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The present investigation is a part of a series on metal hydrides with extraordinary short HuH separations.
The electronic structure, chemical bonding, and ground state properties ofRTIn sR=La, Ce, Pr, Nd;T
=Ni, Pd, Ptd and their saturated hydridesR3T3In3H4 s=3RTInH1.333d are systematically studied using the
full-potential linear muffin-tin-orbital method. The effect of the metal matrix on the HuH separation in
RTInH1.333 is analyzed in terms of chemical bonding, and bond strength is quantitatively analyzed using the
crystal-orbital-Hamilton population. Force and volume optimizations reveal that all these hydrides violate the
“2-Å rule.” The insertion of hydrogen in the metal matrix causes highly anisotropic lattice changes; a large
expansion alongc and a small contraction in thea direction. Among the 12 studied hydrides the hypothetical
LaPtInH1.333 phase exhibits the shortest HuH separations1.454 Åd. The optimized unit-cell parameters and
atomic coordinates fit very well with the experimental findings forRNiInH1.333, R=La, Ce, and Nd. Exami-
nation of the effect of the metal matrix on the HuH separation inRTInH1.333suggests that on a proper choice
of alloying element one may be able to reduce the HuH separation below 1.45 Å. The HuH separation is
reduced significantly by application of pressure.
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I. INTRODUCTION

The present series of papers1,2 concerns metal hydrides
with extraordinary short HuH separations. The reversible
storage of hydrogen in the form of intermetallic hydrides has
several advantages over storing as gaseous and liquid
hydrogen.3,4 However, major a disadvantage of hydrides as
storage media over other options is the considerable weight
of the metal matrices and their relatively high cost. Hence, it
seems desirable to investigate other materials for such appli-
cations at affordable cost, sufficient storage capacity, and
functional reliability. Although accounting for structures and
properties of prospective hydrogen storage materials still of-
fers a tremendous challenge to improve the amount of stored
hydrogen, the last two decades have seen considerable
progress in the understanding of the basic problems. With the
development of advanced theoretical tools, the gathering of
knowledge from fields that tended to ignore each other in the
past, and the progress in computer technology, one can make
reliable predictions of properties for even quite complex
materials.5

Numerous studies have been carried out to explain ob-
served stabilities, stoichiometries, and preferred hydrogen
sites in various kinds of hydrides.6,7 It has been suggested
that limiting factors in terms of minimum hole sizes0.40 Åd
and HuH distances2.1 Åd in stable hydrides should be
prime selection criteria for guidance about hydrogen absorp-
tion capacity.7–10 Hence, reduction in HuH separation may
be one means to enhance the hydrogen content at minimum
matrix volume and mass. From experimental and theoretical
studies it has been established that the separation between
hydrogen atoms in interstitial matrix sites is ruled by repul-
sive H-to-H interactions, which in practice is assumed to
prevent the hydrogen atoms to approach one another closer
than 2.1 Å (Switendick’s criterion).7,9,10 Nuclear magnetic
resonance(NMR) study on CeNiInHx sx=1 to 1.62d11,12

and PrNiInH1.29
13 has revealed that the HuH separation in

these alloys is between,1.5 and 1.8 Å. It has been sug-
gested that both the 4h and 6i interstitial sites or either of
them are occupied by hydrogen atoms in a ZrNiAl-type ma-
trix. Although PrNiInH1.29 has been obtained as a stable
phase, no detailed structural examination has so far been
reported. A recent low-temperature neutron diffraction
study14 gives evidence that H atoms occupy only the 4h site
in an ordered arrangement in the ZrNiAl-type structure of
R3Ni3In3H4 (=3RNiInH1.333; R=La, Ce, and Nd hereafter re-
ferred to with the latter simple matrix-based formula) with a
HuH separation of,1.6 Å. En passant it may be men-
tioned that in some disordered hydrides(like K2ReH9

9,15),
due to the partial occupancy of the hydrogen sites, the HuH
separation becomes appreciably lower than 2.1 Å.

In previous works1,2 on RNiIn and RNiInH1.333 sR
=La, Ce, Ndd the origin of the anisotropic volume expan-
sion on hydrogenation has been explained, and the presence
of strong interaction between the transition metalsTd and
hydrogen inRNiInH1.333 is shown to prohibit the electrons at
the hydrogen atoms from participation in repulsive interac-
tion between two such arranged H atoms(see Fig. 1 and for
more details Refs. 1 and 2). Moreover, also theRuR bond
grid contributes to the shielding of the repulsive interaction
between the H atoms. These observations have motivated us
to search for new hydrides with short HuH separation in
RTIn matrices and in particular to identify the effect of iso-
electronic substitution of Ni by Pd and Pt. In the present
contribution we consider the crystal and electronic structures
of nine other members of the series(R=La, Ce, Pr, Nd;T
=Pd, Pt; plus PrNiInH1.333) in addition to the earlier reported
combinations withT=Ni, viz. all together 12 phases. Fur-
thermore the influence on the HuH separation by applica-
tion of high external pressures is considered.

The rest of this paper is organized as follows. Section II
gives appropriate details about the computational methods,
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structural results of the calculations are presented and dis-
cussed in Sec. III, the nature of chemical bonding is analyzed
in Sec. IV, and the conclusions are summarized in Sec. V.

