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ABSTRACT

In this paper the electronic and optical properties of the effective hydrogen storage materials
MgH. and CaH: are studied in detail using the most efficient GGA under the frame work of
gradient corrected density functional theory. The calculated band structure and density of states
analysis show that the material MgH> has insulating nature while CaH> exhibits semiconducting
behaviour. The band gap values are discussed and compared with the other theoretical and
experimental values. The optical behaviors of these two materials are analyzed by using the
complex dielectric function, which is calculated and corrected by the scissor operation and these
analysis are discussed based on the electronic structure of the two materials. In addition to real
and imaginary parts of the complex dielectric function, absorption and extinction coefficient,
refractive index, reflectivity spectra, real part of optical conductivity and the energy loss function
which is a function of photon energy were calculated and discussed in details. The previous
results obtained from literature and our calculated results were in a good agreement.
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1. Introduction
Metal Hydrides are the most fascinating materials having hydrogen (H) atoms bounded
purely in ionic (H™ or H" ions), covalent, or in metallic (interstitial) forms with other
elements [1]. These materials have expanded significant concentration because of their
reversible hydrogen sorption behavior, which is out mostly responsible to fuel the world
with its efforts to enhance and develop secure and useful hydrogen storage mediums for
transportable applications [2-3]. These hydride metals are also mostly attractive because
of their atomic or electronic structures and as of their many distinguished properties
which includes (optical, electrical, thermal, etc.). They can be controlled in equivalently
with the help of metal—hydride transformation i.e. by variation of hydrogen pressure and
necessary temperature conditions. These extraordinary characteristic have been
implemented in numerous applications like smart sensors, windows, heat storage
systems, cryogenic coolers and hydrogen compressors without using moving parts [4-7].
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In electrochemical energy storage industry some of their other fascinating applications
include the use complex boro hydrides which are solid electrolyte and the magnesium
based hydride cathodes conversions mainly used in lithium-ion batteries [8-9]. These
hydrides such as (BeHz, MgH, CaH., SrH. etc) are extensively analyzed, in order to
improve the knowledge about their optoelectronic proprieties which are used in a wide
range of technological applications [10]. Among the two materials MgH. is a member of
these alkaline earth hydrides which is formed as a result of reversible reaction of
magnesium with hydrogen and is most extensively investigated both experimentally and
theoretically due to its greater gravimetric which is about (7.6 wt %) and volumetric
(108.7 g/ L) for hydrogen storage capacities. The slow reaction kinetics of hydrogen
charge/discharge and its high temperature desorption are considered to be the two
greatest shortcoming which intensively restricts the useful and practical applications of
these magnesium based hydrogen storage materials [11]. There are recently some
theoretical investigation carried which demonstrate that MgH. exhibits a wide variety in
phase transitions which are function of pressure and high thermodynamic of MgH: and
can aspect the relatively of stronger Mg-H bonding, forming a stable 4-fold-coordinated
structure for the hydrogen atom in MgH: [12-13]. In addition some band structure
predictions illustrate that MgH has principally ionic nature with also a little covalence
nature [14]. Some of the band gaps values which are in-between 3.1 eV and 4.2 eV for
MgH2 which were theoretical calculated by [using local-density approximation (LDA)
and the generalized gradient approximation (GGA)] [15-17] are smaller than some of the
reported sporadic experimental values so far. The Penn’s formula was used as in direct
way by Krasko and Pong and they determined an average band gap of 5.16 eV, 5.8 eV
respectively for MgH [18-19]. An observed shift of band gap for some higher energy
was illustrated which was mainly due to formation of MgH2 [20]. Similarly for the
material CaH., which is known to be one of the two most valuable light metal hydrides
(MgH: and CaHy), an ionic bonding nature was observed by taking into consideration the
separated electro-negativities of both Ca and H, which was confirmed by the Xps study
[21]. The cubic CaH> formation with no fluoride content was inspected by the relative
stability of both the orthorhombic and the cubic CaH. phases. These calculations were
carried out both for the neutral vacancy and also for single negative charge vacancy. The
structures which have no vacancies, from the cubic CaH. the orthorhombic CaH> phase
was found to be more stable one. On the other hand, when hydrogen vacancies were
introduced, it was found that cubic CaH2 showed more stability than orthorhombic phase
[22]. The generalized gradient approximation (GGA) first are used to insight the
electronic and elastic properties of tetragonal MgH2, orthorhombic CaH., and hexagonal
CasMgsH14 phases. The interpreted band gap values for MgH2, CaH> and CasMgsH14
were 4.22 eV, 2.99 eV, and 3.20 eV respectively, indicated that all these three hydrides
were insulators. Similarly the calculated elastic constants of MgH> and CaH> showed
mechanical stability at zero pressure for these two materials. The value of B/G ratio was



