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Calculation of the electronic and structural properties of cubic Mg2NiH4

G. N. Garcı´a,* J. P. Abriata, and J. O. Sofo
Centro Atómico Bariloche and Instituto Balseiro, Comisio´n Nacional de Energı´a Atómica, (8400) Bariloche RN, Argentina
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The electronic, structural, and stability properties of the cubic hydride Mg2NiH4 are analyzed based onab
initio total-energy calculations. We evaluate the electronic band structures, density of states, charge-density
distributions, and bond character for different hydrogen configurations. The hydrogen distribution that mini-
mizes the total energy corresponds to a tetrahedrally distorted square-planar coordination of the nickel atoms
with a Ni-H bond length of 1.548 Å, in good agreement with neutron-diffraction experimental data. The
evaluation of the relative stabilities of Mg2NiH4 and other hypothetical compounds of composition
Mg2NiHd (d50,2,4,6) agree with the observation that essentially stoichiometric Mg2NiH4 is the only phase
present in the equilibrium phase diagram of the Mg-Ni-H system.@S0163-1829~99!13413-1#
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I. INTRODUCTION

Metal hydrides based on intermetallic compounds are
tractive candidates for hydrogen storage. In particular,
compound Mg2Ni reacts readily with gaseous hydrogen
form the stable hydride Mg2NiH4 which, from the engineer-
ing point of view, is considered to be a very convenie
material for storage purposes.1 The reaction occurs by pre
cipitation of Mg2NiH4 from the hexagonal intermetalli
compound Mg2Ni upon hydrogen absorption. Hexagon
Mg2Ni is able to dissolve only a small amount of hydroge
namely up to Mg2NiH0.3.2,3

The hydride Mg2NiH4 is the only stable ternary com
pound observed in the Mg-Ni-H system.4 This compound
shows a well-defined stoichiometry, essentially independ
of temperature and hydrogen partial pressure.5 Under the
partial pressure of one atmosphere of hydrogen, Mg2NiH4
shows a structural phase transition at 510 K to a cubic h
temperature form~HT! where the metal atoms have a
antifluorite-type structure.6 The low-temperature form o
Mg2NiH4 is monoclinic and represents a slightly distort
antifluorite lattice.7

An essential piece of information for the full characteriz
tion of any metal hydride is the description of the distrib
tion of hydrogen atoms within the structure of the host. T
information is relevant to the understanding and control
the hydrogen sorption properties. In this paper we conc
trate on the hydrogen distribution in the cubic HT
Mg2NiH4 . For this phase, hydrogen8 atomic positions and
temperature factors have been investigated experimen
by several authors using neutron-diffraction techniques.2,9–11

In spite of these efforts, no final conclusion seems to h
been reached on the interpretation, modeling, and struc
refinement of these experimental data.4

In Fig. 1 we represent the antifluorite metal lattice
Mg2NiH4 and the whole set of hydrogen interstitial positio
which have been considered by different authors in the in
pretation of experimental data.2,9–12 These positions are
specified in terms of Wyckoff notation.13 We first refer to
those positions where the hydrogen atoms can be consid
as associated to the metal atoms of the more easily hyd
forming element, Mg in this case. One possible distribut
PRB 590163-1829/99/59~18!/11746~9!/$15.00
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which has been proposed9 corresponds to the H atoms form
ing a tetrahedral complex H4 placed inside the Mg cube cag
of the antifluorite structure. This tetrahedron is represente
Fig. 1~a! and in Wyckoff notation corresponds to position
48i . Another possible distribution considered is the H ato
in positions 48h, forming a MgH6-tilted octahedral complex
as shown in Fig. 1~b!.2 These two possible modes of ass
ciation of H to the Mg atoms have been discarded2,12 be-
cause, in the former case, the fitting of the diffraction expe
mental data using the H4 tetrahedron is not satisfactory2 and,
in the latter, an unusually short Mg-H distance is obtain
from the fitting using the MgH6 octahedral complex.12

Secondly, we refer to those interstitial positions where
H atoms are located in the neighborhood of the Ni atom a
can be considered as forming a complex of nominal com
sition NiH4 . Within this view we would have a coordinatio
complex rather than an interstitial metal hydride. Three p
sible H distributions around the Ni atom have been propo
in the literature in order to fit the neutron-diffractio
data,2,3,10,11 as follows: the partially occupied octahedr
sites3,10,11determined by positions 24e, Fig. 1~c!; the square
planar and the distorted square-planar distributions11 corre-
sponding to positions 96j , Figs. 1~d! and 1~e!, respectively;
and the regular tetrahedral arrangement10,11 corresponding
also to positions 96j , Fig. 1~f!. Positions 96j in Fig. 1~d!
coincide with one of the square-planar arrangements de
mined by positions 24e, Fig. 1~c!.

