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Short hydrogen-hydrogen separation inRNiInH 1.333 „RÄLa, Ce, Nd…
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First-principle studies on the total energy, electronic structure, and bonding nature ofRNiIn (R5La, Ce, and
Nd!, and their saturated hydrides (R3Ni3In3H45RNiInH1.333) are performed using a full-potential linear
muffin-tin orbital approach. This series of phases crystallizes in a ZrNiAl-type structural frame-work. When
hydrogen is introduced in theRNiIn matrix, anisotropic lattice expansion is observed along@001# and lattice
contraction along@100#. In order to establish the equilibrium structural parameters for these compounds we
have performed force minimization as well as volume andc/a optimization. The optimized atomic positions,
cell volume, andc/a ratio are in very good agreement with recent experimental findings. From the electronic
structure and charge density, charge difference, and electron localization function analyses the microscopic
origin of the anisotropic change in lattice parameters on hydrogenation ofRNiIn has been identified. The
hydrides concerned, with their theoretically calculated interatomic H-H distances of;1.57 Å, violate the ‘‘2-Å
rule’’ for H-H separation in metal hydrides. The shortest internuclear Ni-H separation is almost equal to the
sum of the covalent radii. H is bonded to Ni in an H-Ni-H dumbbell-shaped linear array, with a character of
NiH2 subunits. Density of states, valence charge density, charge transfer plot, and electron localization function
analyses clearly indicate significant ionic bonding between Ni and H and weak metallic bonding between H-H.
The paired and localized electron distribution at the H site is polarized toward La and In which reduces the
repulsive interaction between negatively charged H atoms. This could explain the unusually short H-H sepa-
ration in these materials. The calculations show that all these materials have a metallic character.

DOI: 10.1103/PhysRevB.67.014101 PACS number~s!: 81.05.Je, 71.15.Nc, 71.20.2b
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I. INTRODUCTION

Hydrogen is considered as an ideal fuel for many types
energy converters. However, neither storage of hydrogen
compressed gas nor as a cryogenic liquid appears sui
and economical for most types of potential applications.
this respect hydrogen storage in the form of a metal hyd
is a promising alternative with many attractive features1,2

Over the past few decades, a major challenge which
remains, is to identify optimal candidates in intermetall
for such hydrogen storage. Rare-earth~R! alloys seem prom-
ising, owing to a high hydrogen capacity per volume unit a
an ability to absorb hydrogen under moderate condition1,3

The hydrogen absorption properties of these alloys are v
much dependent on the constituents, and metal-hydro
bonding interactions play a major role in the stability of t
hydrides. In order to optimize an intermetallic phase fo
certain application, an improved understanding of the role
individual alloy constituents in relation to electronic an
structural properties is desirable. Several empirical mod4

have been proposed for the heat of formation and hea
solid solution of metal hydrides, and attempts have b
made to rationalize the maximum hydrogen absorption
pacity of certain alloy matrices.5–7 These models infer tha
the metal-hydrogen interaction depend both on geome
and electronic factors.

Numerous phases between transition metals and n
metals can accommodate hydrogen in the form of so
solution or stoichiometric hydride phases. The amount
hydrogen per unit volume in metal hydrides is very high;
fact in some cases higher than in liquid or solid dihydrog
e.g., VH2 stores more than twice the amount of solid dih
drogen at 4.2 K. It is unfortunate, however, that most me
0163-1829/2003/67~1!/014101~11!/$20.00 67 0141
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hydrides are heavy in relation to the amount of hydrog
they contain. The crystal structures of these phases are o
complex and there are several potential interstices that m
accommodate the hydrogen depending on factors like
size and shape of the interstitial site, chemical nature of
surrounding atoms, and the distances to coordinating at
and hydrogen neighbors.8,9

Structural studies of intermetallic hydrides have revea
empirical rules that can be used to predict features of
hydrogen sublattice in a given matrix.10,11The ‘‘2-Å rule’’ is
one such guideline, which states that the H-H distance11 in a
metal hydride must exceed 2 Å, and there is also theoret
evidence12 in support of this rule. The nonmetallic, comple
hydride K2ReH9 ~Refs. 13 and 14! appears to provide an
example of violation of the rule, with an H-H separation
1.87 Å, whereas recent experimental15 and theoretical16 re-
sults for Th2AlH4 agree on a closest H-H separation
around 1.95 Å.

The recent experimental findings for deuterides with
ZrNiAl-type structural matrix (LaNiInD1.225, CeNiInD1.236,
and NdNiInD1.192) prove that very short D-D distances o
about 1.5–1.6 Å are indeed possible.17 The reason for this
behavior is not yet understood, but it is expected that m
insight may provide new ideas for how hydrogen can
packed in an efficient way in an alloy matrix. Nuclear ma
netic resonance~NMR! study on CeNiInHx (x51 and 1.6!
~Refs. 18 and 19! and PrNiInH1.29 ~Ref. 20! have given in-
dependent indications of H..H pairing in these phases@1.48
Å for the H-H distance in CeNiInHx ~Ref. 18! and 1.5 to 1.8
Å in PrNiInH1.29]. Recent powder neutron diffraction~PND!
data suggested that the H-H interaction is mediated via
angularR3 structural units, where strongR-R bonds prob-
©2003 The American Physical Society01-1
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VAJEESTONet al. PHYSICAL REVIEW B 67, 014101 ~2003!
ably ‘‘shield’’ the direct H-H interaction.17 However, for the
isostructural phase LaNiInHx there appears to be no eviden
of hydrogen pairing.21

We have recently shown22 the violation of 2-Å rule in
RTInH1.333~whereT5Ni, Pd, or Pt! and the present paper
the full account of electronic structure and bonding behav
in this class of metal hydrides. In this paper we present
results of accurate full-potential linear muffin-tin orbital ca
culations onRNiIn (R5La, Ce, and Nd! and RNiInH1.333.
The main scope of the study is to reproduce the experim
tally observed short H-H separations and, if so, to underst
the reasons behind this behavior. Also it is of interest
identify reasons for the anisotropic lattice expansion dur
hydrogenation ofRNiIn.