II. DETAILS OF THE CALCULATIONS

We have used the full-potential linear muffin-tin-orbital
(FPLMTO) method16 within the generalized-gradient ap-
proximation (GGA),17 in which the Kohn-Sham equations
are solved for a general potential without any shape approxi-
mation. For the local density approximation(LDA ) calcula-
tions, we have used the exchange-correlation function pro-
posed by Hedin and Lundqvist,18 which allows accurate
calculation of the total energy as a function of volume. The
unit cell is divided into nonoverlapping muffin-tin spheres,
inside which the basis functions were expanded in spherical
harmonics up to a cutoff in angular momentum at,=6. The
basis functions in the interstitial region(i.e., outside the
muffin-tin spheres) are Neumann or Hankel functions de-
pending upon the kinetic energy. The ratio of interstitial to
unit-cell volume is around 0.42. The basis set contained
semicore 5p and valence 5d, 6s, 6p, and 4f states for La. For
Ce, Pr, and Nd, the 4f electrons are treated as localized core
electrons. In rare earth compounds, the equilibrium volume
strongly depends on the valence of thef-electron-carrying
element. For the present series of compounds this is a point
of concern for the Ce-containing compounds. In the earlier
communication2 it is shown that only when one assumes Ce
in the 3+ state in CeNiIn and CeNiInH1.333 agreement is
obtained between the calculated equilibrium cell volume and
the experimental cell volume. Hence, for the rest of the Ce-

containing compounds in the series it was simply assumed
that the valence state is Ce3+. The open core approximation
was used and hence contributions of the 4f electrons to the
valence band are removed. This is equivalent to the LDA
+U approach withU=` for the f electrons(successfully
used in Ref. 19). 4s, 4p, and 3d orbitals were used for Ni; 5s,
5p, and 5d for In; semicore 4p and valence 5s, 5p, and 4d
for Pd; and semicore 5p, valence 6s, 6p, and 5d for Pt; and
1s, 2p, and 3d for H. All orbitals were contained in the same
energy panel. A so-called multibasis was included to ensure a
well-converged wave function, implying the use of different
Hankel or Neuman functions each attaching to their radial
functions. This is important in order to obtain a reliable de-
scription of the higher-lying unoccupied states and low-lying
semicore states. Integration over the Brillouin zone(BZ) was
done using “special-point” sampling,20,21 and self-
consistency was obtained with 105k points in the irreduc-
ible part of the BZ, which corresponds to 768k points in the
whole BZ. Test calculations were made for a doubled num-
ber of k points to check for convergence, but the optimized
c/a ratio for 105 and 210k points for LaNiInH1.333 turned
out essentially the same. Hence, 105k points were used con-
sistently for the optimization ofc/a, unit-cell volume, and
atomic positions as well as for calculations of electron den-
sity. For the density of states(DOS) calculations, the BZ
integration was performed by means of the tetrahedron
method.22

Equilibrium volumes and bulk moduli were extracted
from the calculated energy versus volume data by fitting to
the “universal equation of state” proposed by Vinetet al.23

Virtually the same results were obtained by fitting to the
Birch24 or Murnaghan25 equations. For the calculation of the
bulk modulus, the theoretically estimatedc/a value was kept
constant.

To calculate electron-localization-function plots we used
the first-principles self-consistent, tight-binding, linear
muffin-tin orbital (TB-LMTO) method of Andersen and
Jepsen.26 The von Barth–Hedin27 parameterization is used
for the exchange correlation potential within the local-
density approximation. In the present calculation, we used
the atomic sphere approximation. The calculations are semi-
relativistic (i.e., without spin-orbit coupling, but all other
relativistic effects included) taking also into account com-
bined correction terms. The BZk-point integrations are
made using the tetrahedron method on a grid of 403k points
in the irreducible part of BZ. In order to get more insight into
the chemical bonding, we have also calculated the crystal-
orbital-Hamiltonian population(COHP)28,29 in addition to
the regular band structure. The COHP is the DOS weighted
by the corresponding Hamiltonian matrix elements, a posi-
tive sign of which indicating bonding character and negative
antibonding character. The detailed mathematical expres-
sions for the COHP are, e.g., found in Ref. 28. The electron-
localization function(ELF) was calculated according to the
TB-LMTO code.

A. Structural details

The hydrogen storage capacity of an alloy is limited in the
first place by the number of interstial sites in the host lattice.

FIG. 1. (Color online) Structural fragment ofRTInH1.333 sR
=La, Ce, Pr, Nd;T=Ni,Pd, Ptd, showing the trigonal bipyrami-
dal coordination of 3R and 2Ts2cd around 2 H atoms. Legends to
the different kinds of atoms are given on the illustration. The
completion of the linear HuTs2cduH units is indicated at the top
and bottom of the illustration.
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Often there exist different interstitial sites which can be oc-
cupied by hydrogen(note: as atomic H not as molecular H2),
e.g., tetrahedral and octahedral. However, owing to electro-
static limitations, most of the interstitial sites remain unoc-
cupied on hydrogenation, and consequently the formulae for
such hydrides usually take noninteger indices for the hydro-
gen content.30 The ZrNiAl-type structure (space group

P6̄2m) is common among theABC intermetallics, more than
300 examples being recorded.31 In the RTIn lattice the most
favorable sites for the hydrogen have tetrahedral surround-
ings: (a) 6i at x, 0, z etc. sx<0.25, z<1/3d, coordinated by
three Rs and one In;(b) 4h at 1/3, 2/3,x etc. sx<2/3d,
coordinated by threeRs and oneTs2cd (illustrated in Fig. 1);
and (c) 12l at x, y, z etc. sx<0.44, y<0.16, z<2/9d, co-
ordinated by twoRs, one In, and oneTs1bd. The shortest
4h–4h and 6i–6i separations occur along thec axis of the
hexagonal structure. Recent experimental findings show that
H prefer only the 4h among the available sites.14 However,
the complete filling of such arranged tetrahedral sites with
hydrogen has been considered unlikely on the basis of the
requirements of the hole size and the “2-Å rule”.32 All cal-
culations reported here assume ideal and fully saturated hy-
drides with the formula 3RTInH1.333.

