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Abstract - The structural, electronic, optical and elastic properties of MgsTH7 (T=Mn, Tc,
Re) complex hydrides have been investigated by using the density functional theory ‘DFT’
within the generalized gradient approximation ‘GGA’ parameterized by the Perdew, Burke
and Ernzerhof ‘PBE’. The optimized lattice constants, atomic positions and interatomic
distance are in good agreement with both theoretical results and experimental data
available in the literature. Band structure, densities of states ‘DOS’, optical properties, and
elastic constants have been calculated. The obtained results of elastic properties were
compared with those of the simplest Mg-based hydride MgH2. More importantly, it is found
that, the energy band gap is highly augmented when Mn atom is replaced by Re, but it is
less pronounced when Re atom is replaced by Tc. From elastic constants calculations, it is
noted that MgH2, MgsMnH~7, MgsTcH7 and MgsReH7 compounds are mechanically stable
and are brittle. In addition, the polycrystalline elastic properties such as bulk modulus,
shear modulus, Young modulus and Poisson’s ratio were also determined by the Voigt-
Reuss-Hill, ‘VRH’ approximation. It was found that the bulk modulus of complex hydrides
MgsTH7 (T=Mn, Tc and Re) are higher than that of MgH2 and increases with increasing
atomic number of element (Mn, Tc, Re) in the sequence (B) MgasMnH7 < (B) MgsTcH7 <
(B) MgsReHy7. The shear anisotropy, linear bulk modulus and percentage anisotropy in
compressibility and shear were also determined and discussed in details. Finally, Debye
temperatures were calculated and discussed.

Résumé — Les propriétés structurelle, électronique, optique et élastique de [’hybride
complexe MgsTH7 (T=Mn, Tc, Re) ont été étudiées en utilisant la théorie de la densité
fonctionnelle ‘DFT’ et la technique d’approximation du gradient généralisé ‘CGA’
paramétrée par Perdew, Burke et Ernzerhof ‘PBE’. Les constantes optimisées du réseau,
les positions atomiques et intra-atomiques sont en concordance avec les résultats
théoriques et les données expérimentales disponibles dans les publications. La structure de
la bande, les états de densité ‘DOS’, les propriétés optiques et les constantes élastiques ont
été calculées. Les résultats obtenus sur [’élasticité ont été comparés avec celle du plus
simple Mg hybride MgH2. D autant plus, il a été découvert que, le différentiel énergétique
de la bande augmente quand I’atome du Mn est remplacé par le Re, et est moins important
que quand [’atome du Re est remplacé par le Tc. A partir des calculs d’élasticité des
constantes, on note que les composants du MgH2, MgsMnH~, MgsTcH~ et MgsReH7 sont
mécaniquement stables, mais fragiles. Plus encore, les propriétés élastiques des
polycristallins tels que les modules de masse, les modules de cisaillement, le module de
Young et le ratio de Poisson ont été déterminéz par Voigt-Reuss-Hill, technique
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d’approximation ‘VRH’. On a aussi trouvé que les modules de masse des hybrides
complexes MgsTH7 (T=Mn, Tc et Re) sont plus importants que ceux du MgH: et progressent
avec l'augmentation du nombre atomique de |’élément (Mn, Tc, Re) dans la séquence (B)
MgsMnH7 < (B) MgsTcH7 < (B) MgsReHy. Le cisaillement anisotropique, les modules
linéaires de masse et le pourcentage anisotropique dans la capacité de compression et de
cisaillement ont été eux aussi déterminés et discutés en détail. Enfin, les températures de
Debye ont été mesurées et discutées.

Keywords: Complex hydrides - Elastic properties - Electronic structure - Optical properties

- First-principles calculations.