Structure factor calculations using the model defined
the 24e positions give a reasonably good agreement fac
for the fitting to the diffraction data.12 Attempts to improve
this model by allowing for anisotropic thermal displaceme
of the H atoms give better results in terms of refinemen11

Alternatively, similarly good results can be obtained
adopting the 96j positions shown in Fig. 1~e!, which consist
simply of small static displacements normal to the sim
square-planar arrangement of Fig. 1~d!.11 The simple square-
planar arrangement of H atoms shown in Fig. 1~d! has been
assumed in order to explain some NMR measuremen14

with this distribution of highly correlated H atoms rotatin
isotropically and fast around the Ni atom and in fact gen
ating a statistically populated 24e sublattice as in Fig. 1~c!.
Regarding the regular tetrahedral arrangement of H ato
11 746 ©1999 The American Physical Society
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FIG. 1. Possible hydrogen atom sites in the antifluorite metal lattice structure of Mg2NiH4 , as proposed by several authors~see text!.
These sites are indicated in terms of Wyckoff notation. Solid lines connecting hydrogen atoms do not intend to represent H-H bond
shown to guide the eye.
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around the Ni atom,10 Fig. 1~f!, it has been concluded to b
an inadequate model for structure refinement purposes
after allowing for thermal displacements.11

In spite of the ambiguity in choosing among the differe
distributions just described, a rather important feature co
mon to all them is the relatively constant value obtained
the Ni-H distance, namelydNi-H51.55 Å.11 This indicates
the existence of a well-defined bonding length between
Ni and H atoms within the NiH4 complex, independent of th
particular relative positions taken by the hydrogen atom
Summarizing, although the existence of a NiH4 complex ap-
pears to be assured from the experimental point of view,
information obtained from neutron-diffraction data is am
biguous enough to hinder the determination of the detaile
configuration around the Ni atoms.12

The aforementioned experimental investigations of the
distribution in cubic Mg2NiH4 have been complemented b
theoretical calculations of the electronic structure.15–18Gupta
et al.15,16 have calculated the electronic structure for tw
possible configurations of H atoms. These configurati
correspond to the 48h and the statistically occupied 24e oc-
tahedral arrangement, using a Ni-H distance of 2.30 and 1
Å, respectively. Guptaet al. found that Mg2NiH4 should in
both cases be a semiconductor, but the origin of the gap
the nature of the bonds turned out to be different in e
case. Although no total-energy calculations have been
formed by these authors they decided that the most stab
configuration is the 24e based on available experiment
band-gap values.15,16,19,20

Lindberg et al.17 calculated the structure of the NiH4
complex by means of a schematic model which accounts
the ionic Mg lattice simply through its Coulomb field. Th
geometry of this complex was obtained by minimizing
total energy. Their conclusion is that the structure and bo
en
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ing of the NiH4 complex depend strongly on its total charg
and therefore on the charge arbitrarily assigned to the
ions. They found that for Mg11 ~an uncommon oxidation
state for Mg! the@NiH4#22 complex would adopt the square
planar distribution. On the other hand, assuming Mg12, the
@NiH4#24 complex would take the regular tetrahedral co
figuration. In the first case the calculated Ni-H distance
close to the value obtained from experimental neutr
diffraction data, whereas in the second case the discrepa
between the calculated and measured values of this dist
is significantly larger. More recently, Takahashiet al.18 have
analyzed theoretically the electronic structure of the hy
thetical Mg2NiH6 compound, where positions 24e are con-
sidered fully filled with H atoms. These authors conclud
that a strong Ni-H bonding exists, withdNi-H51.49 Å.

In conclusion, the experimental and theoretical resu
available on the H distribution in the cubic phase
Mg2NiH4 are not enough to establish completely the nat
of this distribution. The present work aims to contribute
this problem by considering the energetics of specific,
lected arrangements for the NiH4 complex, usingab initio
total-energy calculations. In particular, we study those H
rangements described by the 96j positions in the range be
tween the square-planar configuration, Fig. 1~d!, and the
regular tetrahedron, Fig. 1~f!. Judging from the available ex
perimental information, the theoretical study of this partic
lar set of configurations seems to be an adequate choic
analyze the equilibrium hydrogen arrangement in the cu
phase of Mg2NiH4 .

