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The electronic, structural, and stability properties of the cubic hydridgNildy, are analyzed based @b
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 A, in good agreement with neutron-diffraction experimental data. The
evaluation of the relative stabilities of MBiH, and other hypothetical compounds of composition
Mg,NiHs (6=0,2,4,6) agree with the observation that essentially stoichiometrig\iNty, is the only phase
present in the equilibrium phase diagram of the Mg-Ni-H syste0163-182@9)13413-1

I. INTRODUCTION which has been proposédorresponds to the H atoms form-
ing a tetrahedral complexplaced inside the Mg cube cage

Metal hydrides based on intermetallic compounds are atef the antifluorite structure. This tetrahedron is represented in
tractive candidates for hydrogen storage. In particular, théig. 1(@ and in Wyckoff notation corresponds to positions
compound MgNi reacts readily with gaseous hydrogen to 48i. Another possible distribution considered is the H atoms
form the stable hydride MdNiH, which, from the engineer- in positions 48, forming a MgH;-tilted octahedral complex
ing point of view, is considered to be a very convenientas shown in Fig. (b).? These two possible modes of asso-
material for storage purposéshe reaction occurs by pre- ciation of H to the Mg atoms have been discardéde-
cipitation of MgNiH, from the hexagonal intermetallic cause, in the former case, the fitting of the diffraction experi-
compound MgNi upon hydrogen absorption. Hexagonal mental data using the Hetrahedron is not satisfactdrgnd,
Mg,Ni is able to dissolve only a small amount of hydrogen,in the latter, an unusually short Mg-H distance is obtained
namely up to MgNiH, 5.%° from the fitting using the Mgkl octahedral comple}

The hydride MgNiH, is the only stable ternary com- Secondly, we refer to those interstitial positions where the
pound observed in the Mg-Ni-H systéhiThis compound H atoms are located in the neighborhood of the Ni atom and
shows a well-defined stoichiometry, essentially independertan be considered as forming a complex of nominal compo-
of temperature and hydrogen partial pressuténder the  sition NiH,. Within this view we would have a coordination
partial pressure of one atmosphere of hydrogen,Mll§,  complex rather than an interstitial metal hydride. Three pos-
shows a structural phase transition at 510 K to a cubic highsible H distributions around the Ni atom have been proposed
temperature form(HT) where the metal atoms have anin the literature in order to fit the neutron-diffraction

antifluorite-type structur®. The low-temperature form of data>>'%!* as follows: the partially occupied octahedral
Mg,NiH, is monoclinic and represents a slightly distorted sites"***determined by positions 24 Fig. 1(c); the square
antifluorite lattice’ planar and the distorted square-planar distribufibosrre-

An essential piece of information for the full characteriza-sponding to positions 96 Figs. Xd) and Xe), respectively;
tion of any metal hydride is the description of the distribu-and the regular tetrahedral arrangem@ht corresponding
tion of hydrogen atoms within the structure of the host. Thisalso to positions 96 Fig. 1(f). Positions 96 in Fig. 1(d)
information is relevant to the understanding and control ofcoincide with one of the square-planar arrangements deter-
the hydrogen sorption properties. In this paper we concenmined by positions 28, Fig. 1(c).
trate on the hydrogen distribution in the cubic HT of Structure factor calculations using the model defined by
Mg,NiH,. For this phase, hydrogBratomic positions and the 24 positions give a reasonably good agreement factor
temperature factors have been investigated experimentalfpr the fitting to the diffraction dat¥ Attempts to improve
by several authors using neutron-diffraction technictiés!  this model by allowing for anisotropic thermal displacements
In spite of these efforts, no final conclusion seems to havef the H atoms give better results in terms of refinentént.
been reached on the interpretation, modeling, and structurdlternatively, similarly good results can be obtained by
refinement of these experimental data. adopting the 96 positions shown in Fig. (), which consist

