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Electronic structure of the complex hydride NaAlH,
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Density-functional calculations of the electronic structure of the complex hydride NagiH the reference
systems NaH and Alflare reported. We find a substantially ionic electronic structure for NaAlkhich
emphasizes the importance of solid-state effects in this material. The relaxed hydrogen positions ip &eAlH
in good agreement with the recent experiment. The electronic structure gfig\idso ionic. Implications for
the binding of complex hydrides are discussed.
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The complex hydridesA,(MH,),, with A=Li, Na, K,  understood as a result of long-range Coulomb interactions,
Mg, Ca, Sr or a mixture of these ad=B or Al seem implying a greater sensitivity of the electronic structure and
promising for of H storage since they contain very hightherefore bonding of H in NaAlklto substitutions and de-
weight percent of H, and much of the H content can befects, than would otherwise be the case. Further, this pro-
evolved at moderate temperatutesHowever, hydrogen de- vides an explanation for the association between the hydro-
sorption from these materials is associated with their meltsgen desorption and melting.
and they were long viewed as intrinsically noncyclable. The present calculations were done within the local-
However, in 1997 Bogdanovic and Schwickardi reported thatlensity approximatio{LDA) to density-functional theory,
with certain metal additions, particularly Ti, NaAl-tan be using the general potential linearized augmented plane-wave
cycled?! This discovery opened the door for consideration of(LAPW) method with local orbital extensions, as imple-
these complex hydrides as cyclable hydrogen storage matesented in thewieN2k code'*~!° For consistency, the same
rials. However, this result has not been reproduced for othet APW sphere radii of 1.& and 1.1y were used for the
related complex hydrides and understanding of the basic manetal and hydrogen atoms, respectively, in all three com-
terial properties that govern the uptake of H is still not com-pounds. Well-converged basis sets consisting of a LAPW
plete. What is known is that hydrogen desorption fromcutoff, kmax=5.91agl, plus local orbitals were usdthe ef-
NaAlH, takes place via a two-step process, forming firstfective dimensionless values of the basis cutoff wRig,,x
NagAlHg, Al, and hydrogen and then NaH and Al metal. =6.50 for H andRkg,,=10.05 for the metal atomsThe
Desorption is associated with the temperature at which meltBrillouin-zone samplings were done using the special
ing occurs. While the Ti addition is often referred to as ak-point method, with 21, 38, and 84 points in the irreducible
catalyst or dopant, the actual role of Ti in enabling thewedge for NaAlH, AlH;, and NaH, respectively. This was
cyclability of NaAlH, has yet to be establish8dPossibil-  found to be well converged for these insulating materials.
ities include catalysis as mentioned; modification of theAdditional calculations were done for NaAlHusing an in-
thermodynamics of the decomposition, i.e., the balance bedependent LAPW code and for different H sphere radii be-
tween solid-state Ti containing NaAjHand the decomposed tween 1.@, and 1.2,. The resulting electronic structures
NaH+ Al +Ti mixture; modification of the microstructure of were indistinguishable.
postdecomposition of NaHAI mixture, e.g., by keeping the NaAlH, occurs in a tetragonal structur@pace group
precipitated Al and the NaH from segregating over large disi4;/a) with lattice parametere=>5.021 A, c=11.346 A,
tances, by enhancing the solubility of Al in NaH, or by the and its own structure type, which has two formula units per
formation of Ti-Al alloys, such as TiA| instead of precipi- primitive cell® Recent neutron measurements for NapID
tated Al, and otheré>’~12 (Ref. 17 confirm this structure, with slightly lower lattice

Developing understanding of the various phases involve¢gharameters but rather different H positions. NaH occurs in
will likely be important for sorting out the physics of cy- the NaCl structure, with lattice parameter 4.88 A2° AlH,
clable hydrogen storage in this material. Here we start withbccurs in a rhombohedral structuspace groufR3c or pos-

the simplest of these phases, NajHby using density-  gjpy R3) with hexagonal lattice parameteas=4.451 A, ¢

functional calculations of the electronic structure, in com-_17 766 A and two formula units per primitive rhombohe-
parison with results for NaH and A4 Conventionally, the 4. cell (from neutron and x-ray diffractiorf*~2%In general,

bonding in NaAlH, is viewed as that of a salt made of Na  he sryctures of hydrides, particularly the H positions, are
cations and Al anions, with the internal bonding of the itficult to determine because the H has a very small x-ray-
AlH, units being primarily covalent, consistent with the tet- scattering factor and samples can differ in H stoichiometry
rahedral coordination of Al and what is expected in the lig-and ordering. On the other hand, the metal atom positions,
uid. We show that the electronic structure of solid NaAlsl  and especially the lattice parameters, are given to a high
better described as mixed ionic, i.e., N83"H, . Solid precision by diffraction experiments. Accordingly, here we