This work is organized as follows. In Sec. II we prese
theab initio total-energy calculation method. The results o
tained for the calculated structural properties of the cu
hydride Mg2NiH4 , electronic band structure, density o
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11 748 PRB 59G. N. GARCÍA, J. P. ABRIATA, AND J. O. SOFO
TABLE I. Optimized values for the internal parametersx andz for different hydrogen configurations. Th
lattice constant used in our calculations is the experimental valuea56.507 Å ~Refs. 10 and 11!.

Square Tetrahedrally distorted Regular
planar square planar tetrahedral Experimenta

96j (z50) 96j (x@z) 96j (x5A2z) dataa

x 0.2379 0.2208 0.1903 0.232
z 0.0 0.0883 0.1345 0.053
Energy~eV/formula unit! b 0.088 0.0 0.065
d(Ni-H)(Å) 1.548 1.548 1.516 1.55
d(Mg-H)(Å) 2.302 1.948 1.833 2.07
d(H-H)(Å) 2.189 2.334 2.477 2.24
Bending angle~degrees! 0.0 21.8 35.3 12.9

aReference 11.
bTotal energy relative to the configuration of lowest energy.
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states, and charge-density distribution are described in
III. In Sec. IV we discuss the stability properties of Mg2NiH4
with reference to the Mg-Ni-H equilibrium phase diagra
The conclusions are given in Sec. V.

II. TOTAL-ENERGY CALCULATION METHOD

For ourab initio calculations of total energies we use t
full-potential linearized augmented plane-wave meth
~FP-LAPW!.21 In brief, this is an implementation of density
functional theory with different possible approximations f
the exchange and correlation potential, including the loc
spin-density approximation~LSDA!. The Kohn-Sham equa
tions are solved using a basis of linearized augmented p
waves.22 For the exchange and correlation potential we u
the Perdew and Wang23 parametrization of the Ceperley
Alder data in the LSDA case. Local orbital extensions to
LAPW basis24 are used to describe the 3s and 3p orbitals of
Mg, and the 3p orbitals of Ni. The wave functions are ex
panded up tol 510 within the muffin-tin spheres, and th
potential and charge density are expanded up tol 56. We use
a converged basis set of around 2000 plane waves a
sampling of the Brillouin zone~BZ! of 400 points, which in
the irreducible wedge of the BZ correspond to 40 points
the case of the square-planar configuration and 58 for
tetrahedrally distorted square-planar and regular tetrahe
configurations. Muffin-tin radius of 1.8 Bohr for Mg and N
and 0.8 for H are used.

III. STRUCTURE OF Mg 2NiH4

A. Structural model and total energy

We search for the hydrogen positions that minimize
total energy of the cubic hydride Mg2NiH4 . The unit cell of
this hydride corresponds to the cubic antifluorite struct
~space groupFm3m) with Ni fully occupying the 4a sites
and Mg the 8c sites.13 The positions of Ni and Mg are fully
determined by symmetry, without internal degrees of fr
dom. This is not the case of the hydrogen atoms and
stated in the Introduction, we will explore the hydrogen
rangements that correspond to a complex NiH4 , with the
four H atoms located at (x,0,z), (0,x,2z), (2x,0,z), and
(0,2x,2z), in units of the lattice constant. These are on
four of all the possible 96j sites available in the structure
c.
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which coincide with 24e sites whenz50, and form a regular
tetrahedron around Ni whenx5A2z. Tetrahedral distortions
are characterized by the bending angle arctan(z/x). In our
calculations we use the experimental lattice constant valu
a56.507 Å.5,11 The number of valence electrons involve
is 18 per formula unit Mg2NiH4 .

We have minimized the total energy with respect to t
internal parameters,x and z. The results obtained for the
different configurations are summarized in Table I toget
with corresponding experimental values obtained by Nor´us
and Olson from neutron-diffraction data.11 The tetrahedrally
distorted square-planar configuration shows the smallest
ergy, withx50.2208 andz50.0883, in good agreement wit
the experimental values. The calculated Ni-H bond length
dNi-H51.548 Å which compares well with the experiment
value of 1.55 Å. The bending angle we obtain is 21.8 d
grees, while the value deduced from experimental data i
12.9 degrees. We think that this difference might be due
thermal-expansion effects and we are currently studying
dependence of the bending angle on volume changes.