III. STRUCTURAL ASPECTS

In order to understand the role of theR andT components
in the RTIn metal matrix for the unusual HuH separation
and the anisotropic volume expansion on hydrogenation a
structural optimization study has been carried out. The
ZrNiAl-type structure with the experimental lattice param-
eters and atomic positions for the appropriate compounds14

were chosen as the starting point. First all variable atom
coordinates were relaxed globally(by keepingc/a and cell
volume constant) using the force minimization technique.
The atomic coordinates were then fixed at their optimized
values while the unit-cell volume were varied in steps of 5%
within ±15% from the optimized value. The thus obtained
total energy versus unit-cell volume curve was fitted to a
polynomial and the minimum, which represents the theoret-
ical equilibrium volume, was established. The theoreticalc/a
was, in turn, determined from the minimum in total energy
versusc/a at fixed atomic coordinates and equilibrium unit-
cell volume. Finally, once again we relaxed the atom coordi-
nates globally by fixingc/a and unit-cell volume. The thus
obtained atomic coordinates differ less than 1% from the first
established values. The calculated data are in good agree-
ment with the experimental findings(see Tables I and II).
The next step was to introduce the hydrogen atoms in the 4h
position of the optimized metal matrix. This results in local
strain, which implies that the entire, just-outlined, structural
optimization process had to be repeated. The then obtained
atomic coordinates and unit-cell dimensions agree very well
(see Tables I and II) with recent powder neutron diffraction
findings for the phases withT=Ni.14 The lattice changes dur-
ing the hydrogenation are highly anisotropic, on the average
16% expansion alongc and a small contraction(average
,2.5%) along a, the largest anisotropy being found within
the T=Pd series.

On going from La to Nd the calculated unit-cell volume
decreases gradually, a trend that is recognized also in the
experimental data(see Fig. 2). A similar trend was observed
by Muller, Blackledge, and Libowitz34 in RH2 phases, which
in that case, was attributed to the lanthanide contraction. Ex-
perimentally all intermetallic mother phases except CePtIn
have been identified,14,31 whereas most of the hydrogenated
phases are yet structurally little explored(see Tables I and
II ).

In order to check possible effects of different computa-
tional approaches we have performed structural optimiza-
tions for theRPtInH1.333 phases[among which the shortest
HuH separations are found] using both LDA and GGA
exchange correlation functionals(see Table III). Due to the
overestimation of bond characteristics by LDA the calculated
HuH seprations come out smaller by this approach than
those obtained by GGA. For rest of the compounds we only
used the GGA formalism and the following discussion is
solely based on the GGA calculations.

The calculated unit-cell volume versus total energy is fit-
ted to the “universal equation of state” in order to estimate
the bulk modulussB0d and its pressure derivativesB08d for
theseRTIn andRTInH1.333 phases(see Table IV). On going
from theRNiIn mother phases to the corresponding hydrides,
B0 is reduced(except for NdNiIn), which can be understood
as a consequence of the volume expansion during hydroge-
nation. On the other hand, on going from theRPdIn and
RPtIn series to their hydrides,B0 increases(except for
LaPtIn). This may be due to enhanced bond strength in the
RTIn matrix (in an extent that overcomes the volume expan-
sion effect) on introduction of the hydrogen. No experimen-
tal data forB0 of these compounds are available.

IV. CHEMICAL BONDING

A. DOS

From the characteristic features of the DOS, one may be
able to rationalize(see, e.g., Ref. 35) the bonding in theRTIn
series and changes introduced in the bonding upon the hy-
drogenation. No electronic structure calculations have appar-
ently hitherto been undertaken forRTIn phases. In general all
members of theRTIn and RTInH1.333 series(see Table IV)
have a finite number of electrons at the Fermi levelsEFd,
which classifies them as metals. As examples the DOS for
LaPtIn and LaPtInH1.333 is shown in Fig. 3. For LaPtIn it is
convenient to divide the DOS into regions: region I
s−8 to −5 eVd with well localized In-s and Pt-s states and
some hybridized La-s states; region IIs−5 eV to EFd with
hybridized In-p, Pt-d, and La-d states; and region III(above
EF) with unoccupied states. By studying the changes in these
regions on hydrogenation one can extract valuable informa-
tion about the changes in bonding character upon hydroge-
nation. Region II where the In-p, Pt-d, and La-d states are
energetically degenerate, signals an appreciable degree of co-
valent bonding. The electronegativity(Pauling scale) differ-
ences between In and Pt(0.5) and In and La(0.6) are much
smaller than between La and Pt(1.1), which indicate that the
tendency to form covalent bonding between the former pairs
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of elements is more favorable than that between La and Pt.
Indium is surrounded by four transition-metal atoms(two in
2c and another two in 1b site) and six rare-earth atoms. Ow-
ing to the crystal field splitting the In-p state separates into
two parts (see the partial DOS of In in Fig. 4) between
−5 to −2.5 eV thepz electrons mainly dominate whereas
the non-bondingpx and py electrons reside at the top of the
valence band(VB). It is the well-separatedpz states that
participate in the covalent bonding with the energetically
nearest Pt-d states.