1. INTRODUCTION

In the recent decades, the research and the development of new hydrogen storage
materials opened new possibilities for industrials. On the other hand, the major challenges
in solid-state hydrogen storage, with particular reference to fuel cells and rechargeable
batteries, are improved energy storage density, faster kinetics and better cycle life, by
using readily available elements at reasonable cost [1, 2]. The ternary complex transition
hydrides are considered to be very attractive candidates and received significant attention
as hydrogen storage materials. These compounds show higher capability of hydrogen
storage at volume densities than those of compressed gaseous and liquid hydrogen, and
they have hydrogen decomposition in range of 100-400°C at 1 bar H2 pressure [3].
Recently, the ternary Mn-based hydrides are elaborated by Bronger’s research group [4].
Bortz et al., [5] have prepared a new manganese ternary hydride, MgsMnH7, which
showed excellent hydrogen storage capacity of about 5.2 Wt% H2 compared to MgH-
(7.1 Wt% Hy). The MgsMnHy, has a relatively low desorption temperature of 250°C
(350°C for MgH2) [6]. The second hydrides, MgsReH; which is iso-structural to
MgsMnHy, was synthesized and studied by B. Huang et al., [7]. These compounds have
demonstrated the most promising properties due to their crystal chemistry. With the
occurrence of the first hydrido-Mn and hydrido—Re complex ions [MnHs]® and [ReHs]®,
respectively [8]. Indeed, Matar et al., [8] have investigated the electronic structure and
bonding of three different complex hydrides MgsMnH7;, MgsReH; and MgsTcH; from
pseudo-potentials and all-electrons computations within DFT. They have shown that both
MgsMnH7 and MgsReH; have desorption energies within the range of MgH- and higher
than covalent-like hydrogenated intermetallic compounds. The complex hydrides
MgsMnH7 and MgsReH7 compounds crystallize in the hexagonal P6s/mmc (space group
194) [5, 7] shown in figure 1la-, where Mn and Re atoms occupy the 2a Wyckoff sites,
while the atoms occupying the 4f, 2b, 12k and 2c Wyckoff sites will be referred hereafter
as Mg, Mg, Hey and Hy), respectively. For T=Tc, a hypothetic hexagonal structure
was included, the starting data were taken as those of T=Mn. The MgH. crystallizes in a
rutile (tetragonal) phase which corresponds to P4,/mnm (space group 136) [9] shown in
figure 1b-, where Mg atoms occupy the 2a Wyckoff sites, while H occupy the 4f Wyckoff
sites.

In this paper, the first principles was carried out to investigate the structural,
electronic, optical and elastic properties of hexagonal ternary complex hydrides MgsTH;
(T=Mn, Tc and Re) compounds. The structural and electronic properties calculations are
compared comprehensively to the available experimental and theoretical literature [5, 7,
8, 10]. To the best of our knowledge there are no theoretical investigation on the elastic
and optical properties of MgsMnH7, MgsReH; and MgsTcH7 ternary complex hydrides.
Thereby, elastic and mechanical properties calculations were compared to the simplest
Mg-based hydride MgHo>. It is well known that the elastic properties, optical properties
and electronic structure of complex hydrides play an important role in many applications
related to the mechanical properties of materials and optoelectronic technology [11]. The
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paper is organized as follows. In section 2, details of the theory and computational are
presented. The most relevant results obtained are presented and discussed in section 3.
Finally, a conclusion of the present work is given in section 4.
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Fig. 1: The hexagonal structure of MggTH7
(T=Mn, Tc, Re) -a- and the tetragonal structure of MgH; -b-
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2. COMPUTATIONAL DETAILS

The electronic structure calculations are based on the density functional theory ‘DFT’
[12] as implemented in the Vienna Ab-initio Simulation Package ‘VASP’ [13, 14], using
the projector augmented wave ‘PAW’ method [15]. The exchange-correlation energy
functional was treated by the generalized gradient approximation ‘GGA’ parameterized
by the Perdew, Burke and Ernzerhof, ‘PBE’ [16]. The cut-off energy for the all
calculations of plane wave was chosen as 450 eV. The linear tetrahedron method with
Blochl corrections [17] as well as a Methfessel et al., [18] scheme were applied for both
geometry relaxation and total energy calculations. The Brillouin zone integration used
Gamma centered Monkhorst-Pack grids [19] of 5x5x4 and 7x7x9 for optimizing
geometry and calculating elastic constants for hexagonal structure of ternary complex
hydrides MgsTH T=Mn, Tc, Re) and rutile phase of magnesium hydrides MgH;
respectively. The density of states ‘DOS’, band structure and optical properties
calculations for MgsTH7 (T=Mn, Tc and Re) were performed with 9x9x7 kpoint mesh.

3. RESULTS AND DISCUSSIONS

3.1 Structural properties

The optimized atomic coordinates as well as the corresponding experimental values
for each MgsTH7 (T=Mn, Tc, Re) and MgH- compound are shown in Table 1. It can be
seen that results are in good agreement with experimental and theoretical values [5, 7-9].
The calculated equilibrium volume cell (Vg ) and bulk modulus ( B) of MgHz, MgsTH-
(T=Mn, Tc, Re) are extracted by fitting the total energy as a function of volumes [20], the
plot of volume versus energy is shown in figure 2. The optimized lattice parameters (in
A), ratio (c/a), volume cell Vg (in A%), bond length dT—H(l) (T=Mn, Tc and Re),

dMgl—H(Z) (in A), bulk modulus B (in GPa) and its derivative (B') for MgH,,

MgsMnH7, MgsTcH7 and MgsReH; are determined and reported in Table 2.
For MgHs, the optimized lattice parameters (a=4.5188A°, ¢=3.0133A°) are
consistent with the experimental unit-cell values (a =4.5168 A°, ¢ = 3.0205A°) [9].
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For MgsMnHy, the optimized lattice parameters a =4.6917 A° and ¢=10.2482A°,
exhibit a slight deviations 0.367 % less than experimental unit-cell parameters
a=4.709A° and ¢=10.268 A° [5].