Details about structural aspects and computational m
ods are described in Sec. II. Section III gives the results
the calculations and comparisons with experimental findin
The most important conclusions are briefly summarized
Sec. IV.

II. STRUCTURAL ASPECTS AND COMPUTATIONAL
DETAILS

A. Structural features

ABC aluminides usually crystallize with the ZrNiAl-typ
structure.23,24 On substituting Al with larger In atoms in
R-based analogs, theab plane of the hexagonal structur
expands considerably relative to thec axis. This makes hy-
drogen absorption more favorable owing to enlarged inter
tial sites. In RNiIn phases, both the 4h and 6i sites are
candidates for hydrogen absorption.18,19Recent experimenta
results show that 4h site is fully occupied inR3Ni3In3H4
hydrides. In these saturatedRNiInH1.333 hydrides the H at-
oms are located insideR3Ni tetrahedra that share a commo
face, thereby forming aR3Ni2 trigonal bipyramid.

Both theRNiIn intermetallic phases and theRNiInH1.333
hydrides crystallize in a hexagonal ZrNiAl-type structu
with space groupP6̄2m, structural details being summarize
in Table I and illustrated in Fig. 1. The unit cell contains
atoms of which Ni occupies two different crystallograph
sites, Ni(1b) in the 1b position and Ni(2c) in the 2c
position.

B. Computational details

The theoretical approach is based on the generaliz
gradient approximation with the Perdewet al.25 proposed ex-
change correlation of density-functional theory. The Koh
Sham equation was solved by means of a full-potential lin
muffin-tin orbital method.26 The calculations were relativisti
including spin-orbit coupling and employed no shape
proximation to the charge density and potential. Spin-o
terms are included directly in the Hamiltonian matrix e
ments inside the muffin-tin spheres. The basis functio
charge density, and potential were expanded in spherical
monic series inside the muffin-tin spheres and in Fou
series in the interstitial regions. The spherical-harmonic
pansion of the charge density, potential, and basis funct
were carried out up tol 5 6. The tails of the basis function
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FIG. 1. The crystal structure ofRNiInH1.333(R5La, Ce, and
Nd!. Legends for the different kinds of atoms are given in the illu
tration. The linear H-Ni(2c)-H array is marked with thicker con
necting lines.

TABLE I. Optimized atomic coordinates forRNiIn and
RNiInH1.3333. Ni atoms occupy two different sets of atomic pos
tions: Ni(1b) in 1b at 0,0,1/2 and Ni(2c) in 2c at 1/3,2/3,0 and
2/3,1/3,0.

Theory Experiment~Ref. 17!
x y z x y z

LaNiIn
La 0.5866 0 1/2 0.5940 0 1/2
In 0.2475 0 0 0.2560 0 0
LaNiInH1.3333

La 0.6036 0 1/2 0.6035 0 1/2
In 0.2444 0 0 0.2437 0 0
H 1/3 2/3 0.6728 1/3 2/3 0.6759
CeNiIn
Ce 0.5880 0 1/2 0.5940 0 1/2
In 0.2480 0 0 0.2560 0 0
CeNiInH1.3333

Ce 0.6077 0 1/2 0.6013 0 1/2
In 0.2507 0 0 0.2462 0 0
H 1/3 2/3 0.6752 1/3 2/3 0.6737
NdNiIn
Nd 0.5886 0 1/2 0.5940 0 1/2
In 0.2496 0 0 0.2560 0 0
NdNiInH1.3333

Nd 0.6013 0 1/2 0.6013 0 1/2
In 0.2483 0 0 0.2462 0 0
H 1/3 2/3 0.6723 1/3 2/3 0.6737
1-2
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SHORT HYDROGEN-HYDROGEN SEPARATION IN . . . PHYSICAL REVIEW B67, 014101 ~2003!
outside their parent spheres are linear combinations of H
kel or Neumann functions depending on the sign of the
netic energy of the basis function in the interstitial regio
For the core-charge density, the Dirac equation is solved s
consistently, i.e., no frozen core approximation is used. O
calculations concern ideal and fully saturated hydrides w
the compositionR3Ni3In3H4 (RNiInH1.333). The ratio of the
interstitial to unit-cell volume is around 0.42. The basis
contained semicore 5p and valence 5d, 6s, 6p, and 4f
states for La@for Ce the 4f electrons are treated as valen
and localized core electrons, whereas Nd-4f electrons are
treated as localized electrons using the open core approx
tion!. In the open core approximation we treated thef elec-
trons as localized and removed their contribution in the
lence band. This is equivalent to the local dens
approximation (LDA)1U approach withU5` for the f
electrons. A similar type of approach was successfully u
in Ref. 27#, 4s, 4p, and 3d states for Ni, 5s, 5p, and 5d
states for In, and 1s, 2p, and 3d states for H. All orbitals
were contained in the same energy panel. A so-called m
basis was included, to ensure a well-converged wave fu
tion, implying the use of different Hankel or Neuman fun
tions each attaching to their radial functions. This
important in order to obtain a reliable description of t
higher-lying unoccupied states and lower-lying semic
states. Integration over the Brillouin zone was done us
‘‘special-point’’ sampling,28 and self consistency was ob
tained with 105k points in the irreducible part of the Bril
louin zone of the hexagonal Bravais lattice, which cor
sponds to 768k points in the whole Brillouin zone. Tes
calculations were made for the double number ofk points to
check for convergence, but the optimizedc/a ratio for 105
and 210 k points for LaNiInH1.333 are essentially same
Hence 105k points were used for the optimization ofc/a,
unit-cell volume, and atomic positions as well as the cal
lation of electron density. For the density of states~DOS!
calculations, the Brillouin-zone integration was perform
by means of the tetrahedron method.29

