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a b s t r a c t

The electronic and structural properties of MgH2 systems containing vacancies and Zr or Nb as dopants
were studied using self-consistent calculations. The density of states were computed using the Vienna Ab
initio Simulation Package (VASP) and the orbital overlap population weighted DOS with the Amsterdam
Density Functional program. The metal–metal and metal–hydrogen bonds in the perfect hydride and this
material containing a neutral Mg or H vacancies or a neutral mixed Mg–H vacancy complex were ana-
lyzed. The same calculations were also performed in the magnesium hydride with a Nb or a Zr atom
as a substitutional impurity and on these systems containing the above mentioned vacancies. Simulta-
neously, the influence of vacancies in the hydride was studied through the calculation of the positron life-
times and the positron–electron momentum distributions in the previously referred materials. Secondly,
information on the influence of vacancies on the electron momentum density of the MgH2(–Nb,–Zr) sys-
tems was additionally obtained through the calculation of the positron–electron momentum distribu-
tions. The results obtained indicate that in the pure hydride the presence of vacancies and impurities
notable diminishes the force in the atomic bonds. The stability decrease of the bonds was correlated with
changes in the positron wave function in the same sites of the structures. Moreover, it was found that
these changes in the positron wave function are in good agreement with the decrease of the positron
lifetimes.

� 2012 Elsevier B.V. All rights reserved.

1. Introduction

The use of fossil fuels has increasingly produced environmental
pollution and carbon dioxide emissions. Great efforts are being
made to develop sustainable and clean energy sources to replace
the use of fossil fuels. One promising technology involves hydrogen
stored in metal hydrides. Magnesium is one of the most promising
materials for application in the hydrogen storage field and, there-
fore, has been the subject of extensive studies [1–3]. The use of
hydrogen as an efficient, sustainable, and environmental friendly
fuel requires wide spread innovation and development of the
means for its production, storage and use [4]. The most promising
hydrogen storage routes are solid-state materials that chemically
bind or physically adsorb hydrogen at volume densities greater
than those of liquid hydrogen. An ideal solid hydrogen storage
material for a non-board storage system should meet the require-
ments of high performance (high H-capacity, fast kinetics and

favorable thermodynamic properties), safety and cost effectiveness
simultaneously [5–7].

As mentioned in our previous paper [8], magnesium hydride is a
promising candidate for hydrogen storage. The doping of the MgH2

with transition metals improves the kinetic of the hydrogen sorp-
tion process and accelerates the hydride- to- metal phase transi-
tion [9–12]. There are several experimental works considering Nb
and Zr acting as dopant elements [9–14]. Song et al. analyzed the
influence of the Nb on the MgH2 stability. These authors attributed
the loss of thermodynamical stability of the doped MgH2 to a
weakening of Mg–H bond [13].

It is well known that the diffusive processes in solids are as-
sisted by vacancies. Recent theoretical works on Mg-based systems
[15,16] and experimental studies on ball-milled Mg-based materi-
als have suggested that the acceleration of the H2 sorption kinetics
could be also related to the presence of vacancy-like defects in
these materials [17].

Positron Annihilation Spectroscopy (PAS) is a well-established
high-sensitivity technique for detecting open volume defects in
solids. It has been applied to the study of the defect structure for
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almost 40 years, and is presently used in many fields of materials
science. The physical principles of the study of lattice defects by
PAS are discussed in [18]. Nevertheless, only few experimental or
theoretical studies of defects in magnesium hydride or hydride-
metal-phase transition were reported [8,19–21].

A preliminary theoretical study, using semiempirical and non
self-consistent calculations, on the influence of vacancies of the
electronic structure and bonding in pure MgH2 doped with Nb
was developed by the authors [8].

In this work, the topic previously treated is strictly analyzed in
terms of a more precise calculation approach; i.e., self-consistent
calculations were used. Specifically, the VASP (Vienna Ab Initio
Simulation Package) code was used to compute the binding energy
and the density of states while the crystal orbital overlap popula-
tion was computed using ADF (Amsterdam Density Functional Pro-
gram Package). Both the metal–metal and metal–hydrogen bonds
in the perfect MgH2 and in this material containing a Mg vacancy,
a H one or a mixed Mg–H vacancy complex, were analyzed. The
same calculations were also performed in the magnesium hydride
containing a Nb or a Zr atom as substitutional impurities and on
these systems containing the same kind of vacancies above men-
tioned. Simultaneously, the influence of vacancy-like defects in
the different magnesium hydride systems was studied through
the calculation of the positron lifetimes and the positron–electron
momentum distributions.

2. Computational method

Electron and positron ab initio calculations have been performed within the
frame of the density-functional theory (DFT) [22] which was implemented in the
Vienna Ab initio Simulation Package (VASP) code [23,24]. The projector augmented
wave (PAW) pseudopotential [23,24] was used to account the electron–ion core
interaction, using the PW91 functional as the generalized gradient approximation
(GGA) [25] for the exchange–correlation term.

The studied structures were simulated using a supercell containing 96 atoms
(16 unit cells of MgH2, see Fig. 1a). In the calculation, the Brillouin-zone was sam-
pled using a 6 � 6 � 6 Monkhorst-Pack k-point mesh. [26]. For the plane-wave basis
set a cut-off of 650 eV was used.