In case of MgsReH;, the optimized lattice parameters are a=4.8501A°,
€c=10.6322 A° a deviations from the experimental unit-cell parameters a and C are
observed and are given by -0.08 % and 0.59 % respectively, which are in accord with
experimental data [7].

For MgsTcH7 compounds the calculated equilibrium lattice parameters (a,C) are in
good agreement with those reported by theoretical results [8]. The calculated bond length
dMn-H(): 9dMg)-H(2). in MgsMnH7 hydrides and dre-H@), dmg@)-H(2) in
MgsReH- hydrides are respectively 1.626 A°, 1.887 A°, 1.762 A° and 1.92 A° and
are in accord with experimental and theoretical values [5, 7, 8].

For MgsTcH; compounds the calculated bond length dyc_pyq)=1.76 A° and
dmg(r)-H(2) =1.907 A° are in good agreement with those reported by theoretical results

[8]. The obtained results of bulk modulus for MgH, (B =53.26GPa) is in good

agreement with the theoretical value [21-23]. In addition, the calculated bulk moduli for
MgsMnH7, MgsTcH; and MgsReH; are 83.81 GPa, 90.42 GPa and 93.87 GPa,
respectively. It was found that these values are greater than MgH, compounds and
increase with increasing the atomic humber of the element (Mn, Tc, Re) in the sequence
(B) MgsMnH; < (B) MgsTcH; < (B) MgsReH; (see figure 3-a-). Since, no
experimental data on bulk modulus were found. Therefore, the theoretical prediction of
B values should be of interest in future investigations.

Table 1: The optimized atomic coordinates
of MgH; and MgsTH7 (T=Mn, Tc, Re) hydrides

Compounds ;P;ﬁ; Atom  Site BERET g
x h =z x V z
MgH, 136 Mg 2a 0 0 0 0 0 0
H 4f  0.3045 0.3045 0 0.304 0.304 o*
MgsMnH, 194 Mn 2a o] (¢} (¢} (¢} (¢ (0]
Mg(l) 4f 1/3 2/3 0.06569 1/3° 2/3° 0.0678"
0.066¢
Mg(2) 2b 0 0 1/4 o® o® 1/4
H(1) 12k 0.1638 0.3267 0.5931 0.1622° 0.3244® 0.593°
0.164% 0.593¢
H(2) 2¢ 1/3 2/3 1/4 1/3° 2/3°% 1/4°
Mg, TcH, 194 Te 2a 0 o 0 o o o
Meg(l)  4f 1/3 2/3 0.0684 1/3 2/3 0.068¢
Mg(2) 2b 0 o 1/4 0 [ 1/4
H(1) 12k 0.172 0.3401  0.599 0.170¢ 0.599¢
H(2) 2¢ 1/3 2/3 1/4
Mg;ReH, 194 Re 2a 0 0 0 [ 0" 0°
Mg(l) 4f 1/3 2/3 0.06857 1735 2/3° 0.0702°¢
0.069¢
Mg(2) 2b 0 (8] 1/4 0° 0° 1/4°¢
H(1) 12k 0.1691 0.3382 0.5979 0.1656° 0.3312° 0.5962°
0.169¢ 0.598¢
H(2) 2¢ 1/3 2/3 1/4 1/3¢ 5/3° 1/4¢

*Ref. [9].° Ref. [5].° Ref. [7].” Ref [8]
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Fig. 2: Energy as a function of volume for MgsMnH> , MgsTcH7 and MgsReH;
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Table 2: The calculated lattice parameters (2, ¢) (in A), c/a, equilibrium
volume Vg (in A%), bond length (in A), bulk modulus B (in GPa) and derivative

of bulk modulus B' of MgH2 and MgsTH~ (T=Mn, Tc, Re) hydrides

Parameter MgH> MgzMnH7 MgsTcH7 MgsReH7
a 45188 4.6917 4.810 4.8501
45168 4.7090° 4.8540°
4.670¢ 4.8228 48358
¢ 3.0133 10.2482 10.505 10.6322
3.0205" 10.2860° 10.5690°
10.250¢ 10.488¢ 10.574¢8
c/a 2.1843 2.184 2.1921
2.1840° 2.1780°
2.1968 2.1758 2.1878
Vo 195.36 210.48 216.59
drsay 1.626 1.76 1.762
1.63° 1.724°
1.63¢ 1.75% 1.76%
dme1-nE) 1.887 1.907 1.92
1.87> 1.901°
1.88¢ 1.91¢ 1.928
53.26
454
B ss¢ 83.81 90.42 93.87
50f
y 3.74
B s 3.76 3.80 3.83