To gauge the bond strength we have used crystal orb
Hamiltonian population@COHP ~Ref. 30!# analyses, as is
implemented in theTBLMTO-47 package.31,32 The COHP,
which is the Hamiltonian population weighted density
states, is identical to the crystal orbital overlap population
the COHP is negative, it indicates bonding charac
whereas a positive COHP indicates antibonding charac
The bulk moduli have been obtained using the so-ca
universal-equation-of-state fit for the total energy as a fu
tion of volume.

III. RESULTS AND DISCUSSION

Structural optimizations were carried out in order to u
derstand the anisotropic expansion effect during incorpo
tion of H in theRNiIn matrix and to verify the experimenta
H-H separation inRNiInH1.333. Experimental structural in-
formation for theRNiIn phases was used as input. First,
relaxation of atomic positions globally using the forc
minimization technique~forces are minimized up to 0.00
mRy/a.u.! was done, keeping the experimentalc/a and unit-
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cell volume (V0) fixed. Thereafter the theoretical equilib
rium volume was determined by fixing the optimized atom
positions and the experimentalc/a, while varying the unit-
cell volume between215% and 10% ofV0 ~see Fig. 2!.
Next c/a was optimized by a62% variation ofc/a ~in steps
of 0.02! while keeping the theoretical equilibrium unit-ce
volume fixed~Fig. 3!. The theoretically obtained structura
parameters are presented along with experimental dat
Tables I and II. The corresponding interatomic distances
tabulated in Table III. Finally, using the theoretically o
tained structural parameters for theRNiIn phases as a start
ing point, hydrogen was inserted into the 4h site and the
entire structural optimization procedure was repeated.
optimized atomic positions~Table I! and lattice parameter
~Table II! are in very good agreement with the recent PN
results,17 and the small differences found may partly be
tributed to non-stoichiometry with respect to hydrog
which experimentally is of the order of 10%. Hence the c
culations confirm the unusual shortest H-H separation
RNiInH1.333. We also find that the volume expansion~La-
NiIn: 2.54 Å3/H, CeNiIn: 4.45 Å3/H and NdNiIn:
3.93 Å3/H) on hydrogenation is highly anisotropic, with
large lattice expansion along@001# (Dc/c512.7– 16.7 %)
and a small lattice contraction along@100# (2Da/a51.7–
4.0%!. The results presented in the rest of the paper

FIG. 2. Total-energy curves forRNiIn and RNiInH1.333 as
functions of V/V0. LaNiIn (E5231 8031DE), LaNiInH1.333
(E5231 8051DE), CeNiIn (E5232 5391DE), CeNiInH1.333
(E5232 5401DE), NdNiIn (E5234 0681DE), and
NdNiInH1.333 (E5234 0691DE).
1-3
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based on the theoretical equilibrium lattice parameters.
CeNiIn is a valence-fluctuating system with Kondo-lik

behavior.33 Hydrogenation of the isoelectronic CeNiA
phase34,35@like CeNiAlH 2.04 ~Ref. 36!# induces a localization
of the Ce-4f electrons. In order to establish the valence
Ce in CeNiIn and CeNiInH1.333, we have made total energ
calculations as a function of cell volume~see Fig. 4! for
different electronic configurations@e.g., a trivalent state with
4 f electrons as valence electrons~designated 4f 1 valence!,
one 4f electron as localized in the core state~designated 4f 1

localized! and two 4f electrons as localized in the core sta
~designated 4f 2 localized!# using constrained density
functional calculations. From the minima in the total-ener
curves~see Fig. 4! we have obtained the equilibrium uni

FIG. 3. Total-energy curves forRNiIn and RNiInH1.333 as a
function of c/a. ~Also see the caption to Fig. 2!.
01410
f

y

cell volumes for Ce in different electronic configuration
for CeNiInH1.333: 238.48 Å3 for 4f 2 localized, 215.89 Å3

for 4f 1 localized, and 194.02 Å3 for 4f 1 valence. The
4 f 1-localized value 215.89 Å fits very well with an exper
mental unit-cell volume of 212.93 Å3, indicating that Ce
exists as Ce31 with one 4f electron well localized in
CeNiInH1.333 ~similarly for CeN:In!.

Using the universal-equation-of-state fit37 for the total en-
ergy as a function of the unit-cell volume, the bulk modul
(B0) and its pressure derivative (B08) are obtained~Table II!.
B0 for LaNiIn and CeNiIn decreases on hydrogenatio
which can be explained as a consequence of the volu
expansion during hydrogenation. In the case of NdNiInB0
increases on hydrogenation, indicating that the introduct
of hydrogen in the NdNiIn lattice enhances the bond stren
such that it overcomes the volume expansion effect. Th
are no experimental bulk moduli available for the
materials.