For the ionic relaxation, the forces acting on the ions were calculated using the
Hellmann–Feynman theorem as the partial derivates of the free energy with respect
to the atomic positions, including the Harris–Foulkes correction to the respective
forces [27].

To obtain a full relaxation, all the structural degrees of freedom, including the
volume and shape of the unit-cell and the atomic positions, were simultaneously
relaxed. The relaxations were carried out using a conjugate gradient algorithm until

the Hellman–Feynman force on each of the unconstrained atoms was less than
0.01 eV/Å. The self-consistent calculations were considered to converge when the
difference in the total energy of the crystal between consecutive steps did not ex-
ceed 10�5 eV. In the same way, the static calculations were considered to converge
using the same criterion.

To analyze the electronic structure and bonding we have used the concept of
density of states (DOS) and the overlap population weighted DOS (OPDOS) [8,28–
33].

2.1. Positron parameters

A general introduction to ab initio calculations of positron annihilation charac-
teristics in solids can be found in Ref. [34]. However, to understand the meaning of
some of the fundamental parameters representing positron annihilation in solids, a
definition of the typical parameters representing the electro-positron annihilation
process is given below.

The positron annihilation rate is defined as:

k ¼ 1
s ¼ pr2

e c
Z

n�ð~rÞnþð~rÞcðn�ð~rÞÞd~r ð1Þ

where re is the classical radius of electron, c the speed of light, n�ð~rÞ the positron
density, nþð~rÞ the electron density and cðn�ð~rÞÞ the enhancement factor taking into
account the pile-up of electron density at the positron. The inverse of the rate of pos-
itron–electron annihilation is the positron lifetime s which can be directly obtained
for the experiments. This is a very important advantage of PAS techniques; i.e., it is
possible to directly compare experiments and theory. In each positron state i, the
positron probes different electron densities leading to different positron annihilation
rates ki . In a vacancy-like defect, the electron density is locally reduced and thus the
trapped positron lifetime is increased compared to free positrons.

On the other hand, the momentum distribution of the annihilating positron–
electron pairs qð~pÞ can be calculated through the method based on a Jastrow-like
approximation for the momentum distribution for each electron state i:

qð~pÞ ¼ pr2
e c
X

i

cij
Z

e�i~p�~rWþð~rÞWið~rÞd~rj2 ð2Þ

where ci is the constant electron-state-dependent enhancement factor, the so-called
state-dependent scheme [34]. The enhancement factor is written as:

ci ¼
kLDA

i

kIPM
i

ð3Þ

where kLDA
i is the annihilation rate of the state i within the local density approxima-

tion (LDA) for the positron–electron correlation effect and kIPM
i is the annihilation

rate within the independent-particle model (IPM). Wþð~rÞ and Wið~rÞ are the wave
functions of the positron and the electron of the orbital i, respectively. The momen-
tum distribution qð~pÞ due to the free-positron annihilations reflects the bulk elec-
tronic structure, while that due to trapped-positron annihilations reveals the open
volume electronic structure (i.e., defect electronic structure). These distributions
can be experimentally obtained using coincidence Doppler broadening technique
(CDB) [35]. CDB produces very useful data regarding the spectrum of valence and

Fig. 1. (a) Hydride model supercell showing a H vacancy VH, a Mg vacancy VMg and a Mg–H vacancy complex VMg–H. (b) X represents the location of the Nb or Zr substitutional
impurity atom. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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low-momentum core electrons. Distinctively, CDB can provide a chemically specific
signal in the momentum distribution since core electrons retain their atomic charac-
ter even in a solid.

In the present work, positron lifetimes and momentum distributions of the
annihilating positron–electron pairs for positrons were calculated delocalized in
the bulk or trapped in vacancy-like defects following the procedure developed by
Makkonen et al. [36].

In all cases, to model the positron–electron correlation effects the LDA was used
[37].

2.2. Hydride models

As a starting point of our models we have used the MgH2 crystal structure
determined by Park et al. [16] and Bortza et al. [38] and implemented by Luna
et al. in Ref. [8]. The periodic magnesium hydride structures were generated from
a 96-atoms supercell (Mg32H64). In this supercell different types of neutral vacan-
cies were created (H vacancy, Mg vacancy, and the Mg–H vacancy complex), and
two different types of substitutional impurities were incorporated, specifically
either one Nb or one Zr atom (see Fig. 1b). A hydrogen or magnesium vacancy
(named VH and VMg, respectively) was created removing one H atom or one Mg
atom. The Mg–H vacancy complex (VMg–H) was created removing from the structure
one H atom and one Mg atom. The impurities were introduced in each structure by
replacing one Mg atom by another Nb or Zr atom. In all cases, and in order to avoid
edge effects, defects and impurities were located at the center of the supercell.
Therefore, 12 structures were generated (see Table 1).