Figure 3 shows that when hydrogen is inserted in the
LaPtIn matrix, new states are formed around −9.5 to
−2.5 eV. Hence the VB is shifted to lower energy and theEF
is pushed slightly upward. It is commonly accepted that on
insertion of hydrogen in a metal matrix, the hydrogen will
absorb some valence electrons from the nearest electron-rich
metal atom(s), viz. a charge-transfer effect. In theRTInH1.333
series H absorbs electrons from all the metal atoms of the

mother matrix(see Sec. IV B). In general, the so-called core-
level shifts observed in photo-electron spectra during forma-
tion of metal hydrides36 may be regarded as direct evidence
of charge transfer from metal atoms to the hydrogens. In the
LaPtIn-to-LaPtInH1.333 case, the La-5p level is lowered by
,0.8 eV; (present at around −17 eV; not shown in Fig. 4);
similar shifts being reported37 in rare-earth hydrides. The de-
tailed features of the partial Pt DOS forTs1bd and Ts2cd
show some distinction due to their different atomic environ-
ments. The total width of the VB is lower in LaPtIn than
LaPtInH1.333 (similar for the other pairs of compounds stud-
ied). This is due to the fact that hydrogen enhances the in-
teraction between neighboring atoms, and thereby increases
the overlap of the orbitals concerned. Further, the location of
the H-s state at the bottom of the VB also contributes to an
increase in the width of the VB. In particular the contribution
of Pts2cd to the VB enhances the width from 8 to 9.5 eV,
whereas contributions of Pts1bd and In on the other hand,

TABLE I. Calculateda,c (in Å), andc/a for RTIn andRTInH1.333; and changesDa/a, Dc/c, andDV/V (in %) on hydrogenation.

a c c/a Da/a Dc/c DV/V

Compound Theor. Expt. Theor. Expt. Theor. Expt. Theor. Expt. Theor. Expt. Theor. Expt.

LaNiIn 7.5604 7.5905a 3.9924 4.05000a 0.5281 0.5336a - - - - - -

LaNiInH1.333 7.3771 7.3810a 4.6254 4.6489a 0.6270 0.6399a −2.43 −2.76 15.86 14.80 10.31 8.54

LaPdIn 7.7716 7.7290b 4.1250 4.1330b 0.5307 0.5347b - - - - - -

LaPdInH1.333 7.3501 - 4.8112 - 0.6546 - −5.42 - 16.64 - 4.33 -

LaPtIn 7.7277 7.6950b 4.1144 4.1250b 0.5324 0.5361b - - - - - -

LaPtInH1.333 (LDA ) 7.5262 - 4.6261 - 0.6147 - −2.44 - 12.44 - 6.65 -

LaPtInH1.333 (GGA) 7.7274 - 4.6903 - 0.6070 - −0.04 - 13.98 - 14.00 -

CeNiIn 7.5807 7.5340a 3.9806 3.9750a 0.5251 0.5276a - - - - -

CeNiInH1.333 7.4536 7.2921a 4.4871 4.6238a 0.6020 0.6341a −1.68 −3.21 12.72 16.3 8.97 8.98

CePdIn 7.8113 7.7290b 4.1257 4.1330b 0.5282 0.5347b - - - - - -

CePdInH1.333 7.4494 - 4.8676 - 0.6534 - −4.63 - 17.98 - 7.30 -

CePtIn 8.0112 - 3.9800 - 0.4892 - - - - - - -

CePtInH1.333 (LDA ) 7.6419 - 4.6467 - 0.6081 - −4.61 - 16.75 - 6.24 -

CePtInH1.333 (GGA) 7.8250 - 4.7101 - 0.6019 - −2.32 - 18.34 - 12.098 -

PrNiIn 7.5950 7.5410b 3.9259 3.9500b 0.5149 0.5238b - - - - - -

PrNiInH1.333 7.3783 7.2600c 4.4726 4.5600c 0.6062 0.6281c −2.85 −3.73 13.93 15.40 7.52 7.01

PrPdIn 7.8674 7.3790b 4.0257 4.0430b 0.5117 0.5265b - - - - - -

PrPdInH1.333 7.4107 - 4.8041 - 0.6483 - −5.81 - 19.34 - 5.88 -

PrPtIn 7.8042 7.6522b 4.0706 4.0455b 0.5216 0.5287b - - - - - -

PrPtInH1.333 (LDA ) 7.5766 - 4.6283 - 0.6109 - −2.92 - 13.70 - 6.69 -

PrPtInH1.333 (GGA) 7.7595 - 4.6934 - 0.6049 - −0.06 - 15.30 - 13.98 -

NdNiIn 7.5207 7.5202a 3.9023 3.9278a 0.5189 0.5223a - - - - - -

NdNiInH1.333 7.2408 7.2255a 4.5560 4.5752a 0.6292 0.6332a −3.72 −3.92 16.75 16.50 7.60 7.53

NdPdIn 7.7898 7.6830b 3.9735 3.9970b 0.5101 0.5202b - - - - - -

NdPdInH1.333 7.3519 - 4.7895 - 0.64515 - −5.62 - 20.54 - 7.37 -

NdPtIn 7.7610 7.6360b 3.9815 4.0100b 0.5130 0.5251b - - - - - -

NdPtInH1.333 (LDA ) 7.5362 - 4.6172 - 0.6127 - −2.90 - 15.97 - 6.35 -

NdPtInH1.333 (GGA) 7.6980 - 4.6750 - 0.6073 - −0.08 - 17.40 - 15.52 -

aRef. 14
bRef. 31
cRef. 13
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would have reduced the width of the VB from
,8 to 7.5 eV. The latter modification reflects the increase
in the Pts1bdu In separation following from the insertion of
the additional H atoms between the Pts2cd–Pts2cd linear
configuration.2

The interatomic Pts2cduH distance almost equals the
sum of the covalent radii of Pt and H(not only in

LaPtInH1.333, but also in the rest of the compounds). The
H-s, In-s, and Pts2cd-d electrons are energetically degenerate
in the energy range between −9.75 and −2.50 eV. According
to the electronegativity differences of 0.0, 0.5, and 1.2 for
PtuH, InuH, and LauH, respectively, covalent bonding
between Pt and H is more likely than between La and H.
Careful inspection of the partial DOS of Pts2cd and H in Fig.