In Fig. 1 we represent the antifluorite metal lattice of simply of small static displacements normal to the simple
Mg,NiH, and the whole set of hydrogen interstitial positions square-planar arrangement of Figdl'! The simple square-
which have been considered by different authors in the interplanar arrangement of H atoms shown in Fi¢d)lhas been
pretation of experimental dafd€~'? These positions are assumed in order to explain some NMR measureménts,
specified in terms of Wyckoff notatiol. We first refer to  with this distribution of highly correlated H atoms rotating
those positions where the hydrogen atoms can be considerébtropically and fast around the Ni atom and in fact gener-
as associated to the metal atoms of the more easily hydridetting a statistically populated 24ublattice as in Fig. (t).
forming element, Mg in this case. One possible distributionRegarding the regular tetrahedral arrangement of H atoms
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FIG. 1. Possible hydrogen atom sites in the antifluorite metal lattice structure gfliMg, as proposed by several authdsge text
These sites are indicated in terms of Wyckoff notation. Solid lines connecting hydrogen atoms do not intend to represent H-H bonds but are
shown to guide the eye.

around the Ni atom? Fig. 1(f), it has been concluded to be ing of the NiH, complex depend strongly on its total charge
an inadequate model for structure refinement purposes evehd therefore on the charge arbitrarily assigned to the Mg
after allowing for thermal displacemerits. ions. They found that for Mg' (an uncommon oxidation

In spite of the ambiguity in choosing among the differentg;ate for Mg the[ NiH,]~2 complex would adopt the square-
distributions just described, a rather important feature comg oo+ gistribution. On the other hand assuming‘Rigthe
mon to all them is the relatively constant value obtained fO'J[)NiH4]‘4 complex. would take the reg;ular tetrahedral con-

. . o 11 PR : ] ) . . .
the Ni-H distance, namerINI_H 1'55.A' This indicates figuration. In the first case the calculated Ni-H distance is
th.e existence of a vyell-deﬁ_ned bondlng length between th%Iose to the value obtained from experimental neutron-
Ni and H atoms within the Nigicomplex, independent of the diffraction data, whereas in the second case the discrepancy

articular relative positions taken by the hydrogen atoms o
gummarizing althopugh the existenceyof a I}I%‘bmglex ap- between the calculated and measured values of this distance
’ és significantly larger. More recently, Takahashial *® have

pears to be assured from the experimental point of view, th ; ]
information obtained from neutron-diffraction data is am-2nalyzed theoretically the electronic structure of the hypo-

biguous enough to hinder the determination of the detailed Hhetical MgNiHs compound, where positions @4re con-
configuration around the Ni atoms. sidered fully filled with H atoms. These authors concluded
The aforementioned experimental investigations of the Hhat a strong Ni-H bonding exists, with\;.;=1.49 A.
distribution in cubic MgNiH, have been complemented by  In conclusion, the experimental and theoretical results
theoretical calculations of the electronic structtte®Gupta ~ available on the H distribution in the cubic phase of
et al'>1% have calculated the electronic structure for twoMg,NiH, are not enough to establish completely the nature
possible configurations of H atoms. These configuration®f this distribution. The present work aims to contribute to
correspond to the 48and the statistically occupied @bc-  this problem by considering the energetics of specific, se-
tahedral arrangement, using a Ni-H distance of 2.30 and 1.4@cted arrangements for the Njitomplex, usingab initio
A, respectively. Guptat al. found that MgNiH, should in  total-energy calculations. In particular, we study those H ar-
both cases be a semiconductor, but the origin of the gap an@ngements described by thej9gositions in the range be-
the nature of the bonds turned out to be different in eactiween the square-planar configuration, Figd)l and the
case. Although no total-energy calculations have been peregular tetrahedron, Fig(f). Judging from the available ex-
formed by these authors they decided that the most stable perimental information, the theoretical study of this particu-
configuration is the 24 based on available experimental lar set of configurations seems to be an adequate choice to
band-gap value¥16:19.20 analyze the equilibrium hydrogen arrangement in the cubic
Lindberg et al!’ calculated the structure of the NjH phase of MgNiH,.
complex by means of a schematic model which accounts for This work is organized as follows. In Sec. Il we present
the ionic Mg lattice simply through its Coulomb field. The theab initio total-energy calculation method. The results ob-
geometry of this complex was obtained by minimizing itstained for the calculated structural properties of the cubic
total energy. Their conclusion is that the structure and bondhydride MgNiH,, electronic band structure, density of
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TABLE |. Optimized values for the internal parametgrandz for different hydrogen configurations. The
lattice constant used in our calculations is the experimental \&#t18.507 A (Refs. 10 and 11

Square Tetrahedrally distorted Regular
planar square planar tetrahedral Experimental
96j(z=0) 96j (x>2) 96j (x= /22) data?