The supercell should be large enough in order to avoid the defect interaction
with its periodic image; therefore, the system describes an isolated vacancy quite
well. However, in practice, the size of the supercell cannot be built arbitrarily large.
In order to calculate the positron characteristics, we have employed supercells con-
sidering periodic boundary conditions for the positron wave function. In all cases,
the size of the supercell was gradually increased from 4 to 16 unit cells until con-
vergences as in the positron lifetime (±0.1 ps) and as well as the energy per atom
(<10�5 eV) were obtained.

In this work, we have only considered neutral vacancies. However, it is well-
known that charged vacancies can be present in a material producing a consider-
ably change in its properties [39]. A vacancy of a given species can have different
charge states, and this fact is relevant in terms of understanding the formation of
antisite defects influencing, for example, the positron lifetimes in semiconductors
[40,41]. A detailed study on the role of charged vacancies in the systems studied
in the present work is a subject of an ongoing investigation.

3. Results and discussion

3.1. Geometric optimization

The calculated lattice parameters for the pure perfect MgH2

cell: a = 0.4501 nm, c/a = 0.6674, and u = 0.322 nm were obtained
from the ionic optimization. These results are in good agreement
with the experimental values above mentioned.

On the other hand, the ionic relaxation around the different
types of vacancies generated (VH, VMg and VMg–H vacancy complex)
for the pure and the doped systems was studied. To quantify the
ionic relaxation, the relative changes in the volumes DV formed
by the nearest-neighbor ions of a vacancy were estimated. There-
fore, the DV values were obtained through DV = (V � V0)/V0, where
V is the volume in which the relaxed ion positions were taken into
account and V0 corresponds to the volume calculated when the
ions are located in the ideal positions into each structure. In Table 2,
the relative changes in the volumes are reported.

From the analysis of the results reported in Table 2, it can be
concluded that when the pure hydride system contains a vacancy,
independently of the type, a strong decrease in the DV is observed.

This means that there is a shrinkage in the volume associated with
the nearest-neighbor ions around a vacancy. On the other hand, for
the doped-systems the relative changes in the volumes increase.
This expansion is more important for the system containing Nb
as substitutional atom. Moreover, when considering full relaxation
it was found that the supercell sizes obtained did not substantially
change (<1%); therefore, it could be concluded that vacancies did
not influence the edges of the supercell. Hence, volume changes
around vacancy-like defects and around impurity-like defects are
significant; however, when defects are added at low concentration
the total supercell size does not substantially change.

3.2. Density of states

In Fig. 2, the total and projected DOS curves obtained for the
perfect MgH2 structure (Fig. 2a) and this system containing Nb
(Fig. 2b) or Zr as a substitutional atom (Fig. 2c) in its structure
are shown. The transition metals mainly participate with their d
electrons, s and p states have less contribution for the total densi-
ties of states of the hydrides. The most remarkable feature of the
total DOS curves for these hydrides is that all exhibit semiconduc-
tor characteristics. The overall shapes of the total DOS are similar
to each other; however, the position of the sharp peak or those
peaks near the Fermi level is different. In MgH2 the DOS curve
shows a band gap of �4 eV with a large dispersion of the bands sig-
naling the s-like character. In the projected DOS curve for the H
atom the intensity is due to the weight of H in the structure and
also to the transfer of electrons from Mg to H leading to an ionic
hydride. These DOS curves show a very good agreement with the
results reported in Refs. [42,43].

When replacing a Mg atom by a Nb one in the MgH2 structure,
the DOS curve presents a narrow peak close to the Fermi level cor-
responding to the Nb d state (see Fig. 2b); while, when the Mg
atom is replaced by a Zr one, in the corresponding DOS curve
two peaks are observed: one close to EF and another centered at
a slight higher energy than the Fermi level, respectively, corre-
sponding to the Zr d states (see Fig. 2c).

Xiao et al. [14] calculated DOS curves for Mg7H16Nb and Mg7-

H16Zr which show a similar trend to the results reported in the
present work. However, there are some differences that can be
attributed to the composition of the supercell chosen. Based on
Xiao’s work, it can be predicted that increasing the substituent
concentration, the band gap width would decrease and the system
would become conductor.

In Fig. 3, nine DOS curves for the MgH2 systems (i.e., pure mag-
nesium hydride and the structures doped with Nb or Zr) containing
VH, VMg or VMg–H are shown. When comparing the DOS curve for
MgH2–VH (Fig. 3a) with that of the perfect hydride, the distinctive
characteristic is the appearance of a sharp peak close to EF, which
corresponds to a contribution of the s and p states of Mg, and the
s state of H. The top of valence band moves �3 eV to lower energies
below EF. The substitution in the same system of a Mg atom by a
Nb one, not only produces a broadening of the mentioned peak,
product of the contribution of the d orbitals of Nb, but also a shift
of the total DOS curve to higher energies (see Fig. 3b). A similar

Table 1
Atomic composition of the studied magnesium hydride systems.