B. Band structure

The hydrogen arrangement around the nickel atom ha
noticeable impact on the band structure of the compou
mainly close to the Fermi level. In Fig. 2 we show the ba
structures calculated for each of the configurations of hyd
gens atoms around nickel relevant to our discussion:
square planar, the tetrahedrally distorted square planar,
the regular tetrahedron. As can clearly be seen from the
ure, the planar distribution would have a metallic behavi
the regular tetrahedron would be a semiconductor with
indirect gap, and the tetrahedrally distorted square-plana
rangement shows a pseudogap, a region around the F
level with a very low density of states. To understand the
differences it is useful to have a general picture of the ch
acter of the bands of cubic Mg2NiH4 . In the three cases
shown in the figure, there is a separate set of four ba
starting at around210 eV. These are mainly hydroge
states corresponding to the four 1s hydrogen orbitals. Be-
tween this group of bands and the Fermi level there are
bands corresponding mainly to the nickel 3d orbitals. Above
the Fermi level we found an empty magnesium 3s band and
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FIG. 2. Electronic band structures for the three hydrogen configurations listed in Table I.
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a nickel 4s band. As a result the magnesium is almost in
12 state, transferring its two 3s electrons to the NiH4 com-
plex.

Four of the five 3d nickel bands are almost flat and th
upper one, whose main character isdx22y2, is strongly de-
pendent on the hydrogen arrangement around nickel. In
square-planar configuration this band is strongly hybridiz
with the hydrogen orbitals, mainly at theG point. Because of
this hybridization the energy is higher and the band cros
the Fermi level. Since thedx22y2 orbital has its charge den
a

he
d

es

sity mainly in the plane, by changing the bending angle
hybridization is reduced and the energy at theG point is
lowered, thus opening a gap at some point. The minim
hybridization is obtained for the regular tetrahedral config
ration where the band gap is a maximum.

The character of the different atomic states is shown
the density-of-state plots given in Fig. 3. In this figure t
density of states for the three configurations considere
shown together with the partial density states correspond
to the magnesium, nickel, and hydrogen sites. For the m
ell.
FIG. 3. Electron density of states for the three hydrogen configurations listed in Table I, in number of states per eV per c
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FIG. 4. Partial Nid and Hs charge densities along the~010! and~110! planes of the unit cell. The charge-density scale is shown fr
0 to 2 electrons per Å3.
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mum energy configuration, the tetrahedrically distort
square planar, we can clearly see a feature mentioned ab
i.e., the pseudogap shows up as a very low density of st
at the Fermi level. In this region there is a very highly d
persive band that touches the Fermi level from lower en
gies. The contribution of this band to the density of state
almost negligible compared to the contribution of the othed
states of nickel.

In the literature of Mg2NiH4 it is usual to mention the
18-electron rule as a reason for its stability.15 This picture is
appealing through the comparison with the stable electro
structure of a novel gas atom where alls, p, andd shells are
filled. Our band-structure results for Mg2NiH4 show that the
18 valence electrons occupy nine states of the NiH4 complex.
Of course, they are not states of an atom. Thes subshell, for
example, is formed by the symmetric combination of t
four 1s hydrogen orbitals. Thep subshell is also represente
by the adequate combination of these states. The additio
more hydrogen atoms to Mg2NiH4 gives rise to new states o
d symmetry and lower energies than those of the nickeld
bands. These states interact producing bonding and antib
ing combinations. Accordingly, the explanation to the fa
that no more hydrogen can be incorporated to the structur
d
ve,
es
-
r-
is

ic

of

d-
t
of

Mg2NiH4 is based not on a rigid-band-type model but
such interplay between the symmetry of the linear combi
tion of hydrogen 1s orbitals and the nickel 3d states, with
the resulting partial filling of the antibonding states.

C. Bonding and charge-density distribution

The charge-density distribution is obtained directly fro
the self-consistent calculation. The average valence ch
density corresponds to 72 electrons per unit cell. We s
now discuss the nature of the nickel-hydrogen a
magnesium-NiH4 bonds looking at the distribution of charg
within the unit cell.