TRef.[9], "ReL[5], < Ref.[7], “ Ref.[22], © Ref.[23], | Ref.[21], * Ref.[8]
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3.2 Electronic properties

The calculated band structures in hexagonal phases for MgsMnH;, MgsReH; and
MgscH- along the following special high-symmetry point in the Brillouin zone: A
(0,0,1/2), H (1/3,1/3,1/2), K (1/3,1/3,0), Gamma (G) (0,0,0), M (1/2,0,0) and L (1/2,0,1/2)
are displayed in figure 4-a-, 4-b- and 4-c- respectively. The top of valence band is taken
as the zero energy level. It is clear that these materials are direct band gap as it occurs
along M —M between the maximum of the valence band and minimum of the

conduction band. The calculated band-gap energy for MgsMnH7, MgsReH7 and MgsTcH-
are 1.65eV, 2.68 eV and 2.66 eV respectively. We can notice that the band gap energy is
significantly augmented when Mn atom is replaced by Re, but it is less pronounced
when Re atom is replaced by Tc. The obtained densities of states (DOS) and partial
densities of states (PDOS) for MgsMnH7, MgsReH7 and MgsTcH- are shown in figure 5-
a-, 5-b- and 5-c-, respectively. From figure 5-a-, it can be seen that in low energy level
ranging between -6.5 eV and -2.3 eV indicates that MgsMnH; exhibits strong
hybridization mainly between Mn-d state and H(1), as well as smaller bonding between
H(2) and Mg(1)-s state. Whilst, the upper valence states situated between -1 eV to Fermi
level (Eg) is dominated by the Mn-d state. In case of MgsReHy (figure 5-b-) the Re-d

state and H(1) exhibit strong hybridization, as well as smaller bonding between Mg(1)-s
and H(2) in the region between -6 eV and -1.85 eV. In the valence bands just below Fermi
level ranging from 0 to -1.40 eV is dominated by Re-d state. Finally, the compounds
MgsTcHy (figure 5-c-), exhibit strong hybridization between Tc-d state and H(1), as well
as smaller bonding between Mg(1)-s and H(2) in the region from -5.10 eV to -1.50 eV,
but the section between -1.20 eV and 0 below Fermi level, is dominated by Tc-d state.
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Fig. 4: Band structure of MgsMnHy7 -a, MgsReH7 -b and MgsTcHy7 -c along with the
high symmetry point of the Brillouin zone
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Fig. 5: The total and partial density of states of MgsMnHy -a, MgsReH- -b and
MgsTcHy -c, the Fermi level is set at zero energy and marked by the red vertical line

3.3 Optical properties

The dielectric function &(®) = ¢ (®) +iep(®w) gave an important role in
determining the optical properties of matter. Where g1 (o) and €5 (®) are the real and
the imaginary parts of the dielectric function, respectively. The &5 (®) is given as follows
[24]

(fi (1-1})) .3(Ej — Ej —ho).d®k (1)

e2(w) =

Where M is the momentum operator, € and m are the electron charge and mass
respectively. @ is the frequency of the phonon. ||> and |j> are the eingenfunctions with

eigenvalues E; and Ej respectively. f; and fj are the Fermi distributions for ||> and

(|j> states respectively. The eo (m) can be obtained using the Kramers-Kronig relation
1) [24].
e1(0) = 1+ P j “)82(‘0)‘1‘” @)
?)

where P is the principal value of the integral.

All of the optical parameters such, the refractive index n(w), the extinction
coefficient k(w), reflectivity R(w), energy-loss L(w®) and absorption coefficient
o () can be determined and are given as follows [25].

1/2

2(o) I a0 <ozl "

n(w) =
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The imaginary and real parts of the dielectric function for the energy range between 0
and 20 eV of the ternary complex hydrides MgsMnH7, MgsReH; and MgsTcH- are plotted
and shown in figure 6-a, 6-b and 6-c respectively. The imaginary parts exhibit 5 important
structures (peaks) labelled A; (2.37 V), Az (3.54 eV), A3 (5.16 eV), A4 (5.89 eV) and As
(6.86 eV), 5 peaks labelled B (3.36 eV), B, (4.40 eV), B3 (5.28 eV), B4 (6.16 eV) and Bs
(7.21 eV) and 4 peaks C; (3.20 eV), C, (4.40 eV), C;3 (6.08 eV) and C4 (6.81 eV) for
MgsMnH7, MgsReH7 and MgsTcHy respectively, from the range 0 to 10 eV and are shown
in Table 3.