Pure structures Nb-structures Zr-structures

System Composition System Composition System Composition

MgH2 Mg32H64 MgH2–Nb Mg31Nb1H64 MgH2–Zr Mg31Zr1H64

MgH2–VMg Mg31H64 MgH2–Nb–VMg Mg30Nb1H64 MgH2–Zr–VMg Mg30Zr1H64

MgH2–VH Mg32H63 MgH2–Nb–VH Mg31Nb1H63 MgH2–Zr–VH Mg31Zr1H63

MgH2–VMg–H Mg31H63 MgH2–Nb–VMg–H Mg30Nb1H63 MgH2–Zr–VMg–H Mg30Zr1H63

190 C.R. Luna et al. / Journal of Alloys and Compounds 556 (2013) 188–197
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trend in the DOS curve is observed when a Mg atom is substituted
by a Zr one in the MgH2–VH. Besides, it seems that the previously
mentioned peak would be split into two sharp peaks, correspond-
ing to the Zr d states (see Fig. 3c). In the case of the DOS curve for
MgH2–VMg (Fig. 3d), from its comparison with that of the perfect
hydride it can be concluded that, despite a similar trend in both

curves two sharp and narrow peaks located at both edges of the
band gap can respectively be seen. The peak located in the valence
band corresponds to the H s state, and the peak in the conduction
band corresponds to the Mg s state. The substitution in the MgH2–
VMg structure of a Mg atom by a Nb one (see Fig. 3e) generates at
least three different sharp peaks located into the band gap, product

Table 2
Relative changes in the volumes formed by the nearest-neighbor ions of a vacancy for the systems: (a) MgH2, (b) MgH2–Nb and (c) MgH2–Zr.

System DV (%) Doped system Substitutional X = Nb Substitutional X = Zr
DV (%) DV (%)

MgH2–VH �28 MgH2–X–VH +6 +1
MgH2–VMg �26 MgH2–X–VMg +15 +6
MgH2–VMg–H �16 MgH2–X–VMg–H +9 +3

Fig. 2. Density of states curves calculated for MgH2 (a), MgH2–Nb (b) and MgH2–Zr (c) systems and projected DOS curves corresponding to the different atoms.

C.R. Luna et al. / Journal of Alloys and Compounds 556 (2013) 188–197 191
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of all states contribution but mainly to the Nb d state. In the case of
a Zr atom replaces the Mg one (see Fig. 3f), the two sharp peaks ob-
served at both edges of the band gap become stronger and the peak
is located at the edge of the valence band corresponding to the con-
tribution of the s orbital of H and the s and p orbitals of Mg. The
peak located at the edge of the conduction band corresponds to
the d orbitals of Zr; the same analysis can be made for the two near
peaks located around 3 eV between the edges.

When comparing with the DOS curve calculated for the perfect
MgH2 presented in Fig. 2a, in the DOS curve for MgH2–VMg–H

(Fig. 3g) two sharp and intense peaks in the edges of the band
gap appear, the peak at the edge of the valence band corresponds
to the contribution of H and the peak at the edge of the conduction
band corresponds to the contribution of the s state of Mg. It is
important to point out that this effect is similar to that observed
for the MgH2–VMg structure. With the substitution of a Mg atom
by a Nb one in the MgH2–VMg–H structure (see Fig. 3h), into the
band gap a broad peak at about 3 eV is observed and can be as-
signed to the contribution of the d state of Nb and the s state of
Mg. Finally, when a Zr atom substitutes a Mg one (see Fig. 3i) a
similar curve to that obtained for the MgH2Zr–VMg system contain-
ing Zr is observed.

3.3. Overlap population

This analysis was carried out through the OP values for selected
bonds, reported in Table 3. When a H vacancy is generated the Mg–

Mg bonding strength significantly increases from 0.016 to 0.260,
and the Mg–H bonds near vH become stronger in about 19.6%
and 2.2% (from 0.230 to 0.275 and from 0.272 to 0.278), respec-
tively. In the other hand, Mg–H bonds with a H atom far away from
the vacancy weaken in about 5.2% and 13.6% (from 0.230 to 0.218
and from 0.272 to 0.235) , respectively.

In the case of a Mg vacancy, as well as Mg–H mixed vacancy
complex case, Mg–Mg bonds weaken, the bond strength decreases
about 62.5%, the Mg–H bonds with a H atom near to a VMg are
strengthened in about 42.2% and 32.4%, respectively. The same
behavior was observed for the Mg–H bonds with a H atom near
to a VMg–H complex; i.e., 38.7% and 30.5%, respectively. The Mg–H
bonds with a H atom far away from the vacancy are weakened.
In the case of VMg, its strength decreases about 96.5% and 30.5%,
respectively. For VMg–H, a decrease in the strength of the bond of
99.6% and 34.6% is observed.

When a Mg atom is replaced by a Nb one in the pure MgH2, the
formed Nb–H bonds are stronger than the Mg–H bonds, they in-
crease 123.9% and 82.7%, respectively. Besides the Mg–H bonds de-
crease their strength about 10.9% and 46.3%, respectively.

Generating a VH, the Mg–H bonds strength increases about
16.1% and 77.4%, Nb–H bonds with a H atom near to a vH are weak-
ened approximately 11.1% and 24.1%, and the Nb–H bonds with a H
atom far away from a VH are strengthened 8.5%.