A. Ni-H and H-H separation

Compared to binary metal-hydride structures which
characterized by a few relatively simple and usually high
symmetrical configurations, ternary metal-hydride structu
show a great variety of complex and often low-symmet
configurations. In the latter class hydrides, one may fi
metal-hydrogen distances close to the sum of the cova
radii concerned~e.g., forb8-MgNiH4 the experimental Ni-H
distance is 1.49 Å, as compared with the sum of the cova
radii 1.47 Å!.

In the RNiInH1.333 phases the hydrogen 4h site is fully
occupied and all H atoms have the same environment in
crystal lattice. The Ni(2c)-H distance is 1.457–1.493 Å de
pending onR ~see Table III! which matches the sum of co
valent radii for Ni and H. This may be associated with t
H-Ni-H (NiH2-molecule-like! subunits which occur in thes
structures. Another interesting feature of these structure
the short H-H separations. Such situations may occur w
the two H atoms concerned form an occupied H-H bond
state with the empty anti-bonding states38 above the Fermi
level (EF). The thus resulting structural H2 ‘‘dimers’’ lo-
cated inside the alloy matrix may give rise to highly unusu
2255
5752
6332
TABLE II. Calculated lattice parameters~in Å!, c/a, variation ina (Da/a), c (Dc/c), and volume (DV/V) on hydrogenation~in %!,
density of states at the Fermi level@N(EF) in states Ry21 f.u.21], bulk modulus (B0 in GPa! and its pressure derivative(B08) for RNiIn and
RNiInH1.333.

LaNiIn LaNiInH1.333 CeNiIn CeNiInH1.333 NdNiIn NdNiInH1.333

Theor. Expt.
~Ref. 17!

Theor. Expt.
~Ref. 17!

Theor. Expt.
~Ref. 17!

Theor. Expt.
~Ref. 17!

Theor. Expt.
~Ref. 17!

Theor. Expt.
~Ref. 17!

a 7.5604 7.5906 7.2603 7.3810 7.5807 7.5340 7.4536 7.2921 7.5207 7.5202 7.2408 7.
c 3.9924 4.0500 4.5522 4.6489 3.9806 3.9750 4.4871 4.6238 3.9023 3.9278 4.5560 4.
c/a 0.5281 0.5336 0.6270 0.6399 0.5251 0.5276 0.6020 0.6341 0.5189 0.5223 0.6292 0.
Da/a — — 23.97 22.76 — — 21.68 23.21 — — 23.72 23.92
Dc/c — — 14.02 14.8 — — 12.72 16.3 — — 16.75 16.50
DV/V — — 5.15 8.54 — — 8.97 8.98 — — 7.60 7.53
N(EF) 38.22 — 35.30 — 38.90 — 38.10 — 43.74 — 28.13 —
B0 70.38 — 69.45 — 86.24 — 81.67 — 76.20 — 86.03 —
B08 4.12 — 4.08 — 2.88 — 3.48 — 4.35 — 4.12 —
1-4
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TABLE III. Interatomic distances~in Å! and ICOHP~in eV! for RNiIn and RNiInH1.333.

RNiIn RNiInH1.333

Theor. Expt.~Ref. 17! ICOHP Theor. Expt.~Ref. 17! ICOHP

R5La
Ni(2c)-H — — — 1.4891 1.5065 23.44
H-H — — — 1.5734 1.6350 20.14
La-H — — — 2.3609 2.4064 20.72
Ni(2c)-In 2.8993 2.8688 21.26 2.7990 2.8490 20.85
La-Ni(1b) 3.1251 3.0359 20.67 2.8791 2.9262 20.86
Ni(1b)-In 2.7358 2.8062 21.24 2.8857 2.9390 21.21
Ni(2c)-La 3.0290 3.0783 20.66 3.1835 3.2441 20.61

R5Ce
Ni(2c)-H — — — 1.4573 1.5086 23.32
H-H — — — 1.5721 1.6061 20.22
Ce-H — — — 2.4271 2.3708 20.79
Ni(2c)-In 2.9045 2.8474 21.22 2.8427 2.8026 20.87
Ce-Ni(1b) 3.1229 3.0133 20.54 2.9237 2.9070 20.88
Ni(1b)-In 2.7375 2.7692 21.19 2.9192 2.9268 21.33
Ni(2c)-Ce 3.0320 3.0407 20.57 3.2102 3.2124 20.63

R5Nd
Ni(2c)-H — — — 1.4928 1.5064 23.34
H-H — — — 1.5699 1.5618 20.23
Nd-H — — — 2.3499 2.3421 20.69
Ni(2c)-In 2.7667 2.7308 21.14 2.7731 2.7704 20.84
Nd-Ni(1b) 2.9785 2.9331 20.25 2.8866 2.8870 20.65
Ni(1b)-In 2.9075 2.9415 21.21 2.9015 2.9038 21.35
Ni(2c)-Nd 3.1572 3.1690 20.39 3.1771 3.1793 20.64
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behaviors.39 This could have been the case for t
RNiInH1.333 phases where the experimental findings as w
as our structural optimization study show H-H separations
around 1.57 Å. However, a detailed theoretical analysis~see
below! reveals quite a different type of bonding situatio
between the H atoms.