X 0.2379 0.2208 0.1903 0.232
z 0.0 0.0883 0.1345 0.053
Energy(eV/formula unij ° 0.088 0.0 0.065
d(Ni-H)(A) 1.548 1.548 1.516 1.55
d(Mg-H)(A) 2.302 1.948 1.833 2.07
d(H-H)(A) 2.189 2.334 2.477 2.24
Bending anglgdegrees 0.0 21.8 35.3 12.9

aReference 11.
®Total energy relative to the configuration of lowest energy.

states, and charge-density distribution are described in Sewhich coincide with 24 sites wherz=0, and form a regular
lll. In Sec. IV we discuss the stability properties of MjH,  tetrahedron around Ni when= \2z. Tetrahedral distortions
with reference to the Mg-Ni-H equilibrium phase diagram. are characterized by the bending angle araan(In our

The conclusions are given in Sec. V. calculations we use the experimental lattice constant value of
a=6.507 A% The number of valence electrons involved
IIl. TOTAL-ENERGY CALCULATION METHOD is 18 per formula unit MgNiH,,.

For ourab initio calculations of total energies we use the W& have minimized the total energy with respect to the
full-potential linearized augmented plane-wave methodnternal parametersy and z. The results obtained for the
(FP-LAPW).2! In brief, this is an implementation of density- d|_fferent conf|gu_rat|ons are summarized in Tf'ible I tggether
functional theory with different possible approximations for With corresponding experimental values obtained by Msre
the exchange and correlation potential, including the localand Olson from neutron-diffraction dataThe tetrahedrally
spin-density approximatiofLSDA). The Kohn-Sham equa- distorted square-planar configuration shows the smallest en-
tions are solved using a basis of linearized augmented plar@ 9y, withx=0.2208 andz= 0.0883, in good agreement with
WaVGS%Z For the exchange and correlation potentiaj we uséhe experimental values. The calculated Ni-H bond length is
the Perdew and WaRy parametrization of the Ceperley- dnii=1.548 A which compares well with the experimental
Alder data in the LSDA case. Local orbital extensions to thevalue of 1.55 A. The bending angle we obtain is 21.8 de-
LAPW basig* are used to describe thes and 3 orbitals of ~ grees, while the value deduced from experimental data is of
Mg, and the $) orbitals of Ni. The wave functions are ex- 12.9 degrees. We think that this difference mlght be due to
panded up td =10 within the muffin-tin spheres, and the thermal-expansion effects and we are currently studying the
potential and charge density are expanded up-t6. We use ~ dependence of the bending angle on volume changes.

a converged basis set of around 2000 plane waves and a

sampling of the Brillouin zonéBZ) of 400 points, which in

the irreducible wedge of the BZ correspond to 40 points for B. Band structure

the case of the square-planar configuration and 58 for the The hydrogen arrangement around the nickel atom has a
tetrahedrally distorted square-planar and regular tetrahedr@bticeable impact on the band structure of the compound,
configurations. Muffin-tin radius of 1.8 Bohr for Mg and Ni, mainly close to the Fermi level. In Fig. 2 we show the band

and 0.8 for H are used. structures calculated for each of the configurations of hydro-
gens atoms around nickel relevant to our discussion: the
ll. STRUCTURE OF Mg ,NiH, square planar, the tetrahedrally distorted square planar, and

the regular tetrahedron. As can clearly be seen from the fig-
ure, the planar distribution would have a metallic behavior,
We search for the hydrogen positions that minimize thethe regular tetrahedron would be a semiconductor with an
total energy of the cubic hydride MyiH,. The unit cell of indirect gap, and the tetrahedrally distorted square-planar ar-
this hydride corresponds to the cubic antifluorite structuraangement shows a pseudogap, a region around the Fermi
(space groug-m3m) with Ni fully occupying the 4 sites  level with a very low density of states. To understand these
and Mg the & sites®® The positions of Ni and Mg are fully differences it is useful to have a general picture of the char-
determined by symmetry, without internal degrees of freeacter of the bands of cubic MiliH,. In the three cases
dom. This is not the case of the hydrogen atoms and, ashown in the figure, there is a separate set of four bands
stated in the Introduction, we will explore the hydrogen ar-starting at around—10 eV. These are mainly hydrogen
rangements that correspond to a complex Nikvith the  states corresponding to the fous hydrogen orbitals. Be-
four H atoms located atx(0,z), (0x,—2z), (—x,0z), and tween this group of bands and the Fermi level there are five
(0,—x,—2), in units of the lattice constant. These are onlybands corresponding mainly to the nickel 8rbitals. Above
four of all the possible 96sites available in the structure, the Fermi level we found an empty magnesiusit&and and