In the case of MgH2–Nb–VMg, the Nb–Mg bonds are weakened
as in the previous system, 0.093 versus 0.000 (see Table 3), the
Mg–H bond strength increases about 36% and 83%. The Nb–H

Fig. 3. DOS curves calculated for MgH2–VH (a), MgH2–Nb–VH (b), MgH2–Zr–VH (c), MgH2–VMg (d), MgH2–Nb–VMg (e), MgH2–Zr–VMg (f), MgH2–VMg–H (g), MgH2–Nb–VMg–H (h)
and MgH2–Zr–VMg–H (i) systems.
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bonds with a H near to the vacancy are strengthened �17.1% and
the Nb–H bonds with a H far away from a vacancy are weakened
only 0.4%.

In presence of a Mg–H vacancy complex, some Mg–H bonds in-
crease their strength while others decrease (+40.5%, +82.2% and
�23.9%). Thus, the Nb–H bonds near to a VMg are 27.2% and
13.3% stronger than these bonds in the MgH2–Nb system, and
the Nb–H bonds near to the VH decrease their binding force in
14.2%. These results are in good agreement with the tendency
showed in previous calculations [1,8].

When replacing a Mg atom by another of Zr, the Mg–H bonds
weaken in about 2.2% and 12.5%, respectively. On the other hand,
the Zr–H bonds are 13.5% and 9.9% stronger than the Mg–H bonds
in the pure MgH2 system.

In MgH2–Zr–VH, the Zr–H bonds decrease their binding strength
about 11.1% and 2.7%, respectively. Besides, the Mg–H bonds are
weakened or strengthened depending on their location.

When a VMg is generated, the Mg–H bonds strengthen 28% and
12.2%, as well as the Zr–H bonds about 43.7% and 4%, respectively.

Finally, in MgH2–Zr–VMg–H, the Zr–H bonds increase their
strength. The Mg–H bonds near to the VMg are also strengthened
approximately 31.6% and 50.4% and the Mg–H bonds near to the
VH are weakened �26.7%.

3.4. Positron lifetimes

In Table 4, the calculated positron lifetimes for the different sys-
tems studied are reported. It can be observed that the different life-
times for perfect structures are practically identical. Besides, the
positron lifetime value for the pure magnesium hydride,
sMgH2 = 214.8 ps, is slightly lower than that of the bulk magnesium,
sMg = 218 ps. Therefore, it can be concluded that the substitution of
one Mg atom by another Nb or Zr atoms does not basically change
the s values in each system; although the lifetimes for the bulk Nb
(sNb = 134 ps) and bulk Zr (sZr = 164 ps) are about 40% and 25%
lower than that of bulk Mg, respectively.

In the case of those hydride systems containing vacancies, both
lifetime values for pure and doped structures depend on the type of
vacancy being considered for the calculations. For pure hydride
with a vH, the lifetime only increases about 3%; however, if the
same structure has a vMg, the calculated value of s raises more
than 14%. When a VMg–H complex is created in the pure hydride
structure, s grows more than 20% with respect to the perfect
MgH2 system. From the results reported in Table 4, it can also be
concluded that the calculated positron lifetimes on the systems
MgH2–Nb and MgH2–Zr containing vacancies are consistently low-
er than those calculated for the corresponding pure systems. It is
interesting to note that when a Zr substitutional atom is present
in the hydride systems, the positron lifetimes are systematically
below to those obtained for systems containing a Nb atom as dop-
ant impurity.

A general analysis of the results presented above for the twelve
systems studied, allows us to conclude that positrons are preferen-
tially annihilated in systems containing magnesium vacancies, and
the presence of H in the complex VMg–H depletes the local electron
density at the defect site. A same trend is observed for the doped
systems but the changes in the respective positron lifetimes are
lower than the values obtained studying the pure systems; this
behavior can be attributed to the influence of the dopant transition
metal elements on the local electron density around the defect
sites. Specifically, there is an increase of the local electron density
with a consequent decrease of the positron lifetimes.

When comparing the positron lifetimes calculated in the pres-
ent work with those previously reported using non self-consistent
methods for the MgH2 and MgH2–Nb systems (see Ref. [8]) it out-
comes that only in the case of the perfect systems there exists an
appreciable difference. The values obtained using the non self-con-
sistent method are systematically above of those calculated using
the self-consistent methods. This difference can be attributed to
the fact that in the calculations performed in the present work
the ionic relaxation was taken into account.

Positron data can also be analyzed in terms of the positron wave
functions density of the system under study. These densities can be
compared to the electron densities as follows.

In Fig. 4a a 2-D contour plot of the calculated positron wave
function corresponding to the perfect magnesium hydride is pre-
sented. On the other hand, in Fig. 4b a 2-D contour plot of the elec-
tronic density for the same system is also shown. As can be seen, in
the perfect lattice the positron wave function has its maxima at the
interstitial regions and the wave function progressively vanishes
toward the Mg and H ion-core regions. As a consequence, the Mg
ion cores are more positive charged than the H ones, the progres-
sive vanishing behavior is stronger for the Mg ion cores (see
Fig. 4a). When comparing Fig. 4a with Fig. 4b, it can be seen that
the region in which the electron density appears more depleted
is in correspondence with the maxima for the positron wave func-
tion; i.e., positron probes a local electron density lower than the
average electron density of the system.