B. Electronic structure

In general a hydrogen atom modifies the electronic str
ture of a host alloy by the creation of metal-hydrogen bo
ing states, a shift of the Fermi level, a change in the width
bands, and/or a modification of the lattice symmetry. T
calculated band structures for LaNiIn and LaNiInH1.333 are
shown in Fig. 5. These illustrations clearly indicate that
insertion of H in the LaNiIn matrix has a noticeable impa
on the band structure, mainly in the valence-band~VB! re-
gion. Three low-lying bands@see Fig. 5~a! where a singles
band and a doubly degeneratedp-band are seen at theG
point# originate mainly from In-5s and Ni-4s electrons. Hy-
bridized In-5p, Ni-3d, and La-5d bands are present in a
energy range from23 to 21 eV, and the electrons corre
sponding to these bands are mainly participating in
chemical bonding. Similar band structures are obtained
CeNiIn, NdNiIn, and their hydrides~not shown!. The unoc-
cupied La-4f states are found in the conduction-band reg
around 2.5 eV aboveEF . As the unit cell contains three
01410
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formula units, four electrons are additionally introduc
when LaNiInH1.333 is formed from LaNiIn. Therefore two
additionals bands are present in the lower part of the V
~from 28.5 to 23 eV! in LaNiInH1.333. The lowest-energy
band in Fig. 5~b! near theG point ~behaves almost like a
free-electron band! corresponds to one of these H-1s bands.
The other H-1s band is well dispersed and hybridized wi
the rest of the VB in the region from around26 to
23 eV. A cluster of well-localized bands in the VB aroun
22 eV originates from the Ni-3d electrons. Owing to the
introduction of extra electrons in the lowest portion of t
VB, the hybridized bands are moved towardEF by the addi-
tion of hydrogen. As seen from Fig. 5 several bands cr
EF , and hence these phases will exhibit metallic behav
This is further confirmed by the total DOS profiles whic
show a finite number of electrons at the Fermi level.

C. Nature of chemical bonding

Insight into the nature of the chemical bonding may p
vide a clearer picture of the reasons for the short Ni-H a
H-H separations in these phases. In order to identify the t
of bonding and to gain more knowledge we have analy
the DOS, charge density, electron localization functi
~ELF!, and COHP characteristics.
1-5
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1. DOS

All the DOS curves forRNiIn and RNiInH1.333 show
close similarities~Fig. 6!. A striking feature of Fig. 6 is tha
the hydrogenated phases have a pseudogap, i.e., a dee

FIG. 4. Total energy vsV/V0 for CeNiInH1.333, with different
possible valence states for Ce. The experimental volume from
fraction studies isV05212.93 Å3 ~Ref. 17!.
01410
val-

ley closer toEF , most pronounced for CeNiInH1.333. The
strong Ni(2c)-H interaction is mainly responsible for thi
pseudogap. In general, a gain in total energy can be obta
when EF lies in the vicinity of a pseudogap.40 On moving
from La to Nd, the additionalf electrons are treated as loca
ized electrons that do not participate in the chemical bo
ing. However, due to the variation in the interatomic d
tances, there are small differences in the broadening of
DOS. The metallic character of all these phases mainly or

if-

FIG. 6. Total DOS forRNiIn andRNiInH1.333(R5La, Ce, Nd!.
i

FIG. 5. Energy bands@E(k)# for ~a! LaNiIn
and ~b! LaNiInH1.333. High-symmetry directions
in the Brillouin zone are marked. The Ferm
energy is set to zero.
1-6
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SHORT HYDROGEN-HYDROGEN SEPARATION IN . . . PHYSICAL REVIEW B67, 014101 ~2003!
nates from the finite contributions to the DOS atEF from
R-5d, Ni-3d, and In-5p states.

The calculated partial density of states~PDOS! ~Ref. 41!
is a useful tool to analyze the nature of the chemical bond
in solids. In order to follow the changes in electronic stru
ture on hydrogenation, Fig. 7 displays the calculated PD
for LaNiIn and LaNiInH1.333. In the lower portion of the
PDOS curve for LaNiIn there occurs a gap~from ;25 to
24.2 eV!, below which In-s and Ni-s states are present. Th
energy range24.2 eV toEF carries a large number of elec
tronic states with mainly La-5d, Ni-3d, and In-5p charac-
ters. These states are energetically degenerate, which im
that it is possible to form covalent Ni(1b)-R, Ni(2c)-R,
R-In, Ni(1b)-In, and Ni(2c)-In bonds. The interatomic
Ni(1b)-In and Ni(2c)-In distances are much shorter tha
Ni(2c)-R ~Table III!. Hence the formation of covalent bond
ing between Ni(1b) or Ni(2c) and In is favorable both from
energetical and spatial points of view. The unoccupied st
are dominated by La-4f contributions, in particular above
;1 eV.

When H is introduced into theRNiIn matrix the atoms are
somewhat rearranged~see Tables I and III! in order to ac-
commodate the hydrogens, and the energy levels are m
fied accordingly. NMR studies21 on LaNiInHx showed that
N(EF) does not vary appreciably with the H content. T
calculatedN(EF) values for LaNiIn and LaNiInH1.333are not
significantly different, and this observation is consistent w
the NMR findings. In CeNiIn alsoN(EF) does not change
considerably upon hydrogenation. In contrast,N(EF) for

FIG. 7. Site- and orbital-projected DOS’s for LaNiIn an
LaNiInH1.333.
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NdNiIn is drastically decreased upon hydrogenation~see
Table II!. One common feature of the electronic structure
these hydrides is the occurrence of H states at the bottom
the VB. The inclusion of the additional H-s states in the
energy range from28 to 23 eV changed not only this por
tion of the DOS, but also systematically shifted theEF to-
ward the unoccupied states in the unhydrogenated pha
Moreover the energy gap between25 and24.2 eV disap-
pears on going from the alloy matrix to the correspond
hydride. Another interesting consequence for the DOS u
hydrogenation is that In-s states become broadened as a
sult of the reduced interatomic distance between Ni(2c) and
In ~i.e., following the lattice contraction alonga!. H-s, In-s,
Ni-d, and La-p states are energetically degenerate in an
ergy range from28.2 to23.4 eV in LaNiInH1.333, implying
a possible covalent bonding contribution for the combin
tions In-H, Ni-H, La-H, and H-H. Since the Ni(2c)-H sepa-
ration is very short this combination becomes more favora
for covalent bonding than the others. However, mo
Ni(2c)-d electrons are accumulated nearEF ; on the other
hand, H-s states are well localized in the bottom of the VB
as a result possibility to form ionic bonding between Ni(2c)
and H is more probable than covalent.

