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ELECTRONIC STRUCTURE
AND STABILITY OF MAGNESIUM
DIHYDRIDE PHASES

With the help of band calculations in the framework of the full-potential linearized augmented-
plane-wave model, information on the energy characteristics, the charge states of atoms, the
nature of chemical bonds, the structure of valence bands, and the conductivity bands of polymor-
phous modifications of magnesium dihydride has been obtained. It is found that all magnesium
dihydride phases are nonmagnetic insulators, with the electronic states of the metal and hydro-
gen atoms being hybridized within the whole energy interval of both the valence and conduction
bands. It is shown that a reduction in the total charge of electrons in the interatomic region
leads to a decrease in the cohesive energies of high-pressure magnesium dihydride phases, which
are factors favoring the improvement of their hydrogen desorption kinetics.
K e yw o r d s: band calculations, magnesium dioxide, polymorphism, electronic structure,
phase stability.

1. Introduction
Searching for ecologically clean energy sources is
one of the determinative directions in the develop-
ment of the modern society. Among the correspond-
ing promising developments, there are considered de-
vices in which hydrogen is applied as fuel. Hydrogen
has been chosen as the most widespread element on
the Earth. Besides, it has a high combustion heat,
and the product of its combustion is water, which
becomes finally introduced into the natural cycle.

Conventionally, hydrogen fuel sources can be di-
vided into two large classes [1]: some of them use
hydrogen in its gaseous (high-pressure devices) or liq-
uid (cryogenics) state, whereas the other class is as-
sociated with absorbing media and materials that re-
versibly release hydrogen itself. Operational require-
ments for such sources are rather high and, in many
respects, are not satisfied by the modern development
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of science and technology. In particular, they include,
first of all, the application safety (this especially con-
cerns devices belonging to the first mentioned class)
and the list of requirements to the temperatures and
pressures acceptable for the storage of hydrogen, as
well as the effective kinetics of hydrogen absorption
and desorption by various substances. The most im-
portant operational parameters characterizing such
media are the content of the hydrogen absorbed by
them and their cheapness as raw materials.

Magnesium and magnesium-based compounds are
considered as one of the most promising materials for
such purposes [2, 3]. It occurs, because magnesium is
a quite widespread (the magnesium content in the
lithosphere is about 2.1 wt.%), cheap, and light ma-
terial, and the application of intermetallides on its
basis does not pollute the environment. The concen-
tration of hydrogen in magnesium dihydride (MgH2)
equals 7.67%, which is a rather high indicator. Ho-
wever, the thermodynamic stability of the so-called
𝛼-phase of magnesium dihydride at atmospheric pres-
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sure are such that there arise certain difficulties, when
it is applied in practice. First, the process of hydrogen
desorption from this phase is associated with rather
high (>3000 ∘C) heating temperatures [4], and this
circumstance limits its use, e.g., in fuel cells. Second,
the saturation kinetics of the initial metal and, as
a result, its hydride is weak. As it turned out, the
latter circumstance is associated with a low dissoci-
ation level of molecular hydrogen at the MgH2 sur-
face [5] and the formation of an oxide layer on it,
which prevents the hydrogen diffusion into the hy-
dride “bulk” [6].

There are several approaches to overcome those
difficulties. The kinetics of magnesium hydrogenation
can be improved by the annealing of magnesium hy-
dride specimens [7] or using catalysts [8]. In turn, the
low level of hydrogen desorption kinetics from mag-
nesium dihydride is considered [9–11] to be a result
of the rutile-like structure of the discussed phase, i.e.,
of the “strength” of hydrogen chemical bonds in the
metal matrix. It is clear that their transformation and
their possible weakening must originate from changes
in the structural features of magnesium dihydride it-
self. It is most likely that, just for this reason, the at-
tempts to obtain this substance in other polymorphic
modifications have been started. Currently, there are
six such structural forms; five of them are generated
under high-pressure conditions [12–14].

In the works cited above, as well as in others [15–
17], the methods for synthesizing the initial 𝛼-phase
of magnesium dihydride were discussed, whereas the
structural, thermodynamic, and optical parameters of
its high-pressure modifications were studied partially,
and the total and partial electron densities of states
in the 𝛼 and 𝛾 phases were calculated without their
detailed discussion and analysis [18, 19]. However, a
number of comparative characteristics concerning the
electronic structure of all phases of magnesium dihy-
dride still remain unexamined in the framework of the
general and systematic approach. For example, there
is no important information that would shed light
on the properties of the whole range of polymorphic
MgH2 forms, namely, on their energy characteristics,
atomic charge states, the nature of interatomic chemi-
cal bonds, the structure of the valence and conduction
bands, and the size and structure of forbidden gaps
in the electronic state spectrum. The most important
is the fact that the issue concerning the relation of all
indicated characteristics to the specific features in the

spatial structures of the magnesium dihydride phases
themselves, the formation of which directly depends
on the external pressure, remains open in many as-
pects. This work is aimed at finding answers to those
questions.