These peaks are the result of electronic transitions between the valence and conduction
bands states, we noted that a peak does not correspond to a single transition it might be
the energy transition corresponds to the same peaks. In order to identify these peaks, we
decompose the optical spectrum to its contributions from each pair of valence vi and
conduction cj bands [26]. The first critical point in the curve, which is attributed to the

threshold for the direct optical transition M — M between the valence bands maximum
and the conduction bands minimum occurs around 1.65 eV, 2.68 eV and 2.66 eV for
MgsMnH7, MgsReH7 and MgsTcH7 respectively.

Mg, MnH_

Dielectric function &(w)

. : r .
0 5 10 15 20
Energy (eV)
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Table 3: Optical interband transitions in MgsMnH7, MgsReH; and MgsTcH>

Peak position and energy (eV) The dominant transitions

Transition Energy (¢V)
MgsMnll;
A 237 va-c2 2.3%7
As 3.54 v6-cl 3.52
As 5.16 v8-cl 519

v7-cl 517
A 5.89 vll-c2 5.80
As 6.86 v8-c8 6.87
MgsReH
B, 3.36 vil-c2 3.36
B> 4.40 v2-c5 4.41
Bs 5.28 v2-c7 5.29
Ba 6.16 v7-c3 6.14
Bs 7.21 v13-c2 T:22
MgsTclly
C, 3.20 vl-cl 3.20
Co 4.40 v2-c3 4.40
Cs 6.08 v8-c4 6.12

Ca 6.81 vid-cl 6.86
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The optical inter-band transition for MgsTH; (T=Mn, Tc, Re) are summarized in
Table 3.

For the first complex MgsMnH- hydrides, the peaks Ai, Az and As positioned at 2.37
eV, 3.52 eV and 6.87 eV respectively originate mainly from transition between H(2) and
Mg(1)-s. Whereas, the peaks Az and A4 positioned at 5.17 eV and 5.80 eV correspond to
the transition from H(1) to Mn -d. In the spectrum of second complex MgsReH> hydrides,
the main peaks B1 and B4 at 3.36 eV and 6.14 eV respectively mainly arises from the
transition between H(2) and Mg(1)-s. The peaks B>, B3 and Bs positioned at 4.41 eV, 5.29
eV and 7.22eV corresponds to the transition resulting between H(1) and Re-d.

For the third complex hydrides MgsTcH7 the peak Ci positioned at 3.20 eV
corresponds to the transition H(2) to Mg(1) —s, the main peaks C,, Cz and C, at 4.40 eV,
6.12 eV and 6.86 eV respectively, correspond to the transition H(1) to Tc-d. The values
of static dielectric constants at the equilibrium lattice constant are 4.293, 4.157 and 4.122
for MgsMnH7, MgsReH7 and MgsTcH- respectively.

In other hand, the calculated refractive index and the extinction coefficient for
MgsTcH7 (T=Mn, Tc and Re) in the energy range from 0 to 40 eV are displayed in figure
7-a-, 7-b-, 8-a-, 8-b- and 9-a-, 9-b-). The static refractive indices are found to have the
values 2.072, 2.038 and 2.030 for MgzsMnH+7, MgsReH7 and MgsTcH7 respectively. In
addition, at low frequency there exist a simple relation between n, g and &5, namely

n(0) = 4/ &1(0) + &2 (0) [25]. From our results you can see that obtained refractive

index’s are in good agreement and satisfy the relationship, indicating that our calculations
are reasonable.

Figure 7-c, 8-c and 9-c, show the calculated reflectivity, we can see that indicates
maximum value of approximately 83 % for an energy of 11.21 eV, 81 % at 11.93 eV and
82 % at 12.25 eV from MgsMnH;, MgsReH; and MgsTcH-; respectively. The static
reflectivity coefficient R (0) is 0.122 for MgsMnHz, 0.116 for MgsReH- and 0.1156 for
MgsTcHy. The energy-loss spectrum L (w) is an important factor describing the energy
loss of a fast electron traversing in a material [27, 28] and are shown in figure 7-d, 8-d
and 9-d. We can see a peak of MgsMnH7, MgsReH; and MgsTcH7 at 12.57 eV, 13.13 eV
and 12.89 eV respectively. These later corresponding to op is generally called plasma

frequency, which occurs at g2 (@) <1 and g (®) = 0. These value correspond to the
intersection between &5 (®) and &1 (w) curves in figure 6a), 6b) and 6c¢), when and
equal to zero.