lesser than 1.75 for these materials which clarify their brittle nature [11]. All these
alkaline-earth metals demonstrate a switchable performance with a characteristic color in
the completely hydrogenated state due to having their band gap in the visible region of
the corresponding optical spectrum i.e. (Eg=3.02 eV) and also shown that alloying with
Mg results in a color neutral switchable mirrors which are of utmost importance for
various applications e.g. ‘‘smart’” windows [23].An optical transmission spectrum of
MgH: in case of a thin film was reported in which the observed transmission spectrum
disappeared at 6.015 eV (206.1 nm) [24]. Similarly there was an index of refraction of
about 1.95 and 1.96 for the ordinary and an extraordinary ray was at 588.3 nm [25]. This
incited our interest to study the electronic and optical properties of MgH, and CaH: in
detail by using GGA.

Computational details

We carried ab-initio calculations of these light metal hydrides i.e. MgH> and CaH> as an
efficient hydrogen storage material by using the full potential linearized augmented plane
wave (FPLAPW) method within the frame work of the state of the art density functional
theory (DFT) and as implemented in the WIEN2K code [26-32]. The space is splited into
an interstitial region and some non-overlapping spheres which are centered at atomic
sites. In these calculations we took RmtKmax = 7.0 this determines the matrix size
convergence, in above the plane wave cut off is Kmax and the smallest atomic radii is
Rwmt. When the energy of the two systems was stabilized at 10 Ry, the self-consistent
calculations are considered congregated.

The complex dielectric function is used to get optical properties and is given by
e(w)=¢e1(w)+ie2(w)
The real part ¢1(w) of this dielectric function relates to the electronic polarizibility of
material and the imaginary part e2(w) describes electronic absorption of materials [33-
34]. The imaginary part e2(w) is given as
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Where the term “Q” in above gives the volume of the elementary cell, (v, ¢) shows the
valence (VB) and conduction band (CB) respectively, term “o” is frequency of incident
light, and “k” represe

nts the vector which define the polarization directions of the electric field having fully
isotropic average value in a polycrystalline material [35]. The real part e1(w) and the
imaginary part e2(w) are then further used to get other optical parameters which includes
reflectivity R(w), absorption coefficient /(w), refractive index n(w), energy loss spectrum



L(w), extinction coefficient k(w) and optical conductivity. Our calculated unit cell
structure for both the materials is shown in Fig. 1.

Fig.1: Calculated unit cell structure for MgH. and CaH..

3. RESULTS AND DISCUSSION
3.1 Electronic band structure and Density of states

One of the greatest ways to comprehend absolutely the electronic properties of metal
hydrides is provided by band-structure investigations. The ground-breaking work along
this path was first carried out by Switendick [36] in 1970 he used an augmented plane-
wave (APW) method, that was able to explain the limits of the cut down images in the
Ipc models after that a few number of other related band structure methods of
calculations have been reported [37-38]. However, for CaH, material in its actual
structure and having its low orthorhombic symmetry, there is band-structure calculation
neither presented nor some other first-principles studies illustrated till. Weaver et al.
performed only a single and a non self consistent APW band structure calculation for
CaH> [39], in which CaH. material having complicated structure was simplified to some
hypothetical CaF, type FCC structure. The band structure for both MgH> and CaH:
calculated by using GGA are shown in Fig. 2 respectively and along with the
corresponding band gap values which are listed in Table 1. As from the fig. 2 it is clear
that in case of MgHz, at the H site the charges are totally accumulated and are mostly
depleted at the Mg site which is an indication of charge transfer from Mg site to