A. Structural model and total energy
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FIG. 2. Electronic band structures for the three hydrogen configurations listed in Table I.

a nickel 4s band. As a result the magnesium is almost in asity mainly in the plane, by changing the bending angle the
+ 2 state, transferring its twos3electrons to the Nificom-  hybridization is reduced and the energy at fhepoint is
plex. lowered, thus opening a gap at some point. The minimum
Four of the five & nickel bands are almost flat and the hybridization is obtained for the regular tetrahedral configu-
upper one, whose main characterdig .2, is strongly de- ration where the band gap is a maximum.
pendent on the hydrogen arrangement around nickel. In the The character of the different atomic states is shown in
square-planar configuration this band is strongly hybridizedhe density-of-state plots given in Fig. 3. In this figure the
with the hydrogen orbitals, mainly at thepoint. Because of density of states for the three configurations considered is
this hybridization the energy is higher and the band crosseshown together with the partial density states corresponding
the Fermi level. Since thd,2_,2 orbital has its charge den- to the magnesium, nickel, and hydrogen sites. For the mini-
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FIG. 3. Electron density of states for the three hydrogen configurations listed in Table I, in number of states per eV per cell.
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FIG. 4. Partial Nid and Hs charge densities along tl{@10) and (110 planes of the unit cell. The charge-density scale is shown from
0 to 2 electrons per &

mum energy configuration, the tetrahedrically_ distortedmg,NiH, is based not on a rigid-band-type model but on
square planar, we can clearly see a feature mentioned abowg,ch interplay between the symmetry of the linear combina-
i.e., the pseudogap shows up as a very low density of stategn of hydrogen % orbitals and the nickel @ states, with

at the Fermi level. In this region there is a very highly dis- e resulting partial filling of the antibonding states.
persive band that touches the Fermi level from lower ener-

gies. The contribution of this band to the density of states is
almost negligible compared to the contribution of the otther
states of nickel. ] S ] ]
In the literature of MgNiH, it is usual to mention the The chargg—densny d|str.|but|on is obtained directly from
18-electron rule as a reason for its stabil®yThis picture is the self-consistent calculation. The average valence charge
appealing through the comparison with the stable electroni€lensity corresponds to 72 electrons per unit cell. We shall
structure of a novel gas atom wheresll p, andd shells are now discuss the nature of the nickel-hydrogen and
filled. Our band-structure results for MgiH, show that the ~magnesium-Nilj bonds looking at the distribution of charge
18 valence electrons occupy nine states of the,Nisinplex.  within the unit cell.
Of course, they are not states of an atom. Slsebshell, for Figure 4 shows the distributions of partial charge densities
example, is formed by the symmetric combination of theof the bands composed mainly of Niand Hs orbitals along
four 1s hydrogen orbitals. The subshell is also represented two planes of the unit cell, th@®10 and(110). From the cut
by the adequate combination of these states. The addition @long the (010 plane we notice that the bands that are
more hydrogen atoms to MiliH, gives rise to new states of mainly H sin character will have some charge accumulation
d symmetry and lower energies than those of the nickkl 3 on the sites of Ni, and the bands that are mainldigresent
bands. These states interact producing bonding and antibongeme weight in the H region. This, together with the charge
ing combinations. Accordingly, the explanation to the factaccumulation between both atoms, suggests a strong cova-
that no more hydrogen can be incorporated to the structure dént character of the Ni-H bond.

C. Bonding and charge-density distribution
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FIG. 5. Electronic band structure for the stable hydrogen configuration gNMby, (a) and for the hypothetical compound with the
Mg?* ions removedb).