By the addition of hydrogen into the LaNiIn matrix th
DOS’s of Ni(1b) and Ni(2c) are both considerably broad
ened in an energy range from28 to 24 eV. This is mainly
due to the Ni(2c)-H interaction in the latter case and th
reduction in the Ni(1b)-La distance in the former. Howeve
the changes in DOS for Ni(2c) are more extensive tha
those for Ni(1b) by hydrogen addition, which is mainly du
to the reduction in the Ni(2c)-In distance apart from the
Ni(2c)-H interaction.

2. Charge density analysis

In order to understand the microscopic origin of the sh
Ni(2c)-H and H-H separations we have made valen
charge density analyses in different crystal planes for
alloy matrix as well as the hydrogenated phases. Figure

FIG. 8. Valence-electron-density plot for LaNiIn in the~100!
plane@the origin being shifted to~0.303,0.198, 0.315!#. 25 contours
between 0 and 0.075 electrons/a.u.3. Ni refers to Ni(2c).
1-7
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and 9 show the~100! plane for LaNiIn and LaNiInH1.333,
respectively. Similar results were obtained for the analog
Ce and Nd phases.

The electronegativity difference between Ni and In is on
0.1, which indicates that covalent interaction between th
atoms is more probable than ionic interaction. This is inde
confirmed by the charge density analysis~Fig. 8!, which
shows that there is finite electron density present betw
Ni(2c) and In. In fact, as will be argued later, the Ni(2c)-In
bond is stronger than the other interatomic bonds inRNiIn.
Ni(1b)-R and In-R have a mixed~partial covalent, partial
ionic! character which may be attributed to the electrone
tivity difference of 0.5 betweenR and Ni as well as betwee
R and In. Alternating Ni(2c) and In layers~see Fig. 8! have
no charge accumulated between them indicating a inters
void for potential accommodation of hydrogen.

When hydrogenation takes place the interstitial site
shifted ~a small lattice contraction alonga) toward Ni(2c)
~see Tables I and II! and a Ni(2c)-H bond is formed. Ni(2c)
and H form a dumbbell-like linear arrangement along@001#
which results in an appreciable lattice expansion alongc.
This rationalizes the anisotropic changes in the lattice. A
other noteworthy finding is that the interatomic distance
tween Ni(2c) and H is almost equal to the sum of the cov
lent radii of Ni and H, which gives the H-Ni(2c)-H
arrangement a distinct character of a linear NiH2 molecule-
like structural subunits~see Fig. 9!. The same type of bond
ing is present in Na2PdH2,42 and the Pd-H separation he
~1.68 Å! is close to the Ni(2c)-H separation inRNiInH1.333,
~1.46–1.49 Å!, whereas the H-H separation in Na2PdH2
~3.35 Å! is much larger than inRNiInH1.333 ~1.570–1.573
Å!.

The covalent bond strength of Ni(2c)-In is reduced upon
hydrogenation in spite of the reduction in the interatom
distance from 2.89 to 2.79 Å~see Sec. III C 4!. This may be
rationalized as another consequence of the formation of
NiH2 structural unit which takes up some Ni(2c)-3d elec-
trons and prevent them from participating in the coval
bonding between Ni(2c) and In. Although the H-H separa
tion is very short, their mutual interaction is weak since ve
little electronic charge is present between them@see Fig.
9~b!#. The main reason for this behavior is again the Ni2
structural subunit, which strongly involves the H-1s electron

FIG. 9. Valence-electron-density plot for LaNiInH1.333 in the
~100! plane@the origin being shifted to~1/3,0,0!#. 25 contours be-
tween 0 and 0.075 electrons/a.u.3. Ni refers to Ni(2c).
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in the bonding to Ni(2c). Hence an insufficient amount o
electronic charge is left for repulsion between the hydrog
atoms which consequently can approach each other ra
closely.

Our spin-polarized calculations for LaNiIn an
LaNiInH1.333show that these systems always converge int
nonmagnetic state, implying a nonmagnetic ground state.
know that valence electrons participate either in bonding
in magnetism. As in this case Ni(2c) and Ni(1b) electrons
participate in the bonding, a quenching of the magnetic m
ment results. However, in the Nd and Ce systems one m
expect finite magnetic moments from localized 4f electrons.
But we have not considered this magnetic aspect in our
culations.

3. Charge transfer and ELF analysis

To depict the role of the charge-transfer effect we ha
displayed the charge-transfer plot for LaNiInH1.333 in ~100!
in Fig. 10~a!. The charge-density transfer contour is the se
consistent electron density of the solid in a particular pla
minus the electron density of the free atoms in overlapp
regions. This enables one to observe how the electrons
redistributed in a particular plane in the real crystal~com-
pared to the free atoms! due to the bonding between them
From Fig. 10~a! it is clearly seen that electrons are tran
ferred from La, In, and Ni to H, resulting in ionic bondin
between H and the host lattice.