NaH is found to be ionic as expected. Alli$ also ionic but  fully relaxed the internal structures using LDA total energies

with a smaller band gap. The ionic nature of solid Naplsl  and forces, keeping the presumably reliable experimental lat-
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FIG. 1. Crystal structure of tetragonal NaAllkith the relaxed
atomic positions. The small spheres are H, the large dark spheres
are Na, and the large light spheres are Al. FIG. 2. LDA band structure of NaAljiwith the relaxed crystal

structure. The band gap is between a H derived valence band and
tice parameters fixed at the reported experimental values. Féetal derived conduction bands.
NaH there was no relaxation to do because both atoms are on

) . . " . ing H derived valence bands from metal derived conduction
high symmetry sites. For NaAlHve obtain positions differ- . . : .
ing from the x-ray positions reported in Ref. 16, but in closebands' We emphasize that despite the seeming Aftits in

agreement with very recent neutron  restitsand the structure, and the expected covalency of such chemical
cglculationsls'lg The reI)e/lxed H positionéWycoff notation units, the calculated electronic structure is very ionic. In par-
) et y0 3986 and—0 5451 as com- tcular, it can be seen from Fig. 3 that the valence bands are

ared tox—=0 237'1 :(’) 386.7 anc’t=0 5454 from neutron strongly dominated by H, while the conduction bands have
P . » Y =0.300/, S, . very much less H character. The valence bands consist of
scattering. This structure is illustrated in Fig. 1, which cIearIthO crystal-field split manifolds, each 3 eV in width. The
shows the AlH building blocks. The Al-H bond length in calculated DOS of NaH and Al§-|are shown in Figs '4 and
our structure is 1.652 A. This is only a little bigger than the .

sum of the covalent radii of Al and H (0.3741.18 A 5, respectively, along with the projections onto the H LAPW

— spheres.
=155 A) and would seem to be a reasonable number fof Since the 1.4, spheres are not large enough to fully con-

covalently bonded_AIL—IJ units. For A”__b we relaxed in the tain the Is states of H ions, the H projection underestimates
lower symmetryR3 space group considered by Zogslal.
Our positions differ somewhat from the x-ray structure of 5 . . . . . .

Ref. 23, but are consistent with the assignmenR8fin the
absence of H disorder. The Al-H nearest-neighbor distance ir
our structure is 1.731 A, which is longer than in NaAl&hd
is also longer than the sum of the Al and H covalent radii. It
should be mentioned that this Al-H bond length is close to
the value of 1.715 A, from the structure of Turley and W
Rinn2'?*We also considere@®3, but obtained no further =
relaxation(see below.
The calculated LDA band structure and corresponding
electronic density of statg®OS) for NaAlH, are shown in
Figs. 2 and 3, respectively. The total DOS is similar to that
recently reported by Vajeeston and co-work€rand is also
similar to that reported for the related compound LijAIR
We note that Vajeeston and co-workers used the generalize
gradient approximatiofGGA) as opposed to the present
LDA calculations, indicating that the H positions and elec-  F|G. 3. Electronic density of states and projection onto the H
tronic structures of these compounds are not sensitive to theaPw spheres for NaAll, in eV~! on a per formula unit basis.
choice of LDA or GGA. Note the ionic nature shown by the very different hydrogen contri-
The band structure has a larget eV band gap, separat- butions to the valence and conduction bands.
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FIG. 4. Electronic density of states (¥ and projection onto FIG. 6. Normalized projection of the density of states of
the H LAPW sphere for NaH. NaAlH, onto the H LAPW spheres, in € on a per formula unit

basis. The top panel shows the projection ont@d LI3APW spheres

o . divided by the fraction of the H 4 charge that is contained in a
the H contribution to the electronic structure. However, thesm1e|re of this radius for an isolated Hon stabilized by a Watson

ratio between the projections on H from different energysphere at 34, (the H-Al distance in NaAly). This fraction is
regions gives a good indication of the ratio of the H contri-g gae/2e=0.3. The lower panel shows the same normalized projec-

butions to the electronic structure in those energy regiongion with 1.0a, spheres. The Hd.charge in the isolated ion sphere
The band structure of NaH is also strongly ionic, with a bands then 0.3@ (see text

gap slightly smaller than that of NaAJH Smithson and
co-workers® reported calculations for the related materials
LiH and KH obtaining results which are qualitatively similar
to our results for NaH.

AlH 3 is also ionic, but has a smaller2 eV band gap.
The valence band width of AlHis ~9 eV. It should be
noted that Goncharenko and co-workérsad already con-
jectured that AlH is ionically bonded based on its crystal
structure.

Within a covalent picture, the electronic structure of the
tetrahedral Al complex would be described in terms of
four H 1s orbitals (one per H forming o bonds with the
4sp® hybrids of Al". The gap would be formed between the

bonding and antibonding combinations. The large 4 eV gap
would indicate strong bonding, and so one would expect the
H contribution to the conduction bands and valence bands to
be roughly the same. Additional Necharacter could com-
plicate this picture, but we find no significant Na character in
the DOS in the energy window plotted. Clearly, our density
of states is not consistent with this covalent model, since the
amount of H character in the valence bands is much larger
than in the conduction bands.