The cut along th€110) plane containing the Mg atoms electronic properties is an exceedingly complicated problem
shows that Mg has almost completely released #selec- to solve since, in principle, all ternary compositions and alll
trons to the Ni-H bond. Thus, as already mentioned abovestructures should be examined energetically. In our case we
magnesium does not really participate in determining the vashall drastically restrict this examination to the antifluorite
lence states of the hydride. To further analyze the influenc&92NiHs structure as a function of hydrogen contest,
of magnesium, we have calculated the band structure of With the hydrogens arranged around the Ni atoms. We have
hypothetical compound in which the atomic positions arePerformed total-energy calculations fé-0,2,4,6, evaluat-
those of MgNiH,, except for the M&" ions, which have ing the corresponding enthalpy of formations relative to the
been removed. As shown in Fig. 5, the band structure of thigntifluorite. compound MgNi (6=0) and molecular Bl
hypothetical compound is remarkably similar to that of theR€9arding the valué=8, there is enough space in the crys-

real MgNiH,. In the same way as for the real hydride, thetal structure of MgNiH, to incorporate two more hydrogen

four states of hydrogen are placed below the five states o?;g?()sn F\)/a: f?\;lm,:ljilﬁ ugge'g naor': gCtig?ﬂ;aLhirr;g%??:nLtj'"i-ll:]e
nickel and the bandwidth is very similar. These results show y Vg pp q

. . . rium phase diagram can be traced, as already mentioned, to
that the magnesium states do not really participate in th‘?he electronic structure of this compound. We have consid-
valence bands of the hydride.

ered only even values @f simply to avoid the computational
effort involved in the calculation of structures without inver-
IV. STABILITY PROPERTIES OF Mg ,NiH, sion symmetry.

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

Although our results are valid at 0 K, they nevertheless

The compound MgNiH, is the only ternary phase present
in the stable equilibrium phase diagram of the Mg-Ni-H sys-
tem, where it shows a very restricted range of

nonstollcc]tuomit'r)ﬁ‘. Tf}lsthllndlcr?tes t.ha; t?e_tr?Iatwe f;'ee en- OIsuggest that fow# 4 the antifluorite MgNiH 5 structure is
ergy ot formation of this phase 1S detinitely negauve and, sapje and will decompose into Mg +Mg,NiH, for &
quite sharp as a function of composition around the value

] . g . . <4, and into MgNiH,+H, for §>4. This decomposition
Mg,NiH,. Since these stability properties are very Important, o avior agrees with the experimental observation that the

fromhtfle,;c plloint of vie\r/lv Icl)fdgpplicaiir?ns i.n Tydrogeptﬁtora%Q,MgzNiH4 has a well-defined stoichiometry and is the only
In what Tollows We shall discuss them In terms of Ihe cu ICphase observed in the stable equilibrium Mg-Ni-H ternary

form of Mg,NiH,. phase diagram.
A. Stoichiometry B. Electron counting

Although the stability properties of M§liH, are simple Since we are mainly interested in its hydrogen content,
to state phenomenologically, their explanation in terms ofthe cubic phase MgNiH, can be conceived as resulting from
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TABLE II. Optimized lattice parameter and Ni-H distance for the antifluorite structure oiNity;, as
a function of 6. AH; is the calculated enthalpy of formation relative to the antifluorite compoungNMg
(6=0) and molecular K (—2.3492 Ry).

) Lattice parametefA) Ni-H distance(A) 5l(2+6) 2 AH¢(kd/mole)
0 6.000 0.0 0.0
2 6.151 1.524 0.50 -9.8
4 6.443 1.548 0.67 —14.6
6 6.267 1.636 0.75 7.7

a5/(2+ 8) is the mole fraction of K.

