the AU value is 
different from 0 indicates that it is anisotropic. For the Aeq value, a value 
of 1.0 indicates isotropic, while any value other than 1.0 indicates 
anisotropic. Therefore, the calculated Aeq values for Mg2XH4 indicate 
that the materials in the study are anisotropic. All of the anisotropy 
indices, as a consequence, point to the presence of structural anisotropy, 
which can be explained by the fact that the bond strengths vary in 
different directions within the crystal's unit cell. 

The universal log-Euclidean index [62] can be defined by the 
following equation: 

AL =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
[

ln
(

BV

BR

)]2

+ 5
[

ln
(

CV
44

CR
44

)]2
√

(22)  

where 

CR
44 =

5
3

C44(C11 − C12)

3(C11 − C12) + 4C44
is the Reuss value of C44,

CV
44 =

3
5

(C11 − C12 − 2C44)

3(C11 − C12) + 4C44
is the Voight value of C44.

Kube and Jong [65] showed that the AL value for inorganic crystal
line compounds was in the range of 0 ≤ AL ≤10.26 and 90 % of these 
compounds had a AL<1 value. It has also been suggested that the AL 

value is an indication of the existence of a layered or lamellar-type 
configuration. A high AL the value indicates that the material has a 
strong layered structure and a low AL the value indicates a non-layered 
structure. Therefore, since the calculated AL values for Mg2XH4 are 
partially low, we can say that these compounds do not have a significant 
layered structural configuration. 

Bulk modulus anisotropies along a- and c-axes are defined as follows 
[54]: 

ABa =
Ba

Bb
(23)  

ABc =
Bc

Bb
(24) 

Table 5 presents the calculated values of ABc , and ABa , which 
demonstrate that the bulk modulus for Mg2XH4 exhibits anisotropy 
along both the a- and c- axes. The results presented in Table 5 are 
entirely novel, with no existing estimates available for comparison. 

Isotropic solids have spherical shapes for their three-dimensional 
(3D) direction-dependent linear compressibility, Poisson's ratio, Young 
modulus, and shear modulus. Any deviation from this spherical shape 
indicates anisotropy. In Fig. 5, we show 3D graphs generated by ELATE 
[66] corresponding to the directional dependence of linear compress
ibility, Poisson's ratio, Young modulus, and shear modulus for Mg2XH4 
(X = Ni, Ru) compounds. 

3.6. Thermo-physical properties 

The Debye temperature, denoted as θD, corresponds to the temper
ature at which the crystal's maximum frequency normal mode of vi
bration is observed. The temperature is contingent upon the atomic mass 
constituent of the compound and the hardness of the crystal. θD is a 
significant thermophysical characteristic of solids that is linked to 
different physical factors. The parameters encompassed in this set are 
lattice thermal conductivity, vacancy formation energy, melting tem
perature, bonding strength among atoms inside the crystal, and phonon- 
specific heat. Acoustic modes are the only cause of vibrational excita
tions at low temperatures. Thus, θD and specific heat derived from elastic 
constants exhibit equivalence at low temperatures. The Debye temper
ature θD is determined by the sound velocity in the crystal, as expressed 
in Eq. (23) [67]. 

θD =
h
kB

[(
3N
4π

)
NAρ
M

]1
3

vm (25) 

The given equation includes various symbols and constants. These 

Table 5 
Elastic anisotropy indices of Mg2XH4 (X = Ni, Ru) compounds.  

Phases A A1 A2 A3 AB AG AU dE Aeq AL ABa ABc 

Mg2NiH4  0.630  0.703  0.889  0.865  0.006  0.018  0.203  2.490  1.504  0.323  1.470  0.990 
Mg2RuH4  2.940  1.200  0.976  2.108  0.012  0.045  0.500  2.549  1.886  1.461  0.464  0.712  
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include kB for Boltzmann's constant, h for Planck's constant, M for molar 
mass, N for the number of atoms within the unit cell, ρ for density, NA for 
Avogadro's number, and vm for the mean sound velocity. The value of vm 

can be calculated using Eq. (26). Eq. (28) defines the variables used in 
the context of bulk moduli (B), shear moduli (G), longitudinal sound 
velocities vl, and transverse sound velocities vt. 

vm =

[
1
3

(
2
v3

t
+

1
v3

l

)]− 1
3

(26)  

where 

vt =

̅̅̅̅
G
ρ

√

(27)  

vl =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
3B + 4G

3ρ

√

(28) 

The calculated Debye temperature θD, vm, vt and vl values are pre
sented in Table 6. As can be seen from Table 6, the Debye temperature of 
Mg2NiH4 is higher than that of Mg2RuH4. Therefore, the lattice con
ductivity of Mg2NiH4 is expected to be significantly higher than 
Mg2RuH4. 

Information about the melting temperature of a substance is crucial 
for applications at various temperatures. A chemical with a high melting 
point has limited thermal expansion and high binding energy, and vice 
versa. Fine et al. [68] proposed the following empirical method for 
determining the melting temperature of solids using elastic constants: 

Tm = 354+ 1.5(2C11 +C33) (29) 

The calculated melting temperatures of Mg2XH4 are listed in Table 6. 
The substance with the highest melting temperature and the highest 
hardness also has the highest Debye temperature. This is to be antici
pated, as a higher Debye temperature predicts increased melting 

temperature and mechanical strength as a result of stronger interatomic 
bonding. The melting temperature, Tm of crystalline material is pro
portional to its bonding energy. As can be seen from Table 5, Mg2NiH4 
has a higher melting temperature than Mg2RuH4. Therefore, it can be 
said that the Mg2NiH4 compound has greater bonding energy. 