2. Experimental Technique

The initial 𝛼 phase of MgH2 (𝛼-MgH2) is formed
in the P42/mnm symmetry (Fedorov space group
No. 136) [12, 13]. In work [13], a detailed study of
the nucleation processes of other polymorphic MgH2

modifications was performed and, which is most im-
portant, the measurements of their structural pa-
rameters were carried out under high-pressure condi-
tions. It turned out that the pressure 𝑃 , when grow-
ing to a level of 5.5 GPa, stimulates the appearance
of 𝛾 phase (No. 60 Pbcn) in magnesium dihydride
specimens. Then, up to pressures of 9.35 GPa, the
both indicated polymorphic forms coexist. At higher
pressures, in a narrow pressure interval from 9.35 to
10.36 GPa, the polymorphic 𝛽 modification with the
Pa-3 symmetry (No. 205) is generated in the MgH2

specimens in addition to the available phases. As the
pressure exceeds a threshold of 10 GPa, all those three
phases transform into a single 𝛿′ modification with
the symmetry Pbca (No. 61), which exists up to the
experimentally reached pressure value 𝑃 = 16 GPa.

If the pressure decreases, hysteresis phenomena are
observed. In particular, at a pressure of 9.85 GPa, the
𝛿′ phase transforms into the 𝛽 modification, which
dominates down to a pressure of 6.23 GPa. Then,
down to a pressure of 1.79 GPa, the 𝛼 and 𝛾 phases
coexist. Below this pressure, only the 𝛾 modification
survives and remains intact even at atmospheric pres-
sure. In this case, the 𝛾 modification is accepted to
be considered metastable with respect to the 𝛼 phase,
because its total energy decreases by 0.81 meV in
comparison with that for the 𝛼 phase [13]. The coex-
istence of the 𝛼 and 𝛾 phases in various MgH2 spec-
imens under atmospheric pressure was also pointed
out in work [12]. In the cited work, as well as in
work [13], the Pbca phase was detected at a pres-
sure of 13.9 GPa. In addition, the so-called HP1
phase with the Pbc21 symmetry was also revealed
at the same pressure. A detailed theoretical group
analysis performed in this work showed that this
phase should be considered as a modification with
the Pca21 symmetry (No. 29). At the pressure eleva-
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tion to 21.9 GPa, a new HP2 phase with the Pnma
lattice symmetry (No. 62) was found [12].

In this work, band calculations of the electronic
structure of all indicated phases of magnesium di-
hydride were carried out. In the calculations, the
structural data reported in works [12, 13] were
used. The band calculations were performed in the
framework of the density functional theory (DFT)
using the full-potential linearized augmented-plane-
wave (FLAPW) model [20] with the gradient ap-
proximation of the electron density of states (the
Gga-generalized gradient approximation) in the form
given in work [21]. The well-known software package
Wien2k [22] was used to calculate the electronic struc-
ture parameters.

The radii 𝑅mt of the muffin-tin (MT) spheres (the
intraatomic regions I of unit cells) were chosen to min-
imize the size of the intersphere region II in the Pnma
phase, where the unit cell volume is minimum. For
all examined MgH2 phases and all atoms in those
compounds, the following 𝑅mt values were taken:
𝑅mt = 2.20𝑎0 for magnesium and 𝑅mt = 1.18𝑎0 for
hydrogen, where 𝑎0 = 5, 2918 × 10−11 m is the Bohr
radius.

The electronic structure parameters for the
P42/mnm, Pbcn, Pa-3 Pbca, Pca21, and Pnma
phases of magnesium dihydride were calculated using
120, 125, 119, 126, 125, and 140 points, respectively,
in the nonreducible parts of their Brillouin zones.

The LAPW bases [22] were applied to approximate
the electron wave functions for all atoms. The basis
set size was obtained from the product 𝑅mt𝐾max =
= 3.0, where 𝐾max is the maximum magnitude of the
reciprocal cell vector. When choosing the maximum
orbital quantum number for partial waves in the MT
spheres, the values 𝑙 = 10 and 𝑙 = 4 were used to
calculate the non-muffin-tin matrix elements.