The simplest ionic picture would have full Hions stabi-
lized by the Coulomb field. To approximate this we did
atomic calculations in the LDA for H stabilized by a Wat-
son sphere, charge e and radius equal to the H-Al distance
S T : : : : : in NaAlH,. We found that 1.4, sphere would contain only

0.4%e for this large ion; 0.38 and 0.6@ would be contained
in 1.0ay and 1.3, spheres, respectively. In order to compare
our electronic structure with such a simple ionic model, we
did additional LAPW calculations with 18 and 1.2, H
sphere radii. The resulting electronic structures were identi-
cal, as expected in a full potential method. The total charge
inside each H sphere ranges from @4b6r the calculation
with 1.0ay H spheres to 0.#&lfor that with 1.3, spheres. It
is not possible to construct LAPW spheres that contain
charge close to the total charge, since in the LAPW method
the spheres must be nonoverlapping and cannot be too small.
The short Al-H bonds in NaAlgithen constrain the available
choices. The two panels of Fig. 6 show thes projections of
the density of states from the calculations withak.Gand
1.3a, H spheres, normalized by the fraction of charge inside

FIG. 5. Electronic density of states and projection onto the Hthe corresponding radius from the isolated kbn. As may
LAPW spheres for AlH, in eV lona per formula unit basis, using be seen, the two curves are practically identical both in shape
the relaxed crystal structure. Note the smaller band gap but stilind magnitude supporting the view that the electronic struc-
ionic nature. ture is better described as ionic than covalent.
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Although LDA and GGA calculations for NaAlHgive  electricity is present. Accordingly, we made small displace-
very similar electronic structures, the possible effect of be-ments of the atoms away from the relaxed positions within
yond LDA (and GGA corrections should be mentioned. The the reduced symmetry noncentrosymmetric space gR&1p
rare-earth trinydrides such as ¥ldre known to be insulators and calculated the restoring forces. However, no ferroelectric
that could, at least nominally, be described\é?§H§. In instability was found within this symmetry.
these materials, the LDAand GGA give metallic band Returning to the bonding of NaAll we speculate about
structures, placing the lower lying, nominally H derived some expected consequences of the ionic electronic struc-
bands too high in energ}?fsoMore sophisticated many-body tyre, First of all, since the bonding is stabilized by long-
treatments give gaps->*The error in the LDA and GGA is range interactions, rather than primarily short-range Al-H co-
due to electronic correlations on the H site®®In particular,  yalent bonds, it should be more sensitive to stoichiometry,
the LDA and GGA make relatively large errors in the de-gefects, lattice parameter changes, and off-site substitutions,
scription of hydrogen atoms because of the noncancellatioghan in a salt made of strongly covalent AlHunits. This
of the Hartree and exchange-correlation self-interactions irﬂ"nplies tunability of the hydrogen binding, e.g., by alloying,
these approximations. The effect of correcting these error§nich in turn would offer tunability of the thermodynamic
deepens the effective potential on the H sites, thereby 10Wg515nce between the solid and the dehydrided NaHAl
e_rin_g the H derived bands _and increas_,ing the ionicity. If aiviure. Arroyo y de Dompablo and Ceder have recently
similar effect is present in NaAll} it would further  5jyed at a similar conclusion about tunability of these com-
strengthen the ionic character, relative to what is found in th%lex hydrides based on total-energy calculati$t8econd, it
present calculations. _ provides a natural explanation of why the hydrogen desorp

The reason for the ionic electronic structure of NaAlH o is strongly connected with melting. Presumably, melting
can be understood as due to the long-range Coulomb intefsyolyes disruption of the H lattice and with it a loss of the
action in solids. This Ewald contribution to the energy favorslong-range Coulomb stabilization of the Hons. The result-
ionic electronic structures, and is well known to stabilizeing loss of binding at melting then would result in H release
0" in metal oxides, for example, even though dimers andom the material. Finally, we note that while our calcula-
small molecules with the same metal-O neighbors may bggns are specific to NaAly) the DOS of LiAlH, is qualita-
covalent. Here H is stabilized in this way. In metal oxides, tively similar?® suggesting that similar physics may be op-
especially when there is some covalency between the O ang ative there and in other related complex hydrides.
nominally unoccupied metal orbitals, thé Oions are highly
polarizable, as may be expected from the fact th&t Out- We are grateful for helpful conversations with M. Gupta,
side the Coulomb field of the solid is not a stable ion. Fol-R. Gupta, G.-A. Nazri, P. Vajda, Z. Wu, B. Yebka, and K.
lowing the arguments of Cohéh,which related ferroelec- Yvon. Work at the Naval Research Laboratory was supported
tricity in oxide perovskites to ionic electronic structures with by the Office of the Naval Research. The DoD-AE code was
weak covalency of this type, and considering the electroniaised for some calculations. The XCrysDen program was
structure of AlH, it seemed worthwhile to check if ferro- used to plot Fig. 1.
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