Figure 4 shows the distributions of partial charge densi
of the bands composed mainly of Nid and Hs orbitals along
two planes of the unit cell, the~010! and~110!. From the cut
along the ~010! plane we notice that the bands that a
mainly H s in character will have some charge accumulati
on the sites of Ni, and the bands that are mainly Nid present
some weight in the H region. This, together with the cha
accumulation between both atoms, suggests a strong c
lent character of the Ni-H bond.
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FIG. 5. Electronic band structure for the stable hydrogen configuration of Mg2NiH4 ~a! and for the hypothetical compound with th
Mg21 ions removed~b!.
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The cut along the~110! plane containing the Mg atom
shows that Mg has almost completely released its 3s elec-
trons to the Ni-H bond. Thus, as already mentioned abo
magnesium does not really participate in determining the
lence states of the hydride. To further analyze the influe
of magnesium, we have calculated the band structure
hypothetical compound in which the atomic positions a
those of Mg2NiH4 , except for the Mg21 ions, which have
been removed. As shown in Fig. 5, the band structure of
hypothetical compound is remarkably similar to that of t
real Mg2NiH4 . In the same way as for the real hydride, t
four states of hydrogen are placed below the five state
nickel and the bandwidth is very similar. These results sh
that the magnesium states do not really participate in
valence bands of the hydride.

IV. STABILITY PROPERTIES OF Mg 2NiH4

The compound Mg2NiH4 is the only ternary phase prese
in the stable equilibrium phase diagram of the Mg-Ni-H sy
tem, where it shows a very restricted range
nonstoichiometry.4 This indicates that the relative free e
ergy of formation of this phase is definitely negative a
quite sharp as a function of composition around the va
Mg2NiH4 . Since these stability properties are very importa
from the point of view of applications in hydrogen storag
in what follows we shall discuss them in terms of the cu
form of Mg2NiH4 .

A. Stoichiometry

Although the stability properties of Mg2NiH4 are simple
to state phenomenologically, their explanation in terms
e,
-
e
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e

is

of
w
e

-
f

e
t
,

f

electronic properties is an exceedingly complicated prob
to solve since, in principle, all ternary compositions and
structures should be examined energetically. In our case
shall drastically restrict this examination to the antifluor
Mg2NiHd structure as a function of hydrogen content,d,
with the hydrogens arranged around the Ni atoms. We h
performed total-energy calculations ford50,2,4,6, evaluat-
ing the corresponding enthalpy of formations relative to
antifluorite compound Mg2Ni (d50) and molecular H2 .
Regarding the valued56, there is enough space in the cry
tal structure of Mg2NiH4 to incorporate two more hydroge
atoms per formula unit in an octahedral arrangement. T
reason why Mg2NiH6 does not appear in the stable equili
rium phase diagram can be traced, as already mentione
the electronic structure of this compound. We have cons
ered only even values ofd simply to avoid the computationa
effort involved in the calculation of structures without inve
sion symmetry.

In all cases we optimized the energy with respect to
volume and the Ni-H distance. The results obtained are lis
in Table II and represented in Fig. 6.

Although our results are valid at 0 K, they neverthele
suggest that fordÞ4 the antifluorite Mg2NiHd structure is
unstable, and will decompose into Mg2Ni1Mg2NiH4 for d
,4, and into Mg2NiH41H2 for d.4. This decomposition
behavior agrees with the experimental observation that
Mg2NiH4 has a well-defined stoichiometry and is the on
phase observed in the stable equilibrium Mg-Ni-H terna
phase diagram.

B. Electron counting

Since we are mainly interested in its hydrogen conte
the cubic phase Mg2NiH4 can be conceived as resulting fro
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TABLE II. Optimized lattice parameter and Ni-H distance for the antifluorite structure of Mg2NiHd , as
a function ofd. DH f is the calculated enthalpy of formation relative to the antifluorite compound Mg2Ni
(d50) and molecular H2 (22.3492 Ry).

d Lattice parameter~Å! Ni-H distance~Å! d/(21d) a DH f(kJ/mole)

0 6.000 0.0 0.0
2 6.151 1.524 0.50 29.8
4 6.443 1.548 0.67 214.6
6 6.267 1.636 0.75 7.7

ad/(21d) is the mole fraction of H2 .
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the filling of the hydrogen sites starting from the metastab
hydrogen-free, antifluorite-type compound Mg2Ni. Hydro-
gen can be thought of as being progressively incorporate
the antifluorite structure of Mg2Ni until the composition
NiH4 is reached by the complex constituted by Ni plus t
neighboring hydrogen atoms. In other words, upon hydro
absorption the Ni atoms in cubic Mg2Ni are finally substi-
tuted by the complex NiH4 , and the ternary Mg-Ni-H phas
diagram demonstrates that at this specific hydrogen con
the cubic Mg2NiHd phase becomes abruptly stable as a fu
tion of d.