corresponding H site and suggesting the presence of ionic bonding. We also know that
the band gap values which are calculated with the help of GGA Eigen values in the DFT
mostly underestimate the actual band gap value which basically due to the discontinuity
of exchange-correlation potentials. We can modify the difference between actual
excitation energies and the Kohn—-Sham eigen value with a rigid shift of conduction band
in term of valence band. As our calculated band gap by mean of GGA which is 4.91 eV
for MgH: is in quite close agreement with that of the experimental band gap values which
was reported to be (5.60 eV[40] and 5.16 eV [41]). Similarly in addition to this, our
calculated results clarify the insulating nature of MgH.. From these band structure
calculation it also clear that the valence band gap maxima is in-between the 0 and X
points and the conduction band minima is located on the R point in BZ which clarifies the
indirect band nature for MgH> and by application of any elemental substitution in MgH>
would reduce this band gap value. This high band gap value of MgH> recommends that it
would be most valuable to yield solar energy in the ultra violet range. Similarly from
GGA studies a band gap value of 2.01 eV was calculated for CaH. and the band structure
(Fig.2) for CaH> suggests that it is a direct band gap material. In order to get a superior
understanding related to the bonding character of these metallic hydrides, the electronic
structure of these two materials was calculated which revealed the enhanced mechanism
about their structural stability and corresponding optical features. The angular momentum
projected (DOS) and (PDOS) were calculated for the two materials and is displayed in
Fig. 3 which clearly shows that for MgH2 in the valence band, the Mg-p state dominate
the lowest region ranging from (-2.1 eV to -6.2 eV), where as the upper region which is
from (0 eV to -2.1 eV) was dominated by the Mg-s state. Similarly in the region of
conduction band (CB) ranging from (0 eV to 4.0 eV), Mg-s state proves to be more
dominant than the corresponding Mg-p and H-s states. Fig. 3 also demonstrates that the
effective role of Mg-p state is in greater concentration than that of H-s state in the given
valence band (VB) and every individual Mg atom donates approximately 1.59 electrons
to the corresponding neighboring H atoms, this character also indicates the presence of
ionic bonding in case of MgH2. Besides this, the H-s states are to some extent then
hybridized with Mg-p and Mg-s state in the CB which is an indication of the presence of
covalent bonding also. Our calculated density of states (DOS) results by GGA studies for
MgH: illustrated in Fig. 3 also clarify that MgH> is an indirect band gap insulator type
material. The (PDOS) illustrated in Fig. 3 for CaH, also shows that the Ca-s state
dominate the both the lower grade regions and the upper grade regions in the valence
band i.e. from (-6.8 eV to 0. eV), while as far as in case of conduction band the H-s states
are to some extent hybridized with Ca-p and Ca-s states in the CB which points toward
the presence of covalent bonding nature.

Table.1: Calculated band gap value by GGA+U for both the materials.



Light metal | Our  work by | Experimental work | Other  theoretical
hydrides GGA+U work
MgH> 4.91 5.60[40] 3.60[14]
5.16[41] 3.06[40]
4.29[44]
CaH: 200 |- 3.16[45]
2.82[45]
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Fig. 2: Calculated Band Structure of the MgH2 and CaH> respectively, plotted in the first BZ and
the zero line correspond to EF.
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Fig. 3 : Calculated total (TDOS) and partial (PDOS) of the MgH2 and CaH. and the energy is set
at zero of EF