The ELF is another useful tool to distinguish differe
bonding interaction in solids.43,44 The value of the ELF is
limited to the range 0 to 1. High value of the ELF corr
sponds to a low Pauli kinetic energy, as can be found
covalent bonds or lone electron pairs. The ELF f
LaNiInH1.333 in ~100! is displayed in Fig. 10~b!. The large
value of the ELF at the H site indicates strongly paired el
trons. In between Ni(2c) and H, delocalized metallic
Ni(2c)-d electrons are distributed; hence the ELF is lo
Due to the repulsive interaction between H’s, the ELF co
tours are not spherically shaped, but polarized toward La
In sites, which can explain why these materials have unus
short H-H separation~i.e., the polarization of electrons at th

FIG. 10. ~a! Charge transfer and~b! electron localization func-
tion plot for LaNiInH1.333 in the ~100! plane @origin is shifted to
~1/3,0,0!#.
1-8
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SHORT HYDROGEN-HYDROGEN SEPARATION IN . . . PHYSICAL REVIEW B67, 014101 ~2003!
H site toward La and In give less electrons to participate
the repulsive interaction between the H atoms!. The ELF
value between Ni and In is 0.7; a typical value for covale
bonding, consistent with the conclusion arrived at from o
charge-density analysis. A finite ELF~0.345! is present be-
tween H-H bonds, which indicates that the interaction
tween the H-H bonds is weak metallic.

4. COHP

A simple way to investigate the bond strength betwe
two interacting atoms in a solid is to look at the comple
COHP between them, taking all valence orbitals into
count. In order to understand the bonding pattern furth
results from such COHP analyses for LaNiInH1.333are shown
in Fig. 11 for all possible interactions within a 3.5-Å rang
This illustration shows that VB comprises mainly bondi
orbitals ~negative COHP! and that antibonding orbitals ar
found some;3 eV aboveEF . Integrated COHP~ICOHP!
values up toEF are included in Table III for all phases stud
ied. The most notable feature being the remarkable stre
of the Ni(2c)-H interaction~23.32 to23.44 eV in ICOHP!
compared with the other bonds.

As measured by ICOHP, the bonding interacti
Ni(2c)-In is reduced upon hydrogenation~from around
21.20 to 20.85 eV!. The bonding ICOHP values for th
short H-H separations are very small, around20.04 eV~not
listed in Table III, thus supporting the already advanced
ference that there is no significant covalent bonding inter
tion between the H atoms~see Sec. III C 2!. The low ICOHP
value reflects the fact that both bonding and antibond
states are present belowEF , but even if one takes into ac

FIG. 11. COHPs for LaNiInH1.333; referring to the short dis-
tances corresponding to the combinations Ni(2c)-H, H-H, La-H,
Ni(2c)-In, Ni(1b)-La, Ni(1b)-In, In-H, and Ni(2c)-La.
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count only the bonding states, ICOHP remains low@20.14 to
20.23 eV, which is much smaller than ICOHP fo
Ni(2c)-H]. Hence both COHP and charge-density analy
agree that the H-H interaction is considerably weaker th
the Ni(2c)-H interaction. Our conclusion therefore disagre
with NMR findings for CeNiInHx and PrNiInHx ,18–20which
concluded that H . .H pairing is the main reason for the u
usually short H-H separation in these hydrides. On the b
of the PND results17 it has been speculated that the H-
interaction is shielded byR-R interaction. However, our
COHP study shows that theR-R interaction is only from
20.61 to 20.62 eV in ICOHP~not included in Fig. 11!
which is 5–6 times smaller than for the Ni(2c)-H interaction
and closer to the bond strength forR-H andR-Ni(2c).

The experimental and theoretical studies show highly
isotropic lattice expansion on hydrogenation ofRNiIn. Now
let us try to understand the reason for this anisotropic lat
expansion. According to the crystal structure ofRNiIn, the
possible positions for hydrogen accommodation are 6i and
4h sites. However, from a hole size point of view the 4h site
is more favorable than the 6i site ~the hole size for the 4h
site is ca. 0.4 Å, whereas that for the 6i site is less than 0.34
Å!. The optimized atom position of hydrogenated co
pounds show that the structural deformation does not lea
any substantial rearrangement of metal atoms in the b
plane. None of the atoms are significantly shifted inx andy
coordinates from those of the intermetallicRNiIn. This may
be because all atoms are bonded strongly~from the COHP
study! in the ab plane; hence there is no room for H in th
Ni(2c),In plane. When H occupies a 4h site the atoms try to
rearrange themselves to have a minimum energy config
tion. Hence the only possibility to expand the lattice is alo
the @001# direction. Our charge-density study clearly ind
cates the formation of Ni-H-Ni linear chains along@001#,
implying an expansion along thec axis. The charge-transfe
plot shows that during the formation of a hydride pha
some charges transfer from the electron-rich metal atom
the H site. This may lead to a contraction in theab plane,
hence resulting in anisotropic lattice changes upon hydro
nation.

5. H-H interaction

In order to elucidate the present findings further we ma
the following model calculations. First we fixed all structur
variables, except those for the H position at their theor
cally derived equilibrium values. Then we changed the H
separation~moving the hydrogen atoms either toward
away from each other, i.e., we allowed H to move in thez
direction alone, keepingx andy parameters fixed!, and cal-
culated the total energy as a function of the H-H separat
Such a H displacement is equivalent to a shortening or
largement of the Ni(2c)-H distance depending upon the a
tual shift of the hydrogen. A shortening of the H-H distan
corresponds to a decrease in the Ni(2c)-H interaction and an
increase in the repulsive interaction between H atoms.
thus obtained total energy as a function of H displacemen
1-9
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VAJEESTONet al. PHYSICAL REVIEW B 67, 014101 ~2003!
shown in Fig. 12~a!. The minimum in the total energy corre
sponds to the equilibrium H-H separation obtained by
structural optimization procedure.