the filling of the hydrogen sites starting from the metastablesimilar to that of the next inert gas element. This is essen-
hydrogen-free, antifluorite-type compound Mg. Hydro-  tially an ionic description, and the resulting stabilization of
gen can be thought of as being progressively incorporated tthe now formally written (M§*),IVB4~ phase is very
the antifluorite structure of MgNi until the composition strong and very specific in composition. Thus, band gaps and
NiH, is reached by the complex constituted by Ni plus thenonmetallic behavior should, in principle, be expected in
neighboring hydrogen atoms. In other words, upon hydrogethese compound8:?° This qualitative bonding picture for
absorption the Ni atoms in cubic Myi are finally substi- the MgIVB compounds is supported by recent calculations
tuted by the complex Nilf, and the ternary Mg-Ni-H phase of their electronic structuré5® which reveal the following
diagram demonstrates that at this specific hydrogen contetwonding situation: a weak Mg-Mg and IVB-IVB bonding,
the cubic MgNiH s phase becomes abruptly stable as a funcwith a high degree of ionicity, and a predominantly ionic
tion of 6. bonding between the Mg and IVB atoms. For example, these
According to this image, cubic M#liH, is a member of general bonding features are reflected in the electron-density
the Mg X family of compounds with the antifluorite struc- map for the(110) plane of MgGe shown in Fig. @), as
ture where the Mg ions define the simple cubic sublatticecalculated by us.
The consideration of this broader spectrum of materials Consider now the antifluorite MijliH, compound, in-
might allow us to give a more global picture of the stability cluding for completeness its homologous gH; and
properties of MgNiH,. In fact, Hume-Rother¥ pointed out
the existence of well-defined antifluorite-type compounds of
composition MgIVB, where IVB represents an element of
the Group IVB(Si, Ge, Sn, Pb For these particular binary
systems, and identical to the case of /MiH,, the antifluo-
rite phase MglVB is the only intermediate phase present in
the respective stable equilibrium phase diagram, showing in
all cases a negligible range of nonstoichioméfyThese
Mg,IVB compounds have been considered as typical ex-
amples of compounds where the electropositive Mg atoms
transfer most of their valence electrons to the electronegative
IVB elements?>?’In this way an essentially closesdp elec-
tron shell results, and each IVB atom tends to complete its
octet of valence electrons and so reach an electronic structure

Me,Ni H,

00“\\\ 0?2 0i4 0?6 oﬁe L
\\\\ Si(2e0) M
\\\\\\ - ////
Dadh @

(b) Mg,NiH,,

@M nge

o
o
L]

AH, (kJ/mole})

-150 1 A
MeNiH, FIG. 7. Electron density maps calculated in this work for
Mg,Ge (a) and MgNiH, (b) along the plang¢110) of the antifluo-
rite unit cell. The contours are equally spaced between 0.005 and
FIG. 6. Enthalpy of formatiod H; of the antifluorite MgNiH 5 0.3 electrons per & The lattice parameters used are the experimen-
phase relative to MgNi (8=0) and molecular B, as a function of  tal values, 6.385 A for MgGe (Ref. 31 and 6.507 A for
the mole fraction of H, &/(2+ ), see Table Il. Mg,NiH, (Refs. 10 and 11

-20.0 -
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TABLE Ill. Room-temperature lattice parameters for antifluo- ~ The fact that the MgNiH, has a well-defined stoichiom-

rite compounds MgX. etry and is the only phase observed in the Mg-Ni-H ternary
: phase diagram can be also discussed in terms of the inert gas
Compound Lattice parametéh) formulation mentioned above. In fact, it could be argued that
Ma-Si @ the energy associated with the fragm@NiH ;]°~ changes
0,Si 6.35 . . . L

Mg,Ge? 6.39 with § in analogy with the variation of the free-atom total

2 b energy when moving horizontally in the Periodic Table to-
Mg,FeH; 6.43

wards and across the inert gas element. In the latter case a

Cc
mgch:ioH'_%d 2'32 strong and positive discontinuity is observed in the energy
MgZS 2 6'76 derivative with respect to electron number at the inert gas
925N : value, related to a sudden change in the ionization energies.
Mg,Pb? 6.81

In the case ofNiHs]°~ there is a significant positive change
aReference 31. in the energy rate of change with delta when crossing the
bRreference 32. value 6=4 associated either with the presence of a gap or,
Reference 33. more generally, of a pseudogap in the electron density of
states.

dReference 11.