According to this image, cubic Mg2NiH4 is a member of
the Mg2X family of compounds with the antifluorite struc
ture where the Mg ions define the simple cubic sublatti
The consideration of this broader spectrum of mater
might allow us to give a more global picture of the stabil
properties of Mg2NiH4 . In fact, Hume-Rothery25 pointed out
the existence of well-defined antifluorite-type compounds
composition Mg2IVB, where IVB represents an element o
the Group IVB~Si, Ge, Sn, Pb!. For these particular binary
systems, and identical to the case of Mg2NiH4 , the antifluo-
rite phase Mg2IVB is the only intermediate phase present
the respective stable equilibrium phase diagram, showin
all cases a negligible range of nonstoichiometry.26 These
Mg2IVB compounds have been considered as typical
amples of compounds where the electropositive Mg ato
transfer most of their valence electrons to the electronega
IVB elements.25,27 In this way an essentially closeds-p elec-
tron shell results, and each IVB atom tends to complete
octet of valence electrons and so reach an electronic struc

FIG. 6. Enthalpy of formationDH f of the antifluorite Mg2NiHd

phase relative to Mg2Ni (d50) and molecular H2 , as a function of
the mole fraction of H2 , d/(21d), see Table II.
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similar to that of the next inert gas element. This is ess
tially an ionic description, and the resulting stabilization
the now formally written (Mg21)2IVB42 phase is very
strong and very specific in composition. Thus, band gaps
nonmetallic behavior should, in principle, be expected
these compounds.28,29 This qualitative bonding picture fo
the Mg2IVB compounds is supported by recent calculatio
of their electronic structures27,30 which reveal the following
bonding situation: a weak Mg-Mg and IVB-IVB bonding
with a high degree of ionicity, and a predominantly ion
bonding between the Mg and IVB atoms. For example, th
general bonding features are reflected in the electron-den
map for the~110! plane of Mg2Ge shown in Fig. 7~a!, as
calculated by us.

Consider now the antifluorite Mg2NiH4 compound, in-
cluding for completeness its homologous Mg2CoH5 and

FIG. 7. Electron density maps calculated in this work f
Mg2Ge ~a! and Mg2NiH4 ~b! along the plane~110! of the antifluo-
rite unit cell. The contours are equally spaced between 0.005
0.3 electrons per Å3. The lattice parameters used are the experim
tal values, 6.385 Å for Mg2Ge ~Ref. 31! and 6.507 Å for
Mg2NiH4 ~Refs. 10 and 11!.
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Mg2FeH6. These hydrides fit in terms of lattice paramete
within the series determined by the Mg2IVB compounds. In
Table III room-temperature lattice parameters are listed
the antifluorite-type compounds Mg2X (X5Si, Ge, Sn, Pb,
FeH6,CoH5, and NiH4). The close values given for Mg2Ge
and Mg2NiH4 , and Mg2FeH6 and Mg2CoH5, strongly sug-
gest the existence of close similarities between their res
tive electric charge distributions; in particular, this points
an equivalence between the tetravalent entities Ge42 and
@NiH4#42. In Fig. 7~b! we show our results for the electro
density map on the~110! plane of cubic Mg2NiH4 , calcu-
lated for the stable configuration of the complex NiH4 . The
close similarity with the case of Mg2Ge, Fig. 7~a!, is remark-
able. Hence, and in line with the octet filling picture a
vanced for Mg2Ge, the tetravalent complexe
@NiH4#42, @CoH5#42, and@FeH6#42, could be described a
different kinds of pseudo-Ge42 anions. Alternatively, they
could be considered as quite different valence state arra
ments of 18 electrons in closed-shell configurations aro
the transition-metal atom. Both points of view go along w
an inert gas formulation of the transition metal-hydrog
cluster, and in fact this formulation has its semiempiric
counterpart in the well-known 18-valence electron rule34

The main difference between Ge42 and @NiH4#42,
@CoH5#42, and @FeH6#42, is in the energy ordering of the
nine occupied electron levels, which in each hydride depe
essentially on the particular radial behavior of the elect
wave functions centered in the transition-metal atom. Th
the nature of the resulting energy band gap will eventua
depend on each particular hydride. In this connection, it
already been remarked by Guptaet al.16 that nine-band-
filling effects appear to be a most important fact
when considering the stability of the series of nonmeta
hydrides Mg2NiH4 , Mg2CoH5, and Mg2FeH6. These au-
thors remarked that the tetravalent complex
@NiH4#42, @CoH5#42, and@FeH6#42, all satisfy the 18 va-
lence electron rule. Even more generally, Gupta15 has
pointed out that Mg2NiH4 belongs to a family of antifluorite
ternary metal hydridesM2TMHe , where M is a divalent
simple metal (M5Mg, Ca, Sr! and TM a transition meta
(TM5Fe, Co, Ni, Rh, Ir, Ru, Os!; in this family, the value of
e for a given TM is such that the 18 valence electron rule
always satisfied.