In order to consider the shielding mechanism suggeste
Ref. 17, we have made two sets of additional model ca
lations. The total energy has been calculated as a functio
the H-H separation, keeping Ni and In fixed in their equili
rium positions, by either@Fig. 12~b!# moving La 0.05 Å out
of its equilibrium position toward H or@Fig. 12~c!# moving
La 0.05 Å out of its equilibrium position away from H. Th
lowest total energy is obtained when all atoms, except H,
kept at their equilibrium positions@Fig. 12~a!#. The equilib-
rium H-H separations are 1.573, 1.555, and 1.587 Å, for
three models in Fig. 12~a!, ~b!, and~c!, respectively.

Let us now try to understand the variation in total ener
with H-H separation in these compounds. A shortening of
H-H separation corresponds to a reduction in the Ni(2c)-H
interaction and an enhanced repulsive interaction betw
the H atoms. As the total energy curves increase stea
upon a shortening of the H-H separations, the possibility
stabilizing hydrogen in the form of molecular H2-like units
seems to be completely ruled out. The total energy also
creases drastically for increasing H-H separations beyond
equilibrium value. This is due to a decrease in the cova
H-H interaction and the increasing repulsive Ni(2c)-H inter-
action. The considerable changes in the equilibrium H-H d
tance onR displacement indicate thatR in the bipyramidal
configuration~see Fig. 1! acts as a shielding, and to som
extent compensates for the repulsive H-H interaction. Ca
lations show that when theR-H separation is reduced the
atoms are allowed to come closer to each other.

It would be interesting to study whether the short H
separation is due to special aspects of the ZrNiAl-type cr

FIG. 12. Total energy vs H-H distance in LaNiInH1.333 (E
52318051DE). ~a! All atoms, except H, are fixed at their equ
librium positions.~b! La atoms are moved 0.05 Å out of their equ
librium position toward H.~c! La atoms are moved 0.05 Å out o
their equilibrium position away from H.
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tal structure or whether strong Ni(2c)-H interactions can
also be generalized to other intermetallics. In order to t
this hypothesis and furthermore to identify potential hydrid
with short H-H separations we are currently considering
effect on the H-H separation by replacement of Ni by oth
metals. The results will be published in a forthcoming pap

IV. CONCLUSION

We have carried out investigations of the electronic str
ture and bonding inRNiIn and RNiInH1.333 (R5La, Ce or
Nd, with a ZrNiAl-type basic framework! using generalized-
gradient-corrected full-potential density-functional calcu
tions, and have arrived at the following conclusions.

~1! The optimized lattice constants exhibit a highly anis
tropic lattice expansion~13–17 %! along @001# and a small
contraction~21.7 to 24.0%! along @100# upon hydrogena-
tion of RNiIn, in very good agreement with experiment
findings. The optimized atomic coordinates, unit-cell vo
umes, andc/a ratios are in very good agreement with e
perimental findings.

~2! All these compounds violate the so-called ‘‘2-Å rule
for metal hydrides.RNiInH1.333 is found to have the shortes
H-H separation hitherto reported for hydrogenated alloys

~3! Charge-density and ELF studies show a weak meta
type of interaction between the hydrogen atoms. A char
transfer plot clearly indicates that electrons are transfer
from La, In, and Ni to H. Hence a strong ionic bonding
present between H and the host lattice. The short distan
between H atoms in such metal hydrides are governed
marily by the polarization of negative charges on H towa
the electropositive La and In.

~4! Model calculations show that H-H interaction
strongly repulsive, which makes an explanation based on
mation of H2 molecular subunits in the structure highly im
probable. Considerable changes in the equilibrium H-H d
tance uponR displacement indicate thatR in the bipyramidal
configuration acts as a shielding and to some extent com
sates for the repulsive H-H interaction.

~5! RNiIn and RNiInH1.333 have a finite number of elec
trons atEF , and are accordingly classified as metals.
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15M. H. So”rby, H. Fjellvåg, B. C. Hauback, A. J. Maeland, and V
A. Yartys, J. Alloys Compd.309, 154 ~2000!.

16P. Vajeeston, R. Vidya, P. Ravindran, H. Fjellva˚g, A. Kjekshus,
and A. Skjeltorp, Phys. Rev. B65, 075101~2002!.

17V. A. Yartys, R. V. Denys, B. C. Hauback, H. Fjellva˚g, I. I. Bulyk,
A. B. Riabov, and Ya. M. Kalychak, J. Alloys Compd.330-332,
132 ~2002!.

18K. Ghoshray, B. Bandyopadhyay, M. Sen, A. Ghoshray, and
Chatterjee, Phys. Rev. B47, 8277~1993!.

19M. Sen, S. Giri, K. Ghoshray, G. Bandyopadhyay, G. Ghosh
and N. Chatterjee, Solid State Commun.89, 327 ~1994!.

20M. Sen, A. Ghoshray, K. Ghoshray, S. Sil, and N. Chatterj
Phys. Rev. B53, 14345~1996!.

21M. Sen, K. Ghoshray, B. Bandyopadhyay, A. Ghoshray, and
Chatterjee, Indian J. Phys.69A, 99 ~1995!.

22P. Ravindran, P. Vajeeston, R. Vidya, A. Kjekshus, and
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