3.2 Optical properties

The optical properties of materials offers a very significant approach for the extensive
study of energy band structure, impurity levels, lattice vibrations, magnetic excitations
and different localized defects. In order to get the effective information related to the
linear optical properties, the complex dielectric function i.e. ¢(w) = e1(w) + ie2(w) IS
investigated which express full information about the polarization response of a certain
system to an external electromagnetic field with the presence of a small wave vector.
Various transitions in-between the occupied and unoccupied wave vector states are
provided by the electric field of photon. The superposition of diverse mechanisms is
totally involved in frequency dependence of the system. For a system in most cases, the
all four essential mechanisms which are purely produce includes ionic polarization,
interfacial polarization, orientation polarization of permanents dipoles and the electronic
polarization. As our studied compounds which are purely in crystalline solid form and
have partially ionic nature, so main contributions related to dielectric functions are
mainly due to the two polarizations i.e. ionic polarization and electronic polarization and
the other two (interfacial, Orientational) are most likely neglected. In addition for the
imaginary part of dielectric functions &>(w), the ionic polarization of the real function
e1(w) was neglected and then calculated by the help of Kramers—Kronig transformation
[42]. Among these two metals hydrides, MgH> is being most intensely investigated to
exploit its potential usage as H. energy carrier and also expanded its importance its



applications in optical switching. Recently, some experimental results related to optical
properties and the optical band gap energy is described by Paik et al [43] by using the
electron energy loss spectroscopy which was in the Plasmon energy range in order to
know about the optical band gap and determining its dielectric function. We therefore
evaluated the optical properties such as dielectric function, refractive index, extinction
coefficient, optical conductivity, absorption and reflection coefficient of MgH> and CaH>
by using GGA with in the DFT approach. In order to look deeply into the optical
properties and other related optical parameters we evaluated the complex dielectric
function. The real part e1(w) of the dielectric constant which is shown in fig. 4(a) is in the
small energy range first start increasing with increase in the photon energy and then
attains a maximum value of about 6.4 eV for CaH> and 9.8 eV for MgH>, with the
increase in photon energy it then start decreasing and reaches to a minimum value of
about 1.32 at photon energy value of 4.1 eV for CaH,. Similarly in case of MgH: it
decreases to its minimum value of about 1.5 to the corresponding photon energy of 5.9
eV, the value of the dielectric constant increases once again but at an average value of 0.9
eV upto 9.8 eV become stable in case of MgH2. The our illustrated static dielectric
constant value calculated as ¢1(0) = 3.29 for both the two materials are in an excellent
agreement to the recent experimental values [31]. The reported energy for e1(w) when it
pass through zero along positive point is 10.31 eV, this value is also in fine agreement
with the corresponding measured value i.e. 10.34 eV [43]. The reported three major
peaks situated at 5.1 eV, 6.13 ev and 6.8 eV as shown in fig. 4(b) in the imaginary part of
dielectric functions in case of MgH> show the electronic excitations. In these peaks the
first peak is ascribed mainly because of transition from Mg-p states to Mg-s unoccupied
states, where the second peak relates to inter band transition which is from Mg-s to Mg-p
states and this shows the highest transition and the last peak is mainly due to the H-s
electronic excitations. We compared theses transition energies i.e. (5.1 ev, 6.13 eV and
6.8 eV) in case of MgH2 with the experimental band gap values of 5.16 eV [41] or 5.60
eV [40], in addition to this peaks at 2.9 eV, 7.2 eV, 8.7 eV and 9.45 eV are observed in
imaginary part of CaH> which also specify the electronic excitation among Ca-s, Ca-p
and H-s states. So the conclusion arises that optical assessment exceeds the band gap
energy which is not considered to be a proper criterion for these band gap calculations.
Similarly a larger anisotropy which is in the real part ei1(w) and in the imaginary part
e2(w) of dielectric function for these two compounds closer to the main peak is observed.
To get value of the refractive index i.e. n(w) for CaH. and MgH., a mathematical relation
is employed, which is between the complex refractive index and the dielectric function,
and given in [20], by using this relation the corresponding results are obtained which are
displayed in figure 5(a). The refractive index n(0) = 1.865 eV for MgH and n(0) = 1.921
eV for CaH: is in a fine agreement with that of experimental value which was 1.95 eV,
measured by Ellinger et al [25] for MgH2 and to the data of ellipsometry and
spectrophotometry experiments which was 1.94 [20]. The absorption coefficient I(w)