Mg,FeH;. These hydrides fit in terms of lattice parameters
within the series determined by the MgB compounds. In
Table Il room-temperature lattice parameters are listed for
the antifluorite-type compounds MY (X=Si, Ge, Sn, Pb, We have studied the energetics of the cubic hydride
FeH;,CoHs, and NiH,). The close values given for M@Ge  Mg,NiH, for different hydrogen arrangements and obtained
and MgNiH,, and MgFeH; and MgCoHs, strongly sug- the hydrogen positions that minimize the total energy. This
gest the existence of close similarities between their respeeninimum-energy configuration corresponds to a tetrahe-
tive electric charge distributions; in particular, this points todrally distorted square-planar distribution of hydrogen atoms
an equivalence between the tetravalent entitie§ Gand  around the nickel atom, which is in agreement with neutron-
[NiH,]*". In Fig. 7(b) we show our results for the electron diffraction data. The calculated Ni-H bond length dg;.
density map on th¢110) plane of cubic MgNiH,, calcu- =1.548 A, while the experimental value is of 1.55'Aln
lated for the stable configuration of the complex NiHThe  turn, the optimized bending angle characterizing the tetrahe-
close similarity with the case of M@e, Fig. 1a), is remark-  dral distortion is of 21.8 degrees and the value obtained from
able. Hence, and in line with the octet filling picture ad- fitting experimental diffraction data is of 12.9 degréétt.is
vanced for MgGe, the tetravalent complexes interesting to remark that the Ni-H equilibrium distance ap-
[NiH,]*", [CoHs]*", and[FeHs]*, could be described as pears to be relatively independent of the bending angle, and
different kinds of pseudo-Ge anions. Alternatively, they therefore seems characteristic of the Nigbmplex.

could be considered as quite different valence state arrange- The electronic band structure of this compound close to
ments of 18 electrons in closed-shell configurations arounthe Fermi level is strongly dependent on the arrangement of
the transition-metal atom. Both points of view go along withthe hydrogen atoms around the nickel atom. The character of
an inert gas formulation of the transition metal-hydrogenthe valence bands is given by the mixture of nickel G-
cluster, and in fact this formulation has its semiempiricalbitals with a small component of the proper combination of
counterpart in the well-known 18-valence electron file. the four hydrogen & orbitals. The hydrogen square-planar
The main difference between e and [NiH,]*", distribution results in a metallic compound with a highly
[CoHs]*, and[FeHs]*", is in the energy ordering of the dispersing band crossing the Fermi level. The tetrahedrally
nine occupied electron levels, which in each hydride dependdistorted square-planar distribution, i.e., the hydrogen con-
essentially on the particular radial behavior of the electrorfiguration which minimizes the energy, generates a band
wave functions centered in the transition-metal atom. Thusstructure showing a pseudogap at the Fermi level. Finally,
the nature of the resulting energy band gap will eventualljthe regular tetrahedral arrangement produces a semiconduc-
depend on each particular hydride. In this connection, it hasor with an indirect gap of 1.17 eV.

already been remarked by Gupea all® that nine-band- From the calculated charge distribution we can infer the
filling effects appear to be a most important factortype of bonding in MgNiH,. Hydrogen is covalently
when considering the stability of the series of nonmetallicbonded with nickel forming a compleiNiH,]*~ which in
hydrides MgNiH,, Mg,CoHs, and MgFeH;. These au- turn bonds ionically to the Mg ions. The charge distribu-
thors remarked that the tetravalent complexedion in cubic MgNiH, strongly resembles that of the family
[NiH,]*", [CoHs]*, and[FeH;]*", all satisfy the 18 va- of compounds MgVB, confirming the idea of 4NiH,]*~
lence electron rule. Even more generally, Gipthas entity similar to the IVE~ ions. Thus, MgNiH, can be
pointed out that MgNiH, belongs to a family of antifluorite considered as a member of the pgfamily of compounds
ternary metal hydridesM,TMH_, where M is a divalent with antifluorite structure, including regularity in the lattice
simple metal M=Mg, Ca, Sy and TM a transition metal parameters, charge distributions, and the ionic bonding be-
(TM=Fe, Co, Ni, Rh, Ir, Ru, Osin this family, the value of tween the[NiH,]*~ cluster and the Mg" ions.

e for a given TM is such that the 18 valence electron rule is We have analyzed the stability properties of JMiH,
always satisfied. and studied the energy of the antifluorite compounds

V. CONCLUSIONS
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Mg,NiH ; with §=0,2,4,6. Our results suggest that 68 ACKNOWLEDGMENTS
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