TABLE III. Room-temperature lattice parameters for antiflu
rite compounds Mg2X.

Compound Lattice parameter~Å!

Mg2Si a 6.35
Mg2Gea 6.39
Mg2FeH6

b 6.43
Mg2CoH5

c 6.43
Mg2NiH4

d 6.48
Mg2Sna 6.76
Mg2Pba 6.81

aReference 31.
bReference 32.
cReference 33.
dReference 11.
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The fact that the Mg2NiH4 has a well-defined stoichiom
etry and is the only phase observed in the Mg-Ni-H tern
phase diagram can be also discussed in terms of the iner
formulation mentioned above. In fact, it could be argued t
the energy associated with the fragment@NiHd#d2 changes
with d in analogy with the variation of the free-atom tot
energy when moving horizontally in the Periodic Table t
wards and across the inert gas element. In the latter ca
strong and positive discontinuity is observed in the ene
derivative with respect to electron number at the inert g
value, related to a sudden change in the ionization energ
In the case of@NiHd#d2 there is a significant positive chang
in the energy rate of change with delta when crossing
value d54 associated either with the presence of a gap
more generally, of a pseudogap in the electron density
states.

V. CONCLUSIONS

We have studied the energetics of the cubic hydr
Mg2NiH4 for different hydrogen arrangements and obtain
the hydrogen positions that minimize the total energy. T
minimum-energy configuration corresponds to a tetra
drally distorted square-planar distribution of hydrogen ato
around the nickel atom, which is in agreement with neutro
diffraction data. The calculated Ni-H bond length isdNi-H
51.548 Å, while the experimental value is of 1.55 Å.11 In
turn, the optimized bending angle characterizing the tetra
dral distortion is of 21.8 degrees and the value obtained fr
fitting experimental diffraction data is of 12.9 degrees.11 It is
interesting to remark that the Ni-H equilibrium distance a
pears to be relatively independent of the bending angle,
therefore seems characteristic of the NiH4 complex.

The electronic band structure of this compound close
the Fermi level is strongly dependent on the arrangemen
the hydrogen atoms around the nickel atom. The characte
the valence bands is given by the mixture of nickel 3d or-
bitals with a small component of the proper combination
the four hydrogen 1s orbitals. The hydrogen square-plan
distribution results in a metallic compound with a high
dispersing band crossing the Fermi level. The tetrahedr
distorted square-planar distribution, i.e., the hydrogen c
figuration which minimizes the energy, generates a ba
structure showing a pseudogap at the Fermi level. Fina
the regular tetrahedral arrangement produces a semicon
tor with an indirect gap of 1.17 eV.

From the calculated charge distribution we can infer
type of bonding in Mg2NiH4 . Hydrogen is covalently
bonded with nickel forming a complex@NiH4#42 which in
turn bonds ionically to the Mg21 ions. The charge distribu
tion in cubic Mg2NiH4 strongly resembles that of the famil
of compounds Mg2IVB, confirming the idea of a@NiH4#42

entity similar to the IVB42 ions. Thus, Mg2NiH4 can be
considered as a member of the Mg2X family of compounds
with antifluorite structure, including regularity in the lattic
parameters, charge distributions, and the ionic bonding
tween the@NiH4#42 cluster and the Mg21 ions.

We have analyzed the stability properties of Mg2NiH4
and studied the energy of the antifluorite compoun
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Mg2NiHd with d50,2,4,6. Our results suggest that fordd
Þ4 the antifluorite Mg2NiHd structure is unstable and wi
decompose into Mg2Ni1Mg2NiH4 for d,4, and into
Mg2NiH41H2 for d.4. This decomposition behavior agre
with the experimental observation that the Mg2NiH4 has a
well-defined stoichiometry and is the only phase observe
the equilibrium Mg-Ni-H phase diagram.
o

s

.