Finally, the calculated absorption coefficient is displayed in figure 7e-, 8e- and 9e-.
We can see that the fundamental edges start from 1.58 eV, 2.60 eV and 2.50 eV for
MgsMnH7, MgsReH; and MgsTcH- respectively, which are consistent with the variation
of band gaps variation at the M-symmetry point in the Brillouin zone, and has main peaks
at7.44 eV, 8.73 eV and 8.60 eV for MgsMnH7, MgsReH7 and MgsTcHy respectively. We
can also see that the absorption coefficient increases rapidly when the energy is higher
than the absorption edge, which is the typical characteristic of semiconductors and
insulator.

We hope that our calculated values serve as a theoretical basis for the experiment in
the future of the hexagonal MgsMnH7, MgsReH; and MgsTcH7 complex hydrides.
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3.4 Elastic constants

The knowledge the elastic constants of the solid are very important, they can build a
strong link between the mechanical, physical and crystals behaviors, they also enables
measured the resistance of crystal applied stress [29-31]. For the tetragonal structure there
are six independent elastic constants (C11, C12, C13, C33, Cas, Cgg) and five
independent elastic constants (C11, C12, C13, C33, Cy4), since Cgg = (Cq1-Cq2)/2
for the hexagonal structure. The predicted elastic constants Cjj by applying the strain
energy-strain curve method [32] are summarized in Table 4. For MgH,, the obtained
elastic constants are in good agreement with the other theoretical values [33]. From Table
4, we can see that the values of Cq; and Cg3 for the three hexagonal structures of
complex hydrides compounds MgsTH7 (T=Mn, Tc and Re) are very large, suggesting that
it is hard to be compressed under the uniaxial stress along the X or Z axes. Else, C33
is larger than Cq1, which mean that X axis is more compressible than the Z axis for
MgsMnH7, MgsTcH7 and MgsReH; .

The independent elastic constants should satisfy the Born criteria [34] given by:
C11>0, C33 >0, C44>0, C66 >0; C11—C12 >0; C11+C33—2C13>0;
2C11+C33+2Cy» +4Cy3>0, for the tetragonal structure, and Cq1>0,

C11—C12>0, Cyg>0, (C11+C12)C33 - 2C123 >0, for the hexagonal structure.
From Table 4, we can be seen that all Cjj are positive and satisfy Born criteria,

suggesting that the tetragonal MgH, and hexagonal MgsTH7; (T=Mn, Tc, Re) are
mechanically stable at ambient pressure.

According to Voigt-Reuss-Hill (VRH) approximation [35-39], bulk modulus (B),
shear modulus (G ), Young’s modulus ( E ) and Poisson’s ratio (v) for tetragonal and
hexagonal compounds were also calculated and listed in Table 4. The calculated bulk
moduli from elastic constants are in accordance with those obtained from equation of
states ‘EOS’. The bulk modulus ( B) and shear modulus (G ) are measure of resistance
to volume changes by applied pressure and to reversible deformation, respectively [40].
The obtained bulk moduli of the three complex hydrides MgsTH7 (T=Mn, Tc, Re) are
higher than that of MgHo,, it can be concluded that the complex hydrides have stronger
resistance to volume change by applied pressure. Also, the large shear modulus and large
Cy44 is an indication of more pronounced directional bonding between atoms [41]. The
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obtained shear moduli of the three complex hydrides MgsTH7 (T=Mn, Tc and Re) are
higher and exhibits large Cy44 than that of MgH». These results revealed that the

directional bonding in MgsTH7 (T=Mn, Tc and Re) would be much stronger than that in
MgH..

Table 4: The calculated elastic constants (in GPa), the bulk modulus (in GPa),
the shear modulus (in GPa) for polycrystalline (MgH2 and MgsTHy,
T=Mn, Tc, Re) within Voigt, Reuss and Hill’s approximations,
Young’s modulus (in GPa), Poisson’s ratio, and B/G ratio.

