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Chapter 1

FLUORITE-TYPE RARE-EARTH HYDRIDES

STUDIED FROM FIRST PRINCIPLES

Gunther Schöllhammer,∗ Ferenc Karsai§ andPeter Herzig
Institut für Physikalische Chemie, Universität Wien, Austria

Abstract

The dihydrides of the rare-earth metals, except for Eu and Yb under normal pres-
sure, set up a class of isostructural chemical compounds. The stoichiometric com-
pounds possess fluorite-type crystal structures. First-principles calculations for rare-
earth hydrides are the subject of this chapter. After a short review of the literature,
we present results from investigations of the electronic, energetic, structural, and elas-
tic properties of the stoichiometric and non-stoichiometric dihydrides of four selected
rare-earth metals: Sc, Y, La, and Lu. Due to the fact that the hydride phase with a cu-
bic close-packed metallic substructure is extended to the trihydride composition for the
La–H system contrary to the H systems of the other selected metals, the stoichiometric
and hypostoichiometric trihydride of La is also covered by our discussion.

PACS 81.05.Je, 71.15.Mb, 71.15.Nc, 61.72.J–, 78.20.Bh.

Keywords: Hydrides of rare-earth metals, electronic properties, non-stoichiometry,
defect clusters, computer simulations

1. Introduction

The reaction of a rare-earth metalR = Sc, Y, La, or one of the lanthanide elements, with
H2 is exothermic and leads, depending on the experimental conditions, to a solid solution
RHx or to an in general non-stoichiometric hydride with a hydrogen concentration between
slightly less than two and three equivalents.

At ambient conditions, the rare-earth metals, except for body-centered cubic Eu, possess
close-packed structures (hexagonal, cubic, hexagonal with doubledc-axis, or theα-Sm
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structure). The H atoms ofRHx are interstitially bonded in the matrix ofR atoms, which
retain the structure of the pure element.

The dihydrides of the rare-earth metals, except for Eu and Yb under normal pressure,
show metallic behaviour and – in an idealized picture – the stoichiometric dihydrides crys-
tallize with a fluorite-type structure, in which the H atoms completely occupy the tetrahedral
interstitial sites of the cubic close-packed (ccp) metal atoms, whereas the octahedral intersti-
tial sites are vacant. The hydrides are consequently not formed just by hydrogen absorption
into the metallic matrix, but their formation induces the convergency of crystal structures
and therefore in general the transformation of the metallic substructure. The same is true in
the case of the formation of the dihydrides of the hexagonal close-packed metals of group
IVB and the body-centered cubic metals of group VB (these compounds, however, are not
in the scope of this chapter). They also have the fluorite-type structure or a closely related
tetragonally distorted structure (see, e.g., references 1, 2, and the references therein). The
dihydrides of the divalent rare-earth elements Eu and Yb possess orthorhombic structures
isotypic with the dihydrides of the alkaline-earth metals Ca, Sr, and Ba [3,4]. The properties
of the hydrides of Eu and Yb are therefore excluded from the further discussion.

TheR–H systems can be divided in two classes depending on the occurrence of a two-
phase region in the temperature-composition phase diagrams for hydrogen concentrations
between two and three equivalents, separating from each other a phase of a metallic hydride
with hydrogen concentrations around two equivalents and a phase of an insulating hydride
with compositions closer to three equivalents. In the hydrogen systems of Sc, Y, and the
heavier lanthanides, such a two-phase region exists [5, 6]. Except for high-pressure condi-
tions, an essentially hexagonal close-packed arrangement of the metal atoms is typical for
the trihydrides of these elements contrary to the fluorite-type dihydrides. The HoD3 type [7]
with P3̄c1 space-group symmetry and a triplicated hcp unit cell is frequently considered as
a prototype for the structures of these trihydrides; the H atoms occupy off-center positions
within distorted tetrahedral and octahedral interstitial sites as well as sites with trigonal-
planar coordination. In various experimental and theoretical studies [8–12], structures with
space-group symmetryP63cm or P63 were proposed for the trihydrides of different rare-
earth metals. These hexagonal structures with broken hcp symmetry are closely related to
the HoD3 structure. For the trihydrides of Sc, Y, Sm, Gd, Ho, Er, and Lu, a transforma-
tion leading to structures with cubic close-packed metal atoms was observed by means of
X-ray diffraction measurements at high pressure (see references 13, 14, and the references
therein). The onset pressure for this transformation decreases with increasing molar volume
of the compound and ranges between about 30 GPa for ScH3 and about 2 GPa for SmH3
at room temperature. From optical measurements, the closure of the band gap was inferred
for the ccp high-pressure systems YH3 [15, 16] and ScH3 [17] at pressures of roughly 25
and 50 GPa, respectively. The dihydrides of La and the light lanthanides Ce and Pr, i.e.
the rare-earth elements with the largest effective size, can be continuously loaded with hy-
drogen up to the trihydride composition. Thereby, the octahedral interstitial sites become
occupied, and the metallic substructure remains basically ccp over the whole concentra-
tion range of the hydride phase, i.e., the arrangement of the metal atoms does not undergo
a fundamental change. The complete occupation of the octahedral sites ofRH2+x main-
taining the cubic symmetry leads to a structure of theD03 type (Strukturbericht notation).
However, in the concentration range between the dihydride and the hydrogen-rich phase
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boundary of the ccp phase – or the trihydride in the case of La and the light lanthanides –
ordering of the octahedrally coordinated H atoms has been observed in the case of several
lanthanides at low temperature leading to the formation of tetragonal superstructures, see
reference 6 and the references therein. Furthermore, for LaH2+x, the H atoms occupying the
octahedral interstitial sites were found to be displaced along the〈111〉directions [18, 19],
and a structure-optimization of LaH3 by means of first-principles techniques led to an or-
thorhombically distorted structure [20].