The cohesive energies were calculated as the dif-
ference between the total energy of the unit cell in
the specific MgH2 phase and the sum of the to-
tal energies of composing atoms located at “infinity”
from one another [23], with the required values be-
ing obtained according to the recommendations of
work [24].

A trial series of calculations in the spin-polarized
version showed that all polymorphic forms of magne-
sium dihydride are non-magnetic. Therefore, all pa-
rameters discussed below were obtained in the frame-
work of the scalar-relativistic approach [22].

3. Discussion of Obtained Results
Let us analyze the results obtained in this work. Fi-
gure 1 illustrates some characteristics calculated for
all discussed polymorphic forms of magnesium dihy-
dride. The pressure 𝑃 values are indicated at which
the discussed phases can exist. One can see that such
parameters as the cohesive energy and the atomic
charge states vary, in effect, symbatically with the
pressure, whereas the behavior of the curves char-
acterizing the cell volume 𝑉 and the charges in the
interatomic region II is opposite to the pressure(𝑃 )-

Fig. 1. Dependences of the volume 𝑉 , cohesive energy 𝐸kog,
and charges 𝑄 (𝑒− is the electron charge) per MgH2 formula
unit in the interatomic regions II, and the charges of valence
electrons in magnesium (𝑞Mg, – taking into account the Mg
2𝑠-electrons) and hydrogen (𝑞H) atoms on the phase compo-
sition (SG, Space Group) of magnesium dihydride. 𝑃 is the
pressure at which the corresponding polymorphic form exists.
Hereafter, the parameter values obtained on the basis of the
structural data taken from works [12, 13] are marked by the
corresponding symbols (see the legend in the upper-left panel)
and connected by lines for illustrative purpose
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versus-symmetry group (SG) dependence. It is quite
expected and reasonable that the reduction of the vol-
ume 𝑉 at the transition between the extreme “points”
P42/mnm and Pnma reaches a rather large value of
10.10 Å3, whereas the volume reduction between the
nearest point P42/mnm and Pbcn equals 0.46 Å3.
The pressure constancy in the pairs P42/mnm-Pbcn
and Pbca-Pca21 transforms into almost a “plateau’
between the indicated pairs of modifications for other
parameters presented in Fig. 1.

Really, the cohesive energy of the P42/mnm phase
exceeds that of the Pbcn polymorphic form by 2.1
and 0.61 meV according to the values obtained on
the basis of structural data taken from works [12]
and [13], respectively. On average, this excess equals
1.36 meV, which suggests that the Pbcn phase can
be considered as metastable [13] and existing under
atmospheric pressure conditions. At the same time,
the increase of the cohesive energy value in the Pca21
phase in the pair of modifications Pbca-Pca21 reaches
a much larger value of 30.3 meV. In general, the tran-
sition to high-pressure phases is accompanied by a
drastic drop in the cohesive energy values, namely,
the energy “distance” between the “extreme” pair of
Pnma and P42/mnm states becomes substantially
larger and equals 517.2 meV.

The mechanism governing the loss of the chemi-
cal bond stability in the high-pressure phases can be
elucidated by analyzing the values of the charges 𝑄
in the interatomic region II. Indeed, using the logic
of the theory of chemical bonds [25], the presence of
electrons in the region between the atoms points to
the covalent character of chemical bonds: the higher
the total electron charge here, the stronger the inter-
atomic interaction. On this basis, it can be asserted
that a drastic decrease of the interspherical charge
along the sequence of polymorphic forms Pbcn →
→ Pa-3 → Pbca leads to an overall weakening of
the covalent component in their interatomic chemi-
cal bonds, which correlates with the monotonic de-
crease of their cohesive energies. The transition from
the Pbca phase to the Pca21 one does not contradict
this approach: here, the growth of the cohesive energy
in the latter modification occurs due to the increase
of 𝑄 values, i.e., the strengthening of interatomic co-
valent bonds in it.

However, the transition pairs P42/mnm → Pbcn
and Pca21 → Pnma are not described by the above
picture. It turns out that the growth of the inter-

spherical charge 𝑄 in the former pair is small: only
about 0.005𝑒−, where 𝑒− is the electron charge,
whereas the increase of 𝑄 in the latter pair reaches
a more appreciable value of 0.015𝑒−. In the former
case, the small difference between the 𝑄 values can
be somehow justified by the accuracy of their de-
termination (0.001𝑒−) at calculations, but no ori-
gin of inconsistency for the cohesive energy and
the interspherical charge data was revealed in the
latter case.