,

g

e

in

ACKNOWLEDGMENTS

This work has been partially supported by the Agenc
Nacional de Promocio´n Cientı́fica y Tecnolo´gica ~Argen-
tina!, Project No. 03-00000-00680, Contract No. BID 80
OC-AR, Cooperativa de Electricidad Bariloche, and Fund
ción Balseiro. J.O.S. was supported by CONICE
~Argentina!.
.

.

-

d

,

.

d

.

*Author to whom correspondence should be addressed; electr
address: garciag@cab.cnea.edu.ar

1G. Sandrock, S. Suda, and L. Schlapbach,Topics in Applied
Physics, Hydrogen in Intermetallic Compounds II~Springer,
Berlin, 1992!, Vol. 67, p. 210; P. Dantzer,Topics in Applied
Physics, Hydrogen in Metals III~Springer, Berlin, 1997!, Vol.
73, p. 279.

2B. Darriet, J.L. Soubeyroux, M. Pezat, and D. Fruchart, J. Le
Common Met.103, 153 ~1984!.

3J. Schefer, P. Fischer, W. Ha¨lg, F. Stucki, L. Schlapbach, J.J
Didisheim, K. Yvon, and A.F. Andresen, J. Less-Common Me
74, 65 ~1980!.

4P. Villars, A. Prince, and H. Okamoto,Handbook of Ternary
Phase Diagrams~American Society for Metals, Metals Park
OH, 1995!, Vol. 9, p. 11 659.

5J.J. Reilly and R.H. Wiswall, Jr., Inorg. Chem.7, 2254~1968!.
6Z. Gavra, M.H. Mintz, G. Kimmel, and Z. Hadari, Inorg. Chem

18, 3595~1979!.
7P. Zolliker, K. Yvon, J.D. Jorgensen, and F.J. Rotella, Inor

Chem.25, 3590~1986!.
8Structural differences between hydrides and deuterides are

glected.
9J. Genossar and P.S. Rudman, J. Phys. Chem. Solids42, 611

~1981!.
10K. Yvon, J. Schefer, and F. Stucki, Inorg. Chem.20, 2776~1981!.
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19D. Lupu, R. Saˆrbu, and A. Biriş, Int. J. Hydrogen Energy12, 425
~1987!.

20Y. Fujita, M. Yamaguchi, and I. Yamamoto, Z. Phys. Chem
~Leipzig! 163, 633 ~1989!.

21P. Blaha, K. Schwarz, and J. Luitz,WIEN97, Vienna University of
Technology, 1997.@Improved and updated UNIX version of the
original copyrighted WIEN code, published by P. Blaha, K.
Schwarz, P. Soratin, and S.B. Trickey, in Comput. Phys. Com
mun.59, 399 ~1990!.#

22D. Singh,Plane Waves, Pseudopotentials, and the LAPW Metho
~Kluwer Academic, New York, 1994!.

23J.P. Perdew and Y. Wang, Phys. Rev. B45, 13 244~1992!.
24D. Singh, Phys. Rev. B43, 6388~1991!.
25W. Hume-Rothery,The Structure of Metals and Alloys, 3rd ed.

~Institute of Metals Monographs and Report Series, London
1954!.

26Binary Alloy Phase Diagrams, 2nd ed., edited by T. Massalski, H.
Okamoto, P. Subramanian, and L. Kacprzak~American Society
for Metals, Metals Park, OH, 1990!.

27J.L. Corkill and M.L. Cohen, Phys. Rev. B48, 17 138~1993!.
28J. Tejeda and M. Cardona, Phys. Rev. B14, 2559~1976!.
29P.M.T.M. van Attekum, G.K. Wertheim, G. Crecelius, and J.H

Wernick, Phys. Rev. B22, 3998~1980!.
30P. Baranek, J. Schamps, and I. Noiret, J. Phys. Chem. B101,

9147 ~1997!.
31Numerical Data and Functional Relationships in Science an

Technology, Landolt-Börnstein, New Series, edited by K.H.
Hellwege, Group III: Crystal and Solid State Physics, Vol. 6
~Springer, Berlin, 1971!.

32J.J. Didisheim, P. Zolliker, K. Yvon, P. Fischer, J. Schefer, M
Gubelmann, and A.F. Williams, Inorg. Chem.23, 1953~1984!.

33P. Zolliker, K. Yvon, P. Fischer, and J. Schefer, Inorg. Chem.24,
4177 ~1985!.

34D. Mingos and J. Hawes,Structure and Bonding~Springer, Ber-
lin, 1986!, Vol. 63, pp. 1–63.