Parameter MgH- MgsMnH-~ MgsTcH~ Mgs;ReH~
C

Gn 67117 150.29 153.78 161.68

Ci ‘Zggz 2521 34.72 36.85

Gis Z‘l‘jg 48.04 57.64 59.22

Gss o b 20935 206.20 21585
262

G ﬁ;g; 87.03 82.20 86.93
52

Gas ;;‘giﬁ 62.54 59.53 62.41
54.82

Bv ;J‘f‘fll 83.61 90.42 94.42
5 2

Br o 79.91 87.01 91.11
5257

Bu 52.68° 81.76 88.72 92.77
54.20°
302

Gv ;99;1“;1 73.23 69.04 72.85
2

Gr :{‘,6_,‘91, 70.85 66.88 70.56
35.96

Gu 36.36° 72.04 67.96 7171
37.80°
87.85

E 88.64° 167.05 162.41 171.04
92.10°
0.221

v 021° 0.159 0.195 0.193
0.22%

‘B/G 1.46 1.13 1.31 1.29

? Ref. [33].° Ref. [42]

The ductile or brittle nature of materials is calculated from ratio (B/G) [11, 40, 41].
The critical number which divides ductile and brittle materials is 1.75. If B/G > 1.75,
the material behaves in a ductile manner, otherwise a brittle manner. From Table 4, it is
found that the MgH_ and MgsTH7 (T=Mn, Tc and Re) have a B/G ratio less than 1.75,
these materials will behave in a brittle manner.

Young’s modulus ( E) is defined as the ratio between stress and strain, and it is used
to provide a measure of the stiffness of solid, i.e., the larger the value of Young’s modulus
(E) correspond to the stiffer material [43]. From Table 4 the Young’s modulus ( E) of
MgsMnH7, MgsTcH; and MgsReH- are larger than that of MgH2. Therefore, all ternary
complex hydrides MgsTH7 (T=Mn, Tc and Re) are the stiffest than MgH-.

The value of Poisson ratio (V) is indicative of the degree of directionality for the
covalent bonds [44, 45]. For covalent materials, the value of v is typically 0.1, for ionic
materials v is about 0.25 [46]. In this study, the calculated Poisson’s ratio for MgHo,
MgsMnH;, MgsTcH; and MgsReH; compounds is 0.221, 0.159, 0.195 and 0.193
respectively, we can see that these values are greater than 0.1 and lower than 0.25, which
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indicates a mixed ionic and covalent contribution. In other hand, Poisson’s ratio can be
generally used to characterize the ductility or brittleness for the material [47, 48]. If v <
1/3; the material behaves in a brittle manner, otherwise (v > 1/3) the material a ductile
manner. From the results reported in Table 4, Poisson’s ratio values are consistent with
estimated by Pugh criteria (B/G).

3.5 Elastic Anisotropy

In order to provide the most accurate elastic study for the three complex hydrides, it
is important to determine the different anisotropy parameter. Based on the calculated
elastic constants, shear anisotropic factors, anisotropy of the linear bulk modulus and the
percentage of anisotropy in compressibility and shear were determined and summarized
in Table 5.

The shear anisotropic factors in the hexagonal phase can explain by three factor s.

4Cyq

Aflin7al = 8
oto} (C11+C33-2Cy3) ©®
For the {0110} shear planes between < 1011 > and <0001 > directions it is.
4Css
AlnTal = 9
(o110} (C22 +C33 -2C23) ©

Finally, for the {0001} shear planes between (1120) and (0110) directions were
also calculated as follow:

4Cpg
A = 10
toooy} (C11+Cp2 —2Cq) (10

The deviation of the anisotropy factors from unity is a measure of the degree of elastic
anisotropy possessed by the crystal. For MgsTH7 (T=Mn, Tc and Re) system, the {0001}

plane exhibited isotropy, while the {1010} and {0110} planes deviated from isotropy,
and the values of A{loio} were equal to A{oﬂo }

Table 5: The calculated shear anisotropic factors A(1970} Afp110}: {oo01},

the linear bulk modulus B, and B (in GPa), and the percentage of anisotropy
in the compression Apg and shear Ag (in %) of MgsTH7 (T=Mn, Tc, Re)

System A:loTo} A:nﬂo} A:aon 3 B, B. 1p Ap(%)  Ac(%)
Mg;MnH; 1.3208  1.3208 1 199152 404498 2031 226  1.65
Mg;TeH;  1.3436 1.3436 1 216908 440.097 2029 192 159
Mg;ReH; 13421  1.3421 1 228.811 447480 1.955 1.78 1.60

For hexagonal crystal, the linear bulk modulus along the a—and C— axes can be
determined by following equations [39]:
dp A

By =a— = 11
a7 "da  2+B (1)
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¢ =oge = (12)

Where
A = 2(Cy1+Cqp) + 4C13PB + Ca3p? (13)
1~ Cz3-Ci3 (14)

B Ciy+Cip-2Cy3

The factor 1/ indicates the anisotropy of linear compressibility along the ¢—axis
with respect to the a—axis [39]. It can be seen that B, and B of these three hydrides
were different and increase with increasing atomic number of the element (Mn, Tc, Re),
and the values of bulk modulus of B, are smaller than B, indicating that

compressibility along c—axis is stronger than a (and b )-axis due to the anisotropy.
For the percentage of anisotropy in compressibility and shear [39], it can be estimated
by the two expressions Ag = (By —Br)/(By —BRr) and
Ag = (Gy —-GRr)/(Gy —GR), respectively. The notation (V) and (R designed
the Voigt and Reuss approximations, respectively. The values Ap is larger than Ag,

which indicates the coempression anisotropy is larger than the shear anisotropy for
MgsTH7 (T=Mn, Tc and Re).