TABLE II. Optimized atomic coordinates forRTIn and RTInH1.333 phases.a

RTIn RTInH1.333

Theor.
x

Expt.
x

Theor.
x

Expt.
x

Theor.
z

Expt.
z

T=Ni
R=La 0.5866 0.594 0.6036 0.6035 1/2 1/2

In 0.2475 0.256 0.2444 0.2437 0 0
H 1/3 1/3 0.6728 0.6759

R=Ce 0.588 0.594 0.6077 0.6013 1/2 1/2
In 0.248 0.256 0.2507 0.2462 0 0
H 1/3 1/3 0.6752 0.6737

R=Pr 0.585 0.594 0.6059 1/2 1/2
In 0.248 0.256 0.2568 0 0
H 1/3 1/3 0.6663

R=Nd 0.5886 0.594 0.6013 0.6013 1/2 1/2
In 0.2496 0.256 0.2483 0.2462 0 0
H 1/3 1/3 0.6723 0.6737

T=Pd
R=La 0.5930 0.594 0.6008 1/2

In 0.2537 0.256 0.2441 0
H 1/3 0.6583

R=Ce 0.5885 0.6055 1/2
In 0.2501 0.2517 0
H 1/3 0.6636

R=Pr 0.5895 0.594 0.6015 1/2
H 1/3 0.6663

R=Pr 0.5895 0.594 0.6015 1/2
In 0.2529 0.256 0.2440 0
H 1/3 0.6624

R=Nd 0.5913 0.594 0.60414 1/2
In 0.2535 0.256 0.2695 0
H 1/3 0.65045

T=Pt
R=La 0.5874 0.594 0.6020 1/2

In 0.2533 0.256 0.2460 0
H 1/3 0.6551

R=Ce 0.5908 0.594 0.6061 1/2
In 0.2525 0.256 0.2456 0
H 1/3 0.6554

R=Pr 0.5894 0.594 0.6034 1/2
In 0.2516 0.256 0.2486 0
H 1/3 0.6595

R=Nd 0.5904 0.594 0.6035 1/2
In 0.2548 0.256 0.2513 0
H 1/3 0.6639

aR in 3gsx,0 ,1 /2d, Ts1bd in 1bs0,0,1/2d, Ts2cd in 2cs1/3,2/3,0d, In in 3fsx,0 ,0d, and H in
4hs1/3,2/3,zd.
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4 shows accumulation ofd electrons in the range
−4.25 to −1 eV, whereas most of the H electrons are local-
ized in the range −9.75 to −2.35 eV, indicating that the in-
teraction between H and Pt is far from perfect covalent.

B. Charge density and charge transfer

The unusually short HuH separations in theRTInH1.333
phases(Table III) are a motivation for further penetration
into the nature of their bonding. The variation in the electron
distribution on replacement ofR or T components may be
expected to give hints about factors which influence the
bonding between the H atoms as well as between H andT.

1. Charge density

The charge-density contours in the(100) plane of LaPtIn
and LaPtInH1.333 are displayed in Figs. 5 and 6(a), respec-
tively. Owing to the pronounced mutual similarities between
the charge density within theRTIn andRTInH1.333 series we
present only illustrations for the charge density of LaPtIn and
LaPtInH1.333 (Figs. 5 and 6), the latter hydride having more-
over the shortest HuH separation among the investigated
hydrides. The finite electron distribution present between
Pts2cd and In (Fig. 5) clearly indicates that the interaction
between these atoms has an appreciable covalent component.
The RuPts1bd andRu In bonds have mixed(partial cova-

lent and partial ionic) character also suggested by their dif-
ferent electronegativities.

In order to gain insight in the impact on the bonding in-
teraction between metal atoms of the mother matrix upon
hydrogenation Fig. 6(a) shows the charge density for
LaPtInH1.333. The interesting aspect is that, the charge den-
sity of Pts2cd is directed toward H, leading to the formation
of dumb-bell shaped HuPts2cduH units, linked like a
chain along [001]. The interatomic separation between
Pts2cd and H in LaPtInH1.333 corresponds nearly to the sum
of the covalent radii of Pt and H. The same trend(viz. very
short TuH separations) is observed in all the studied
phases. The H-1s electrons participate in pairing medi-
ated via Pts2cd to a molecule-like structuralsHuPtuHd
unit as well as in H…H interactions with neighboring
HuPtuH units (viz. a linear arrangement
. . .HuPtuH.. .HuPtuH.. .). Examination of the partial
DOS (in Fig. 4) shows that the valence electrons of Pt and H
are not fully energetic degenerate in the VB region indicating
a degree of ionic character in the Pt-to-H bonding. This in-
terpretation is supported by the charge-transfer map[Fig.
6(b)]. The bond strength of Pts2cdu In is reduced upon hy-
drogenation as reflected in the increased interatomic distance
from 2.93 to 2.97 Å, and further confirmed by the COHP
analyses. An important difference between the complex hy-
drides and the present type of hydrides lies in the nature of
the interaction between the H atoms. Most of the complex
hydrides have nonmetallic character, for example, in LiAlH4
there is strong covalent interaction between Al and H(within
the AlH4 subunits) and very weak HuH bonds between two
AlH 4 subunits.38 In RTInH1.333, on the other hand, there is a
finite electron density distributed between theTH2 subunits
implying a considerable HuH interaction.