At the same time, since the total charge of valence
electrons per MgH2 formula unit is constant, the very
transformation of 𝑄 values is rigidly related to the
changes in the charge states of the atoms entering the
composition of examined phases. Indeed, as follows
from Fig. 1, the charges of the magnesium and hy-
drogen atoms vary synchronously and in the opposite
way to the charges in the interatomic region II. The
weakening of the covalent interatomic bonds and the
accompanying decrease in the cohesive energy of the
high-pressure MgH2 phases would undoubtedly im-
prove their kinetics of hydrogen desorption in prac-
tice, if there were a possibility to transform those
phases into a state that would be thermodynamically
stable under normal atmospheric pressure.

The picture of interatomic bonds in the magnesium
dihydride phases can be appended with information
on the structure of their electronic state spectra. The
relevant data are presented in Figs. 2 and 3. Several
important conclusions follow from them. First, the
spectra of all MgH2 phases contain wide forbidden-
energy gaps that separate the valence and vacant
states. Hence, all polymorphic phases of magnesium
dihydride turned out to be insulators. For the initial
𝛼-P42/mnm phase, this conclusion is confirmed by
optical measurements carried out in work [17], where
a value of 5.6 ± 0.1 eV was obtained for the energy
gap. Second, the states of metal and hydrogen atoms
turned out hybridized within the entire energy inter-
val of both the valence and conduction bands in man-
ganese dihydride. Third, for most phases, the states
of hydrogen atoms dominate in their valence bands,
whereas the states of magnesium atoms dominate
in the conduction band. The spectral composition of
electronic states (Fig. 3) testifies that the bottom of
the valence band in the MgH2 phases is mainly formed
by the densities of states of Mg 𝑠-electrons, which
are genetically related to 3𝑠-electrons of Mg atom. Its
middle region is mainly formed by Mg p-valence elec-
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Fig. 2. Total densities of electronic states in atoms of magne-
sium dihydride phases. For the atomic types, see the legends.
The energy distributions of states in different hydrogen atoms
(H1 and H2) in the polymorphic forms Pbca, Pca21, and Pnma
turned out quite similar; therefore, the total densities of states
for only the H1 atom in those phases are exhibited. The results
for the пїЅпїЅпїЅ21 and Pnma phases were obtained using the
structural data from work [12]; the results for other phases
were obtained using the structural data from work [13]. The
energies are reckoned from the Fermi level

trons, which originate from the unoccupied 4p-states
of free and unexcited magnesium atoms. In turn, the
valence band top is mainly formed by s-electrons of
hydrogen atoms with a small admixture of Mg 3d -
electrons. A detailed analysis shows that, on aver-
age, the contribution of Mg 3d -electrons does not
exceed 1.1% of the total charge of MgH2 valence
electrons. As concerning the spectral composition of
the conduction bands, the s- and p-electron states of
metal atoms dominate in them, whereas the density
of states of d -electrons turned out low. The contribu-

Fig. 3. Partial electron state densities in the atoms of mag-
nesium dihydride phases calculated using the structural data
taken from works [12, 13]. The energies are reckoned from the
Fermi level

tion of the partial 𝑠-states of hydrogen atoms to the
formation of conduction band is also insignificant.

So, which are the most illustrative quantitative
changes of the parameters that could character-
ize the discussed distributions at the transition to
the high-pressure phases of magnesium dihydride?
Even a quick glance at the energy distributions of
atomic states (Figs. 2 and 3) allows one to under-
stand that the successive motion along the sequence
P42/mnm → Pbcn → Pa-3 → Pbca → Pca21 →
→ Pnma leads to an appreciable decrease of the for-
bidden gap width 𝐸𝑔 and an increase of the valence
band width 𝑊 in those states. Quantitative data il-
lustrating this remark are shown in Fig. 4. Here, sim-
ilarly to Fig. 1, the behavior of both curves is “gov-
erned” by the external pressure 𝑃 . Really, the depen-
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Fig. 4. Forbidden, 𝐸𝑔 , and valence, 𝑊 , band widths in mag-
nesium dihydride phases

Fig. 5. Dispersion dependences 𝐸(k) for MgH2 phases near
the corresponding Fermi energy 𝐸𝐹

dence 𝑊 (SG) actually repeats the dependence on the
external pressure, whereas the gap widths in the mag-
nesium dihydride phases change with the pressure in
the opposite way, almost synchronously with the vol-
ume 𝑉 per MgH2 formula unit (see Fig. 1). A reduc-
tion of the 𝐸𝑔 values along the discussed sequence of
polymorphic MgH2 forms increases the probability of
exciting electrons to their conduction band [23], i.e.,
it facilitates the possibility of the formation of typ-
ical homogeneous semiconductors among the high-

pressure phases. The same can also be evidenced
by the regular increase of the valence band width
𝑊 in the high-pressure phases, since the value of
𝑊 is directly proportional to the integral of elec-
tron hopping between lattice sites in the Hubbard
model [26].