The hydrides of La and the lighter lanthanidesundergo a concentration-dependentmetal–
insulator transition, e.g. for LaH2+x, this transition occurs for 0.6≤ x ≤ 0.9 depending on
the temperature [21].

It has been demonstrated, that the metallic state and the transparent insulating state can
be reversibly switched into each other by varying the hydrogen concentration in thin films
of hydrides of La and other rare-earth metals [22–25]. This so-called switchable-mirror
effect may be of use in sensor technology, see reference 26 and the references therein.

LaH2+x (x ≈ 0.3) was found to undergo a phase separation at high pressure, which is
interpreted as a disproportionation reaction yielding cubic LaH3 and a solid solution of H
in ccp La with octahedral site occupation [27]. It is worth mentioning in this context, that
first-principles investigations of LaHx [28] have shown that H atoms display an energetic
preference for octahedral sites compared to tetrahedral sites at low hydrogen concentra-
tions – contrary to the expectations for the solid solution of H in a rare-earth metal (see
reference 6).

2. Electronic-Structure Calculations: Historic Survey

This section provides a short summary of electronic-structure calculations for hydrides of
rare-earth metals reported in the literature. Our selective treatment of the subject does not
claim to be complete.

First band-structure calculations for rare-earth hydrides were published by Switen-
dick [29] in 1970. At that time, the non-self-consistent augmented plane wave (APW)
method was used to calculate the electronic structure of fluorite-type YH2 and of PrH3

with D03 structure. These two hydrides were chosen as model compounds for hydrides
of a smaller and a larger rare-earth metal atom. With the crystal potentials constructed by
superposition of atomic potentials for the trivalent configuration of the metal and for the
neutral H atom, a band gap was obtained for PrH3. In a further paper [30] Switendick
treated the whole series from hypothetical ccp-YH0, YH1 (NaCl structure) to cubic YH3
(D03 structure) including YH2 (in the experimentally observed fluorite structure) using a
similar procedure. For yttrium trihydride he obtained a band gap of roughly 2 eV in agree-
ment with experiments performed on hexagonal YH3 [31]. Using a similar but slightly
improved method, Gupta investigated the electronic structure of ErH2 [32] as well as LaH2
and cubic LaH3 [33]. Sen Gupta and Chatterjee [34] performedAPW calculations for LaH2
and NdH2. A comparison of the calculated band structures and densities of states with op-
tical measurements for LaH2+x (−0.1< x < 0.9) was made by Peterman et al. [35]. For the
dihydrides, two bands are observed energetically lowered due to the interaction of Hs and
metallicd states. The wave function of the lower of the two bands is symmetrical (s-/d-like)
and for the higher band anti-symmetrical (p-/ f -like) with respect to the metal atom. All the
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other bands have mainly metald character. Since there are five valence electrons for the
dihydride, the third band is occupied by one electron and therefore metallic behaviour is
observed. For LaH3, however, a band gap of more than 1 eV was found.

When the first self-consistent band-structure calculations became available, a much re-
duced direct band gap (ca. 0.17 eV) was obtained for cubic LaH3 [36] by the Korringa–
Kohn–Rostocker method. Later, density-functional calculations within the local-density
approximation (LDA) showed a band overlap for LaH3 (and YH3) of roughly 1 eV [37],
compared to the observed optical gap of 1.87 eV for LaH3 (2.63 eV for YH3) [31].

Because standard density-functional calculations could not reproduce a correct band
gap, some authors were considering different theoretical concepts. Ng et al. [38,39] started
from insulating LaH3 and introduced vacancies which are highly localized. The corre-
sponding vacancy state, which donates electrons to the conduction band, is extremely small
in size and therefore, according to the Mott criterion, the critical impurity concentration at
which the system becomes metallic is unusually high (about 0.25 equivalents) compared to
conventional semiconductors (e.g. 10−3 for Si:P). The arguments by Eder et al. [40] are
based on the “breathing” hydrogen model which takes into account the large variation of
radius of the H 1s orbital depending on the occupation. Therefore mean-field theory can-
not be applied anymore. Using such a model the authors found that the ground state of
the system corresponds closely to a state with two electrons forming a tightly bound sin-
glet with one electron primarily on H and the other primarily on the neighbouring metallic
ligand. Such a state corresponds to a Kondo-lattice insulator ground-state. Although both
approaches have common features and arrive at similar conclusions, there is a remarkable
difference. Ng et al. [38, 39] obtained a narrowing of the H bands, while Eder et al. [40]
found a downward shift of the H bands.