indicating the portion of energy which is lost by the wave when passed through the
material, is demonstrated in figure 5(b) for both these materials. Our illustrated results
declares that there is neglected amount of absorption of energy for the range of photon
energy less than 2.45 eV for CaH; and 4.41 eV for MgH.. In case of CaH> the value of
the absorption coefficient first start increasing at the photon energy greater than 2.45 eV,
and approaches to a maximum value at 4.15 eV, similarly in case of MgH: it start
increasing at 4.41 eV and then reaches to a maximum value at 5.6 eV. This elucidates and
proves MgH. as a prospective material for the opto-electronics in ultraviolet region
mainly due to its extremely sharp cut-off response particularly in this region. The shown
in Fig. 5(c) gives the calculated real part of the optical conductivity which clarify and
show that the optical conductivity vanishes in the energy range less than 2.8 eV and 3.6
eV for CaH. and MgH> respectively, on the other hand it becomes maximum at 5.3 eV
and 6.9 ev for CaH, and MgH. respectively. These calculated results are analogous to the
calculated band structures and the DOS results for the two materials. To get a further
comprehensive knowledge related to the optical properties of these materials, we consider
the electron energy-loss factor which gives information about the energy loss of a high-
speed electron passing through a material. The energy lost by the high-speed electron is
expressed by the energy loss function L(w) and mathematically written as //e(w). The
structures of the L(w) spectrum are mainly related to the plasma frequency which
indicates the combined performance of the loosely bounded electrons in the valence and
conduction bands. The electron energy loss function for CaH2 and MgH> shown in Fig.
6(a) illustrate that the major energy loss peak is occurring at 5.6 eV for CaH> and for
MgH: it is 13.28 eV, these values corresponds to edge of plasma energy. Our value in
case of MgHz is in good agreement to the experimental measured value of Paik et al [43],
which was found to be 14.8 eV. These peak positions which correspond to plasma
frequency show the transition from semiconductor to dielectric character of a material.

An essential optical parameter i.e. reflectivity spectra R(w) shown in fig 6(b) is obtained
by using imaginary and real parts of dielectric function, it is clearly observed that these
hydrides acquire little reflectivity at low value of energies. It then start increasing at 2.1
eV for both materials then an increase in the reflectivity occurs at high energy levels for
CaH2 and a rapid increase occurs for MgH: at the intermediate and high energy levels.
From Fig. 6(b) it is also clearly observed that transition in-between the bands take place
mostly in the (3—-13) eV of energy ranges for these the two materials. At higher energies
in the region of 13.2 eV for CaH. and MgH: respectively some strong reflectivity
maximum peaks are observed which mostly arise due to inter band transitions. The
extinction coefficient shown in the Fig. 6(c) gives knowledge about all the linear optical
properties and the absorption of light and its characteristics at band edges. The inter band
transition from valence band to conduction band of electrons are responsible for the
observed peaks in the illustrated extinction coefficient k(w). We observed curves of



greater magnitude in the extinction coefficient k(w) for photon energies in the range of
2.5eV to 10 eV for both the materials.
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Fig. 4(a) and 4(b): The frequency dependent Real and Imaginary parts (ei(w) and ez(w)) of
dielectric functions of MgH2 and CaHa.
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4. Conclusion

In summary the detail information about the electronic and optical properties of MgH>
and CaH> materials are investigated by using first principles calculations with GGA
potential. Our calculated band gap values which are reported to be 4.91 eV and 2.01 eV
for MgH> and CaH> respectively were in good agreement in comparison to the other
theoretical and experimental values, our band gap values for both these materials
indicates that these two hydrides are insulators. The band structure and density of states
calculation also indicates the presence of ionic bonding in case of MgH.. Among these
two metals hydrides, MgH> being most intensely investigated to exploit its potential
usage as H. energy carrier and also expanded its importance its applications in optical
switching. So the optical characteristics are deeply explored to get improved application
status of these materials, we therefore calculated the real and imaginary parts of the
complex dielectric function, absorption and extinction coefficient, refractive index,
reflectivity spectra, real part of optical conductivity and the energy loss function which is
a function of photon energy and further compared and discussed our results with that of
literature. A larger anisotropy which is in the real part e1(w) and in the imaginary part
e2(w) of dielectric function for these two compounds closer to the main peak is observed.
Similarly the calculated absorption coefficient spectrum in the observed energy range
confirms the two materials as promising candidates for optoelectronic devices.
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