In Fig. 5a and b the positron wave function and the electron
density for the Nb-doped MgH2 are presented, respectively. As

Table 3
Overlap population for perfect MgH2, Nb or Zr doped and vacancy containing hydride
systems.

MgH2 MgH2–VH MgH2–VMg MgH2–VMg–H

Mg–Mg 0.016 0.260 0.006 0.006
Mg–H (4) 0.230 0.275a 0.327a 0.319a

0.218b 0.008b 0.001b

Mg–H (2) 0.272 0.278a 0.360a 0.355a

0.235b 0.189b 0.178b

MgH2–Nb MgH2–Nb–VH MgH2–Nb–VMg MgH2–Nb–VMg–H

Mg–Nb 0.093 0.000 0.000 0.038
Mg–Mg 0.000 0.000 0.009 0.000
Mg–H 0.205 0.238 0.279 0.288a

0.156b

Mg–H 0.146 0.259 0.266 0.266
Nb–H 0.515 0.559a 0.603 0.655a

0.458b 0.442b

Nb–H 0.497 0.377 0.495 0.563

MgH2–Zr MgH2–Zr–VH MgH2–Zr–VMg MgH2–Zr–VMg–H

Mg–Zr 0.027 0.000 0.000 0.022
Mg–Mg 0.005 0.000 0.010 0.025
Mg–H 0.225 0.272a 0.288 0.296a

0.176b 0.187b

Mg–H 0.238 0.281a 0.267 0.358
0.173b

Zr–H 0.261 0.232 0.375 0.369
Zr–H 0.299 0.291 0.311 0.310

a Major OP value for this bond type.
b Minor OP value for this bond type, (4) Mg bonding to 4 equivalent H atoms, (2)

Mg bonding to 2 equivalent H atoms.

Table 4
Calculated positron lifetimes and percentage change in the lifetimes, with respect to
the corresponding perfect systems.

System s (ps) (%) System X = Nb X = Zr

s (ps) (%) s (ps) (%)

MgH2 214.8 – MgH2–X 214.3 – 214.3 –
MgH2–VH 221.6 3.1 MgH2–X–VH 217.3 1 215.8 0.7
MgH2–VMg 245.4 14.2 MgH2–X–VMg 243.6 11 235.3 9.8
MgH2–VMg–

H

260.8 21.4 MgH2–X–VMg–

H

248.8 16.1 238.0 11.1
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mentioned above, the positron lifetime calculated for this system is
almost the same as that of pure MgH2. However, as can be seen in
Fig. 5a the presence of only one Nb atom in the magnesium hydride
lattice is enough to modify the positron density around this atom.
Specifically, in the darker regions around the Nb atom positrons
probe a local electronic density higher than the average of the lat-
tice (see Fig. 5b); this result would indicate a lower positron con-
finement than that corresponding to the undoped MgH2. Besides,
the change observed in the positron wave function is in good
agreement with the decrease of the corresponding positron life-
time. The same tendency was observed when considering a Zr
atom as dopant in the pure magnesium hydride system; therefore,
the figures of the positron and electron densities are not shown
here.

In Fig. 6a and b the same plots of Fig. 5 but for hydride system
containing a Mg vacancy are presented. As can be seen in Fig. 6a,
the positron wave function is clearly centered at the vacant site
of the lattice and its level is almost two orders of magnitude higher
than that of the perfect system. This result indicates a very strong
positron confinement at the vacancy site. In such a case, it should
be expected a strong increase of the positron lifetime with respect
to that of the perfect MgH2; in fact, from our calculations this
parameter increases �11.5%. In Fig. 6b the electron density for
the same system is shown. In this case, it can be seen a region la-
beled VMg in which the local electron density is depleted as a con-
sequence of the vacant site. It is interesting to compare the figures
representing the positron and electron densities calculated for the
hydride magnesium containing one vacancy of Mg. Both plots are
almost totally complementary indicating that both particles (posi-
trons and electrons) are ‘‘seeing’’ the same effect.

In the case of the MgH2–Nb system with a Mg vacancy, the
respective positron and electron densities are qualitatively similar

to those presented in Fig. 6 for MgH2–VMg; therefore, the 2-D con-
tour plots are not presented here. However, it is important to point
out that the presence of a Nb atom around the Mg vacancy modi-
fies the positron wave function; i.e., the electron density in this re-
gion becomes locally increased. In agreement with this result, the
corresponding positron lifetime decreases (see Table 4).

3.5. Positron–electron momentum distributions

Since the positron–electron momentum curves span several or-
ders of magnitude, it is usual to present the results in terms of a
relative difference to a reference curve. In this paper, we choose
the perfect pure magnesium hydride as the reference distribution.
Such relative difference curves (RD curves) can contain one or
more signature peaks, whose position, shape and height can be
used to identify the chemical species (usually named ‘‘fingerprint’’
[44]) contributing to the RD curve.

Since there are not reported experimental studies with CDB
technique on the present systems, the present interpretation of
the calculated positron–electron momentum distributions must
be taken as a first approach to the discussion on the role of the
vacancies and the dopant on the structural properties of the MgH2.