2. Charge transfer plot

A convenient and illustrative way to represent and analyze
the bonding effects in theRTInH1.333 series is to use charge-
transfer plots. The charge-transfer contour is the self-
consistent electron density in a particular plane,rcomp., minus
the electron density of the overlapping free atoms,ro.f.a., i.e.,

Drsrd = rsrdcomp.− rsrdo.f.a., s1d

which allows one to visualize how electrons are redistributed
in a particular plane compared to free atoms due to the bond-
ing in the compound.

Since the charge-transfer plots for allRTInH1.333 phases
show close qualitative similarity, the following consider-
ations are limited to LaPtInH1.333. Figure 6(b) shows that
charge has been depleted from the La, Pt, and In sites and
transferred to H, but the magnitude of charge transfer varies
in different directions of the crystal. Most charge has been
transferred from In, but not isotropically and the resulting
charge distribution at the In site is certainly not spherically
symmetric. There is a significant amount of extra electron
density around the H atoms, and also an increased amount of
electrons in the interstitial region between the Pts2cd and In
atoms. The charge transfer from the metal components to the
H atoms leads to an appreciable ionic component in the

FIG. 2. Experimental(P) and calculated(s) unit-cell volume
for R3Ni3In3H4 versus ionic radius33. Experimental data for
PrNiInH1.29 from Ref. 13 and for the other phases from Ref. 14.
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bonds to H. The charge transfer to the interstitial regions
between Pts2cd and In reflects covalent bonding.

C. ELF

ELF is a ground-state property that discriminates between
different kinds of bonding interaction for the constituents of
solids.39–41 In the implementation for density-functional
theory, this quantity depends on the excess of local kinetic
energytp originating from the Pauli principle.

ELF = h1 + ftpsrd/tp,hsrsrddg2j−1, s2d

where:

tp = t − 1/8fs¹rd2/rg s3d

is the Pauli kinetic energy density of a closed-shell system.
s¹rd2/ s8rd is the kinetic energy density of the bosonic-like
system, where orbitals proportional toÎr are occupied.tp is
always positive and, for an assembly of fermions, it de-
scribes the additional kinetic energy density required to sat-
isfy the Pauli principle. The total electron density,r:

r = o
i

n

uciu2 s4d

as well as the kinetic energy density:

t = 1/2o
i

n

u ¹ ciu2 s5d

are computed from the orbitals,ci. In both equations, the
index i runs over all occupied orbitals.

According to Eq.(2) the ELF takes the value one either
for a single-electron wave function or for a two-electron sin-
glet wave function. In a many-electron system, ELF is close
to one in regions where electrons are paired in a covalent
bond, or for the unpaired lone electrons of a dangling bond,
while the ELF is small in low-density regions. In a homoge-
neous electron gas ELF equals 0.5 at any electron density,
and ELF values of this order in homogeneous systems indi-
cates regions where the bonding has a metallic character. The
estimated ELF value of ca. 0.38 between the nearest neigh-
bor hydrogens indicates metallic-like interaction. The ELF
value between Pts2cd and H is relatively small. It is interest-
ing to note that our test calculations for Ni, Co, and Cu
metals shows that such low ELF values are generally char-
acteristic of transition metals(d electrons). This clearly indi-
cates that metallic Pts2cd-5d electrons are mainly present
between Pts2cd and H, and hence the apparently appreciable
Pts2cduH bond strength(seen by the COHP analysis) origi-
nates from a metallic-like situation with additional small
ionic interactions between the atoms concerned. The large

TABLE III. Interatomic distances(in Å), and ICOHP(in eV) for RTInH1.333 phases.

Compound

RuH TuH HuH

Theor. Expt.a ICOHP Theor. Expt.a ICOHP Theor. Expt.a ICOHPb

LaNiInH1.333 2.3993 2.4064 −0.710 1.5132 1.5065 −3.211 1.5983 1.6350 −0.121

LaPdInH1.333 2.3727 - −0.747 1.6440 - −2.829 1.5230 - −0.319

LaPtInH1.333 (LDA ) 2.4018 - −0.631 1.6167 - −3.595 1.3923 - −0.442

LaPtInH1.333 (GGA) 2.4748 - −0.642 1.6177 - −3.539 1.4543 - −0.423

CeNiInH1.333 2.4271 2.3708 −0.791 1.4573 1.5086 −3.322 1.5721 1.6061 −0.224

CePdInH1.333 2.4238 - −0.691 1.6373 - −2.838 1.5925 - −0.256

CePtInH1.333 (LDA ) 2.4532 - −0.605 1.6011 - −3.659 1.4440 - −0.326

CePtInH1.333 (GGA) 2.5098 - −0.534 1.5883 - −3.621 1.4637 - −0.313

PrNiInH1.333 2.3873 - −0.629 1.4924 - −3.397 1.4874 - −0.307

PrPdInH1.333 2.3979 - −0.668 1.6217 - −2.895 1.5602 - −0.281

PrPtInH1.333 (LDA ) 2.4298 - −0.489 1.6012 - −3.615 1.4252 - −0.351

PrPtInH1.333 (GGA) 2.4955 - −0.582 1.5979 - −3.645 1.4970 - −0.365

NdNiInH1.333 2.3499 2.3499 −0.690 1.4928 1.5064 −3.341 1.4928 1.5618 −0.231

NdPdInH1.333 2.3682 - −0.528 1.6740 - −2.652 1.4411 - −0.579

NdPtInH1.333 (LDA ) 2.4160 - −0.555 1.6025 - −3.635 1.4118 - −0.396

NdPtInH1.333 (GGA) 2.4817 - −0.384 1.5711 - −3.614 1.5323 - −0.384

aFrom Ref. 14
bICOHP value up to bonding states.
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ELF value at the H site indicates the presence of largely
paired electrons. Owing to the repulsive interaction between
the negatively charged H electrons, the ELF contours are not
spherically shaped but rather polarized toward La and In.
The localized nature of the electrons at the H site and their
polarization toward La and In reduce significantly the
H-to-H repulsive interaction and this can explain the unusu-
ally short HuH separation in this series of compounds.