3.6 Debye temperature

The Debye temperature (TDebye) is a fundamental parameter for understanding
thermodynamic properties of solid. By using the average sound velocity, Tpepye can be
calculated by following equation [26],
Tpebye = (W/k).((3n/4m) (Nap/ M)/3 v, where h is Planck’s constant, k is

Boltzmann’s constant, N is Avogadro’s number, p is the density of molecule, M is
the molecular mass, n is the number of atoms in the molecule and v, is the average
sound velocity in polycrystalline materials and is given by,

Vm = ((1/3)((2/v§’) + (l/vf’)ylls; [26], were v{ and v are the transverse and
longitudinal elastic wave velocities of the polycrystalline materials and are given
respectively by Navier’s equation [45]:

vt = (G/p)ll2 ,and v = (B+ (4G/3)) / p)ll2 . The calculated molecular mass
(M), density (p), transverse sound velocity (v¢), longitudinal sound velocity (vy),
average sound velocitiy (v, ) and Debye Temperature ( Tpehye) are reported in Table
6. The results have predicted that the Tpepye decreased with increasing the atomic
number of the element (Mn, Tc, Re) in the sequence ( Tpebye) MgsReH7 < (Tpepye)
MgsTcH7 < (Tpebye) MgsMnH; (figure 3b-). This shows that MgsReH is harder than
MgsTcH7 which in turn is harder than MgsMnHy.



628 K. Benyelloul et al.

Table 6: The calculated molecular mass M (in g/mol), density p (in g/cmd), the
longitudinal, transverse, average sound velocity (v, vi, vy in m/s) calculated from
polycrystalline elastic modulus and the Debye temperatures calculated from the average
sound velocity Tpepye (in K)

System M P Vy V; Vi TDebye
Mg;MnH; 134.91 2.293 8806 5605 6162 886
Mg;TcH7 177.97 2.792 8013 4933 5443 762
Mg;z;ReH; 266.18 4.081 6794 4191 4624 642

4. CONCLUSIONS

The structural, electronic, optical and elastic properties of three hexagonal ternary
complex hydrides namely MgsTH7 (T=Mn, Tc, Re) were investigated using density
functional theory ‘DFT’ with GGA exchange correlation. The optimized Ilattice
parameters, atomic positions and inter atomic distance are in excellent agreement with
available experimental results. The calculated electronic and band structure show that the
three hexagonal MgsMnH7, MgsReH; and Mgs;TcH- has a direct band gap with 1.65 eV,
2.68 eV and 2.66 eV values respectively. We can see that the band gap energy is highly
augmented when Mn atom is substituted by Re, but it is less pronounced when Re atom
is replaced by Tc. The major optical transitions occurs between H(2) and Mg(1)-s states,
H(1) and -d states of Mn, Re and Tc in MgsMnH7, MgsReH; and MgsTcH7 respectively.
Furthermore, the optical properties such as dielectric function, refractive index, extinction
coefficient, reflectivity, energy loss function and absorption coefficient for MgsMnHy,
MgsReH7 and MgsTcHy are computed and discussed. The obtained elastic constants for
tetragonal MgH; are in good agreement with other theoretical works. Also, elastic
constants of hexagonal MgsTH7 (T=Mn, Tc and Re) compounds were calculated and
compared with those of the simplest Mg-based hydride MgH,. From, the elastic constant
results MgH; and MgsTH7 (T=Mn, Tc and Re) compounds are mechanically stable and
are the brittle in nature. We have also calculated the bulk modulus, shear modulus, Young
modulus and Poisson ratio by the Voigt-Reuss-Hill (VRH) approximation. It is found that
the bulk modulus in the three complex hydrides MgsTH7 (T=Mn, Tc, Re) are higher than
that of MgH> and increases from Mn to Tc to Re atom. Shear anisotropy factor, linear
bulk modulus and percentage anisotropy in compressibility and shear were also
determined and discussed in details. Finally, Debye temperatures of MgsMnH~7, MgsReH-

and MgsTcHy were calculated, it was found that Tpepye decreases from Mn to Tc to Re

atom. Unfortunately, there are no data available in literature about mechanical and optical
properties of the ternary complex hydrides MgsTH7 (T=Mn, Tc and Re).
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