In Fig. 7a, the positron–electron momentum relative distribu-
tions for the magnesium hydride systems containing a dopant
atom (Nb or Zr) substituting a Mg one are shown.

As can be seen, both distributions are very similar, this result
seems to be very reasonable due to the fact that as Nb as Zr are
transition metals and they are adjacent in the periodic table, con-
sequently having a similar core structure. However, when compar-
ing these RD curves with experimental and calculated distributions
for pure metals and alloys (see for example Refs. [45–47]), it can be
concluded that the RD curves for MgH2–Nb and MgH2–Zr give very

Fig. 4. 2D contour plot in perfect MgH2 of the: (a) positron wave function and (b) electron density (the plots are presented in colors). The plane of the figures is the (�110) cut
of the supercell used for the calculations. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 5. 2D contour plot in a magnesium hydride containing a Nb atom (MgH2–Nb) of the: (a) positron wave function and (b) electron density (the plots are presented in
colors). The plane of the figures is the (�110) cut of the supercell used for the calculations. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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weak signals. As can be seen in Fig. 7b, the RD curve calculated for
the magnesium hydride doped with a Nb atom is strongly domi-
nated by the Nb fingerprint. The overall shape and the position
of the peaks and valleys of the respective momentum distribution
are practically identical despite we are dealing with different crys-
tal structures. The small differences between both RD curves can
be assigned to the different lattice structures (i.e., MgH2–Nb is
tetragonal while Nb is bcc). As a result, it could be concluded that
the presence of Nb or Zr impurities in a very low concentration (at
about 0.01 at.%) in the MgH2 does not produce a significant change

in the electron momentum density when compared to that of the
pure hydride. These results show an excellent agreement with
those obtained for the positron lifetime values (see Table 4).

In Fig. 8, the relative positron–electron momentum distribu-
tions of the magnesium hydride systems containing a H vacancy
(VH) are shown. In the inset, a detail of the RD curves in the low
momentum region is also shown.

Accordingly to the usual analysis of CDB curves, the distribution
corresponding to the pure MgH2–VH system near to px = 0 comes
from the positrons annihilating with valence electrons. To higher
momentum values, a peak located around px = 7 � 10�3 moc is ob-
served. It can be attributed to the quantum confinement of the pos-
itron wave function in a region of atomic dimensions; specifically,
a vacancy site (see Cizek et al. [47] and Calloni et al. [48]). For the
high momentum region (px P 20 � 10�3 moc), the RD curve corre-
sponds to positron annihilation with core electrons. In this region,
the core contribution calculated was about 0.4% lower than that
obtained for the perfect hydride (i.e., 8.1 % versus 8.5%).

The substitution of one Mg atom by another of Nb or Zr to the
defected system containing a H vacancy does not noteworthy
change the electron momentum distribution. These results are in
good agreement with those obtained for the positron lifetime in
the same systems.

In Fig. 9, the relative momentum distributions of the annihilat-
ing positron–electron pairs of the magnesium hydride systems
containing a Mg vacancy are presented. In the inset, a detail of
the RD curves in the low momentum region is also shown. From

Fig. 6. 2D contour plot in magnesium hydride with a Mg vacancy (MgH2–VMg) of the: (a) positron wave function; and (b) electron density (the plots are presented in colors in
the online version). The plane of the figures is the (�110) cut of the supercell used for the calculations. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

Fig. 7. (a) Relative difference of the momentum distribution of the annihilating
positron–electron pair (RD curves) for the magnesium hydride doped with a Nb or
Zr atom. (b) RD curves for pure bcc Nb and for Nb-doped magnesium hydride.

Fig. 8. Relative positron–electron momentum distributions of: (a) MgH2–VH, see
dashed line, (b) MgH2–Nb–VH, see black solid line and (c) MgH2–Zr–VH, see gray
solid line. Inset: the RD curves in the low momentum region are highlighted.
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the comparison of this distribution with that of the MgH2–VH sys-
tem reported in Fig. 8 (see dashed black line), it results that the
presence of a Mg vacancy strongly changes the relative momentum
distribution giving a higher signal. Furthermore, it can be observed
that the corresponding localization peak is narrower than that ob-
tained for MgH2–VH. Its maximum, centered at the same px value, is
approximately 1.5 times higher than that of the MgH2–VH. The
above described difference can be assigned to a higher confine-
ment of the positron wave function. Regarding the high-momen-
tum region, the RD signal of this system is about one order of
magnitude stronger than that calculated for MgH2–VH. Specifically,
it was found that the core contribution value obtained is almost
half of that found for the magnesium hydride containing a H va-
cancy (i.e., 4.2% against 8.1%). Moreover, with the addition of the
impurity substituent atoms the respective momentum distribu-
tions qualitatively do not show important differences. From the
analysis of the relative curves, it can be concluded that when a
Mg atom is removed from the pure magnesium hydride structure,
an important change in the electron density at the vacancy site
would be produced. It was also found that the simultaneously
presence of a substitutional impurity with a Mg vacancy as near-

est-neighbor, produces noteworthy changes in the respective elec-
tron momentum density at the vacancy site. This behavior is also
observed in the positron lifetime calculated for the respective
systems.