D. COHP

Implications of COHP is that a negative value indicates
bonding and positive antibonding states. In order to get in-
sight in the bond strength between two interacting atoms in a
solid, one should examine the entire COHP between them,

taking all valence orbitals into account.29 The COHP con-
tours depend on the number of states in a particular energy
interval. The integrated COHP(ICOHP) curve up to theEF is
the total overlap population of the bond in question.

Figure 7 shows COHP curves of theTuH and HuH
bonds for PrTInH1.333. When one includes hydrogen in the
RTIn matrix the estimated ICOHP value for theTu In bond
is changed from ca. −0.8 to −1.1 eV. This appears to reflect
transfer of electrons from bothT and In to the H site, which
reduces the covalent interaction betweenT and In upon hy-
drogenation. AllRTInH1.333phases studied have shortTuH
separations(1.457 to 1.674 Å; see Table III) approaching
the sum of the covalent radii ofT and H and indicates the
presence of covalent bonding. However, our charge-density,
charge-transfer, and ELF analyses show that nonbondingT
-d electrons are found betweenT and H, and the bonding
interaction betweenT and H is dominated by the transferred
charge. Another important observation is that all Ni-based
phases have shorterTuH distances than those containing Pt
and Pd(in fact the TuH distances follow the sequence:
Ni ,Pt,Pd), which is consistent with the sequence of the
covalent radii of the involved elements. On comparing the
estimated ICOHP values for the different combinations(like
RuH, Ru In, Ts2cdu In, Ts1bdu In, and HuH), it is
seen that these combinations take a peak value atTs2cduH,
which ultimately indicates that the interaction betweenT and
H is stronger than the other interactions. The charge-density,
charge-transfer, and ELF analyses show that this interaction
does not have a specific bonding character and indeed exhibit
metallic interaction with a small ionic component. A similar
type of bonding situation is reported42 for LaNi5H7.

TABLE IV. Calculated ground-state properties:NsEFd (in
states/Ry cell), bulk modulusB0 (in GPa), and its pressure deriva-
tive B08.

Compound NsEFd B0 B08

LaNiIn 38.22 70.4 4.1

LaPdIn 39.33 74.9 4.2

LaPtIn 28.42 85.4 4.3

LaNiInH1.333 35.30 69.5 4.1

LaPdInH1.333 24.10 86.1 4.2

LaPtInH1.333 37.40 77.6 4.3

CeNiIn 38.90 86.2 2.9

CePdIn 47.67 71.3 4.4

CePtIn 26.15 80.8 4.4

CeNiInH1.333 38.10 81.7 3.5

CePdInH1.333 30.03 84.6 4.4

CePtInH1.333 37.56 86.4 4.3

PrNiIn 44.53 73.4 4.4

PrPdIn 42.21 74.1 4.4

PrPtIn 27.06 83.7 4.5

PrNiInH1.333 55.58 71.1 4.0

PrPdInH1.333 33.34 101.0 4.4

PrPInH1.333 33.36 88.4 4.3

NdNiIn 43.74 76.0 4.4

NdPdIn 50.69 74.7 4.8

NdPtIn 27.46 86.0 4.4

NdNiInH1.333 28.13 86.0 4.1

NdPdInH1.333 32.88 89.7 4.5

NdPtInH1.333 30.93 101.8 4.5

FIG. 3. Total DOS for LaPtIn(top panel) and LaPtInH1.333(bot-
tom panel).
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The ICOHP values for the HuH separations in the
RTInH1.333series are very small, around −0.04 eV, thus sup-
porting the already advanced inference that there is no sig-
nificant covalent bonding interaction between the H atoms
(Sec. IV B 1). The low ICOHP value reflects the fact that
both bonding and antibonding states are present belowEF,
but even if one takes into account only the bonding states,
ICOHP remains low[−0.14 to −0.23 eV, which is much
smaller than the ICOHP forTs2cduH]. Hence, both COHP

and charge-density analyses agree that the HuH interaction
is considerably weaker than theTs2cduH interactions.
When we compare the HuH interaction in these series, the
Pt-based phases have stronger interactions(ICOHP between
−0.313 to −0.423 eV) than the others (except
NdPdInH1.333).