3.7. Optical properties 

To comprehend the response of a material to electromagnetic radi
ation, it is essential to have a grasp on the optical parameters that are 
influenced by energy (or frequency). The comprehension of a material's 
reaction to infrared, visible, and ultraviolet spectra is essential for 
investigating possible optoelectronic uses. The optical characteristics 
that depend on energy or frequency are useful for analyzing various 
aspects such as energy band structure, impurity level states, excitons, 
localized defects, lattice vibrations, and specific magnetic excitations 
[69]. The purpose of this section is to calculate the frequency-dependent 
optical constants, including the absorption coefficient α(ω), reflectivity 
R(ω), and optical conductivity σ(ω), to study how Mg2XH4 reacts to 
incoming photons. The optical functions of Mg2XH4 were determined for 
photon energies up to 30 eV of the electric field, as shown in Fig. 6. 

Optical conductivity refers to the property of a material that enables 
the movement of free charge carriers within a particular range of photon 
energy. The dynamic reaction of mobile charge carriers in semi
conductors primarily involves electron-hole pairs that are generated by 
photons. Fig. 6(a) illustrates the frequency-dependent optical conduc
tivity σ(ω) of Mg2XH4 as it varies with photon energy. The presence of a 
band gap in the materials can be inferred from Fig. 6(a), where it is 
observed that photoconductivity does not initiate at zero photon energy. 
This observation aligns with the band gap values obtained from Fig. 2 
and the density of states calculations depicted in Fig. 3. The photocon
ductivity of both compounds exhibits a positive correlation with photon 
energy. It initially increases, reaching its peak value, and then gradually 
decreases as the energy continues to rise. Eventually, it approaches zero 
at approximately 30 eV. Reflection determines the amount of incoming 
light energy that is reflected from the material. 

The reflectivity spectra for Mg2NiH4 and Mg2RuH4 begin at 
approximately 0.24 and 0.15, respectively, as depicted in Fig. 6(b). 
Based on our analysis, we have determined that the highest reflectance 
value for Mg2NiH4 is approximately 0.29, observed at an energy level of 
1.80 eV. Similarly, for Mg2RuH4, the maximum reflectance is around 
0.27, occurring at an energy level of 8.09 eV. In the visible region, the 

Fig. 5. Elastic modulus in 3-Dimension:Young modulus (a), shear modulus (b), linear compressibility (c), and Poisson's ratio (d) for Mg2XH4 (X = Ni, Ru) compounds 
are drawn using the graphical tool ELATE [66]. 

Table 6 
Calculated mass density (ρ in gm cm− 3), longitudinal, transverse, and sound 
velocities (vl, vt, and vm in km s− 1, respectively), Debye temperature (θD in K), 
and melting temperature (Tm in K) of Mg2XH4 (X = Ni, Ru).  

Phases ρ νt νl νm θD Tm 

Mg2NiH4  2.735  3.714  6.228  4.111  574.80  874.62 
Mg2RuH4  3.596  3.443  5.853  3.816  525.00  838.81  
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reflectivity of Mg2NiH4 is greater than that of Mg2RuH4. However, in the 
mid-ultraviolet region, the reflectivity of Mg2RuH4 is higher. 

Fig. 6(c) displays the absorption coefficient α(ω) for Mg2XH4. The 
absorption coefficients for Mg2NiH4 and Mg2RuH4 are approximately 
1.12 eV and 0.52 eV, respectively. The evidence presented indicates that 
both compounds possess semiconductor properties. The onset energies 
exhibit a strong correlation with the bandgap values obtained from the 
band structure calculations. Upon examining the absorption spectra of 
all the materials included in the study, it is evident that the highest 
absorption spectrum occurs in the ultraviolet region for all polarisations 
of the electric field. The absorption spectra indicate that these com
pounds have a high affinity for absorbing UV light. 

4. Conclusions 

Some physical properties of the orthorhombic structures of the 
Mg2XH4 compound were calculated within the framework of density 
functional theory. As a result of geometry optimization, lattice param
eter values in good agreement with the literature were obtained. From 
the electronic structure calculations, the forbidden energy band gaps for 
Mg2NiH4 and Mg2RuH4 were calculated as 1.3479 eV and 0.8768 eV, 
respectively. Thus, it was seen that both compounds have the character 
of semiconductor materials in the orthorhombic structure. The me
chanical and dynamic properties of Mg2XH4 were also investigated. It 
was concluded that both compounds are mechanically stable since the 
second-order independent elastic constant values obtained satisfy the 
Born stability criteria. In addition, the Mg2XH4 compound is dynami
cally stable since it has no negative phonon frequency along the Bril
louin zone. According to the B/G ratio and Poisson's ratio calculated 
from the elastic constant values, it is seen that the Mg2XH4 compound 
has brittle properties, and the atoms forming the compound are con
nected by ionic bonds. In addition to these studies, the thermo-physical 
properties of the compounds were analyzed and it was concluded that 
the Debye temperature of the Mg2NiH4 compound is higher than that of 
the Mg2RuH4 compound. Finally, some optical properties of the Mg2XH4 
compound such as conductivity, reflectivity, and absorption coefficient 
were also investigated. 
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