As can be seen in Fig. 10, the trends of the three RD curves cor-
responding to the magnesium hydride systems containing a Mg–H
vacancy complex (VMg–H) are very similar to those described in
Fig. 9. As a conclusion of these results, and in total agreement with
the positron lifetime results, it can be said that the role of the Mg
vacancy is dominant in the process of positron annihilation in a
VMg–H complex.

4. Conclusions

In the present work, electronic and structural properties of
magnesium hydride systems containing neutral vacancies and
two different transition metals as dopants, specifically Nb and Zr
atoms, were studied. To this aim, self-consistent first principle cal-
culations were used to compute the crystal orbital overlap popula-
tion for both the metal–metal and metal–hydrogen bonds in the
perfect MgH2 and in this system containing a Mg vacancy, a H
one or a Mg–H vacancy complex. The same calculations were also
performed in the above mentioned systems with a Nb or Zr atom as
substitutional impurity and on these systems containing the same
type of defects. In the twelve systems studied, VASP code was used
to compute the electron density and the density of states; the crys-
tal orbital overlap population was computed using the ADF pack-
age. In parallel, the influence of vacancies in the magnesium
hydride systems were studied through the calculation of the posi-
tron lifetimes and the momentum distributions of the annihilating
positron–electron pairs.

The main results can be summarized as follows:

� Regarding the density of states, it was found that:
(a) In the perfect pure MgH2 it was found that this material

exhibits semiconductor characteristics. When this system
is doped with Nb or Zr, the DOS curves present one or two
peaks, respectively, into the band gap. The presence of these
peaks was attributed to the d electrons of the transition met-
als. Besides, it was found that there is a systematic energy
shift in the DOS curves toward lower energies in the doped
hydrides; in such a case, it is reasonable to expect that the
Mg–H bonds be easier to break in the doped systems.

(b) In the systems containing vacancies, the DOS curves are
strongly dependent on the type of vacancy created. In gen-
eral, it was found that sharp and narrow peaks located at
both edges of the band gaps appear. From these results, it
was concluded that the peak located in the valence band cor-
responds to the H s state, while the peak located at the con-
duction band corresponds to the Mg s state. In the defected
systems, peaks located into the band gap were also
observed. This signal mainly comes from the d orbitals of
the transition metal dopant.

� Regarding the overlap population, it was found that:
(a) When the pure MgH2 contains an impurity, the Mg–H bonds

decrease their strength. This effect is stronger in the system
containing Nb.

(b) The presence of a vacancy in the three perfect systems
strengthened the Mg–H bonds near the defect.

� Regarding the positron results, it was found that:
(a) The positron lifetimes calculated for the pure magnesium

hydride do not appreciably change with the addition of the
impurities. However, the presence of a dopant atom in the
structures, modifies the positron density around the impu-
rity atom.

Fig. 9. Relative positron–electron momentum distributions of: (a) MgH2–VMg, see
dashed line, (b) MgH2–Nb–VMg, see black solid line and (c) MgH2–Zr–VMg, see gray
solid line. Inset: the RD curves in the low momentum region are highlighted.

Fig. 10. Relative positron–electron momentum distributions of: (a) MgH2–VMg–H,
see dashed line, (b) MgH2–Nb–VMg–H, see black solid line and (c) MgH2–Zr–VMg–H,
see gray solid line. Inset: the RD curves in the low momentum region are
highlighted.
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(b) For the systems containing vacancies, the positron lifetimes
increase but they are strongly dependent on the type of
vacancy. It is interesting to point out that the H vacancy does
not significantly modify the local electron density at the
defect site unless it is associated with a Mg vacancy. In partic-
ular, for the defected MgH2–Nb and MgH2–Zr the lifetimes
are systematically below those calculated for the analogous
pure systems; this behavior indicates that these impurities
produce an increase in the local electron density in the defect.

� As a consequence that there are not reported experimental data
from coincidence Doppler broadening on studies on magnesium
hydrides systems, the calculated positron–electron momentum
distributions in the present work must be considered as a first
approach to a discussion on the role of vacancies and impurities
on the structural properties of the mentioned systems.
(c) From the results obtained in the present work, it can be con-

cluded that the presence of Nb or Zr impurities in a very low
concentration (at about 0.01 at.%) in the perfect MgH2 does
not produce a significant change in the electron momentum
density when compared to that of the pure hydride.

(d) In the magnesium hydride containing a Mg vacancy, it was
observed an important change in the electron density at
the vacancy site. Furthermore, it was found that the simulta-
neously presence of a substitutional impurity with a Mg
vacancy as nearest-neighbor produces important changes
in the respective electron momentum density at the vacancy
site.

For each system studied, the results obtained from the analysis
of the electron momentum distributions are in very good agree-
ment with those of the calculated positron lifetimes.

A final and important remark regarding the main conclusions of
the present work can be drawn from a comparative analysis of the
2D contour plots representing the positron wave function, ob-
tained from positron calculations, and the electron density, ob-
tained from electronic calculation. In fact, the results obtained for
each system show that in every case both plots are absolutely com-
plementary indicating that positrons and electrons revealed the
same effect.
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