E. Effect of pressure onc/a and HAH separation

In order to explore the effect of pressure on the HuH
separation we have made a high-pressure study on
LaNiInH1.333 up to 400 GPa. The pressure was evaluated
from the derivative of the total energy with respect to vol-
ume, i.e., calculated energy versus volume data are fitted to a
universal equation of state from which the bulk modulus and
its pressure derivative are calculated.23 The calculated HuH
separation and the shrinkage ina andc (viz. Da andDc with
respect to the equilibrium values) as a function of pressure
shows a considerably and nonlinear variation as a function of
pressure. The HuH separation(Fig. 8) has become ca.
1.1 Å at 400 GPa. Similarly,a and c also decrease in the
same manner but the magnitude of the shrinkage varies with
the direction, which is in agreement with recent high-
pressure experiments.43 The difference betweenDa and Dc
may be classified as somewhat insignificant at lower pressure
(say up to 40 GPa;Da−Dc=0.16 and 0.63 Å at 20 and
200 GPa, respectively). Because of the structural…H-Ni-
H…H-Ni-H… configuration in the linear chains alongc one
should of course have anticipated such anisotropic lattice
expansion/contraction upon application of pressure. It should
be noted that a recent experimental study43 shows there is no
pressure-induced structural transition in this material up to
40 GPa. Hence, we have assumed that the ambient pressure
phase will be stable at higher pressures also. The calculated
total energy is increased monotonically without discontinui-
ties and indications of local minima upon increasing pres-
sure. This ultimately implies that formation of molecular-like
H2 units in this particular structure does not occur at least up
to 400 GPa, even though the HuH separation has ap-
proached the bond distance in the H2 molecules0.746 Åd.

F. Is the RTInH 1.333 compounds really metal hydrides?

The TH2 structural subunit in theRTInH1.333 compounds
resembles a linear complex molecule and the adjacent sub-
units are also arranged in a linear fashion as often found in
structures of linear complex molecules. For completely non-
interacting molecules one would have anticipated that the
“2-Å rule” should have been applicable, but for the present
compounds this is certainly not the case. However, these
compounds are not complex hydrides, for the following rea-
sons:

1) The two H atoms within a given trigonal bipyramid
(see Fig. 1) are not completely isolated from each other as
would have been the case in complex hydrides.

2) In RTNiInH1.333 there are considerable interactions be-
tween the H atoms as evidence by the fact that the HuH
distance also varies considerably on displacement of theR
atoms.1,2 If the TH2 units had been mutually completely non-

FIG. 4. Partial DOS for LaPtIn(left panel) and LaPtInH1.333

(right panel).

FIG. 5. (Color online) Calculated valence-electron-density map
for LaPtIn in the(100) plane. (1.0E-2 is an abbreviation for 1.0
310-2 etc.)
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interacting, then the HuH distance should not have been
sensitive to displacements ofR.

3) If the RTInH1.333 compounds should be viewed as
complex hydrides44 with isolatedTH2 molecular units, then
the desorption of hydrogen from the host lattice may be ex-
pected to require high temperature. However, experimental
studies show14 that desorption of hydrogen fromRTInH1.333
takes place in a rather low-temperature range around 100°C,
viz. typical for a metal hydride.

4) In general, complex hydrides possess nonmetallic

behavior,45 but the electronic structure calculations show that
RTInH1.333 behave like metal.

5) Unlike many complex hydrides, theRTInH1.333 series
can be prepared by the traditional methods used for the syn-
thesis of intermetallic hydrides.

6) Complex metal hydrides have molecular character
with stoichiometric hydrogen contents. On the contrary, in
the RTInH1.333 phases the hydrogen content can be varied
like in metal hydrides.14,32

7) The COHP analyses show that a considerable COHP is

FIG. 6. (Color online) Calculated(a) valence-electron-density map,(b) charge transfer map, and(c) ELF map for LaPtInH1.333, in (100).
(1.0E-2 is an abbreviation for 1.0310-2 etc.)

FIG. 7. COHP for PrTInH1.333 (T=Ni, Pd, Pt) describing theTuH and HuH interactions.
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accommodated between the hydrogen atoms indicating that
they are weakly interacting.

V. CONCLUSION

This study concerns the electronic structure and physical
properties of RTIn and their saturated hydride phases
sRTInH1.333d investigated by first principle total-energy cal-
culations. The following conclusions are made:

1) The optimized unit-cell volume,c/a, and atomic coor-
dinates are in good agreement with experimental findings for
the parent alloy phases. For theRTInH1.333 compounds ex-
perimental data are only available forT=Ni that indeed show
good agreement with the calculated data. The introduction of

hydrogen in the parentRTIn phases causes a highly aniso-
tropic variation in a and c, a large expansion alongc
(12.4%–20.5%), and a small contraction along
a s−0.04 to −5.8%d.

2) When one replaces the Ni by Pd or Pt inRTInH1.333;
the observed HuH separation becomes shortened, which
appears to suggest that one with a proper combination ofR
andT (and perhaps also substitution for In) can obtain phases
with even shorter HuH separations.

3) Charge-transfer plots show that charges are transferred
from the electron-rich metal atoms(R, T, and In) to hydrogen
resulting in an ionic component in the bonding between H
and theRTIn host matrix. ELF analyses show weak metallic-
like interactions between the nearest-neighbor hydrogen at-
oms. The metallic-like bonding with a small ionic contribu-
tion betweenT and H is in turn, taken in support of presence
of distinguishable molecular-like HuTuH sTH2d units in
an otherwise metal-matrix jelly.

4) According to charge density and COHP analyses, the
direct HuH interaction is weak compared with theTuH
interactions. Hence, the shortest distance between the H at-
oms inRTInH1.333 is governed primarily by the polarization
of the negative charges on H toward the electropositiveR
and In atoms.

5) High-pressure simulations show that formation of more
H2-like units in RTInH1.333 matrices is not feasible even at
ultra-high pressures(up to 400 GPa).

6) The occurrence of very shortTuH and unusual
HuH separations would at first sight suggest that the
RTInH1.333 phases belong to the complex hydride family.
However, a careful analysis of all facts show that these com-
pounds should be classified as normal metal hydrides.

7) All RTInH1.333 phases have nonvanishing density of
states at the Fermi level and should accordingly exhibit me-
tallic conductivity.
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