Let us analyze the structure of the forbidden bands
themselves and consider the energy band structures
𝐸(k) in magnesium dihydride (see Fig. 5). The di-
rect gap of the minimum energy, which is located
at the point H of the Brillouin zone, is character-
istic only of the 𝛾-Pbcn phase. For other polymor-
phic forms of magnesium dihydride, the minimum
energy gaps turned out indirect. For instance, for the
𝛽-Pa-3 modification, the valence band maximum is
located at the point Γ, and the conduction band
minimum is located in the segment Γ-X near the
point X. As for the valence band top and the con-
duction band bottom, which participate in the for-
mation of forbidden gap energy in the 𝛿′-Pbca modi-
fication of MgH2, the former is located at the center
of the Brillouin zone (the point Γ), and the latter
is located in its vicinity in the direction toward the
point Z. In the Pca21 phase, those extreme points are
located near the middle of the segment Y-Γ and at the
point Y itself. In the maximum-pressure phase Pnma,
the both extreme points are located near the points X
(the interval Γ-X) and Y (the segment Γ-Y), respec-
tively. The indirect energy gap in the 𝛼-P42/mnm
phase, which exists under atmospheric pressure, is
formed by the extremum points in the space of re-
ciprocal wave vectors k’s that are located in the in-
tervals Γ-X and A-Z. An optical gap of 4.6 eV is
determined at that by the values of the wave vec-
tor k corresponding to the conduction band bot-
tom (the segment A-Z). This value is approximately
1.0 eV less than the experimentally measured value
of the previously mentioned gap. This fact is not sur-
prising because it reflects the general shortcoming
of band calculations when determining the values of
forbidden bands in the energy spectrum of insula-
tor states, which consists in that traditionally imple-
mented calculation schemes give, as a rule, underes-
timated values for 𝐸𝑔.

4. Conclusions

1. All polymorphic phases of magnesium dihydride
are non-magnetic insulators. The minimum direct en-
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ergy gap, which is located at the point Γ of the Bril-
louin zone, is characteristic of only the 𝛾-Pbcn phase.
In other polymorphic forms of magnesium dihydride,
the minimum energy gaps turned out indirect.

2. The electronic states of the metal and hydrogen
atoms are hybridized within the whole energy interval
of both the valence and conduction bands of poly-
morphic MgH2 forms. The bottom of their valence
bands is mainly formed by the Mg s-electrons, and
the middle region of the bands mainly by the Mg va-
lence p- electrons; mainly the H s-electrons and Mg
d -electrons are located near their top. The electron
s- and p-states of metal atoms dominate in the con-
duction band.

3. The cohesive energy, the atomic charges, and
the valence band width in the magnesium dihydride
phases change symbatically with the pressure within
the pressure intervals of their existence. The cell vol-
ume and the charges in the interatomic region II per
MgH2 formula unit MgH2, as well as the band gap
widths in the polymorphic forms of magnesium dihy-
dride change in the opposite way.

4. A decrease of the interspherical charge gives
rise to an accompanying weakening of covalent inter-
atomic chemical bonds and, as a result, to a reduction
of the cohesive energy in the high-pressure phases
of magnesium dihydride, which are factors that fa-
vorably improve the hydrogen desorption kinetics of
those phases.
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ЕЛЕКТРОННА БУДОВА
I СТАБIЛЬНIСТЬ ФАЗ ДИГIДРИДУ МАГНIЮ

За допомогою зонних розрахункiв в моделi FLAPW (the
full-potential linearized augmented-plane-wave) отримано iн-
формацiю про енергетичнi характеристики, зарядовi ста-
ни атомiв, характер хiмiчних зв’язкiв, структуру валентних
смуг i смуг провiдностi полiморфних модифiкацiй дигiдри-
ду магнiю. Виявлено, що всi фази дигiдриду магнiю є не-

магнiтними iзоляторами, а електроннi стани атомiв металу
та водню виявились гiбридизованими на всьому протязi як
їхнiх валентних смуг, так i смуг провiдностi. Показано, що
зниження сукупного заряду електронiв у мiжатомнiй обла-
стi приводить до зменшення когезiйних енергiй фаз висо-
кого тиску дигiдриду магнiю – чинникiв, якi сприяють по-
лiпшенню кiнетики десорбцiї водню.
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