It is interesting in this context that not only the above-mentioned approaches by Ng
et al. [38, 39] and Eder et al. [40] can lead to band gaps in rare-earth-metal trihydrides.
In the particular case of hexagonal YH3, Kelly et al. [8] performed first-principles Car–
Parrinello calculations based onLDA and found a structure with lower energy (12 meV per
formula unit) than the HoD3 structure. For this structure the authors obtained a band gap
of ca. 1 eV which is caused by symmetry breaking, whereby the space-group symmetry
is lowered fromP3c1 to P63. Essentially, the gap appears, because due to the symmetry
change fromP3c1 toP63 the bands near theΓ point close to the Fermi level are not allowed
to cross anymore, because they belong to the same irreducible representation in theP63

structure. The comparison of calculated and experimental phonon densities of states by van
Gelderen et al. [41] shows better agreement for theP63 structure.

Most investigations of the optical properties of rare-earth-metal trihydrides have been
performed for YH3. These results are also of some relevance for the cubic trihydrides.
In 2000 Miyake et al. [42] performed quasiparticle band-structure calculations for hypo-
thetical cubic and hexagonal YH3, assuming the LaF3 structure for the latter, within the
GW approximation and the linear-muffin-tin-orbital method. Since the authors did not per-
form calculations for the crystal structures actually observed, their results cannot directly be
compared with experiment. They concluded that the missing band gap inLDA calculations
is not an electron-correlation but a self-energy effect, becauseGW tends to narrow bands
whose width is overestimated byLDA. Van Gelderen et al. [43,44] arrived at similar conclu-
sions from their parameter-freeGW calculations for YH3 (LaF3 and HoD3 structures). On
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this level there are no pronounced differences between the HoD3 and the broken-symmetry
structure (apart from the fact that the latter has a larger fundamental and a smaller opti-
cal gap than the former). The authors argued that the failure ofLDA to describe the H
1s eigenvalue is well resolved by theGW method. A different, and slightly faster, proce-
dure was adopted by Wolf and Herzig [45, 46]. These authors used the screened-exchange
local-density approximation (sX-LDA) in which one part of the exchange-correlation oper-
ator is treated exactly by the non-local Hartree–Fock operator calculated with a screened
Coulomb interaction. The other part, which is only weakly wave-function dependent, is
still calculated as a local-density functional. No empirical parameter is used, because the
Thomas–Fermi screening is evaluated from the average density. For YH3 in the P63cm
structure the sX-LDA method yields a larger fundamental gap [45] than theGW method
gives for theP3c1 structure, but the energy of the second conduction state at theΓ point
is at a value comparable to the one obtained byGW [43]. Similar sX-LDA calculations
showing comparable results were made for the structure with space groupP3c1 and for
theP63 structure [46]. Alford et al. [47] calculated quasiparticle band-structures and band
gaps for cubic YH3 and LaH3. These calculations are based on pseudopotentials. Although
band gaps were found for both compounds, the quantitative results for YH3 are different
from earlier results [42], whereas good agreement with previous work [48] was obtained
for LaH3. Using the weighted-density approximation for hexagonal and cubic YH3 as well
as for LaH3, Wu et al. [49] obtained band gaps smaller than the experimental ones. The
latter authors did not find evidence for strong correlation in H 1s states, which is in contrast
to what Racu and Schoenes [50] concluded from Raman-spectroscopy experiments. This
controversy has not yet been resolved.

3. The Fluorite-Type Hydrides of Sc, Y, La, and Lu:
Stoichiometric and Non-Stoichiometric Compounds

In this section, results from current first-principles studies [51, 52] of stoichiometric and
non-stoichiometric dihydrides of selected rare-earth metals are presented. We have chosen
Sc, Y, La, and the heaviest lanthanide metal Lu for our investigations. The stoichiometric
and hypostoichiometric trihydrideof La has been included into the discussionbecause of the
close structural relation between theD03 structure of cubic LaH3 and the fluorite structure.

3.1. Computational Details

Structure optimizations as well as the calculation of total energies, band structures, partial
charges, and densities of states (DOS) have been performed for the fluorite-type dihydrides
of Sc, Y, La, and Lu as well as for defect-models derived from these dihydrides by us-
ing the Vienna Ab-initio Simulation Package (VASP) [53–56]. The Kohn–Sham equations
of density-functional theory [57, 58] with periodic boundary conditions have been solved
within a plane-wave basis set with electron–ion interactions described by potentials con-
structed according to the projector-augmented-wave method [59, 60] with a [Ne]4s2 core
for Sc, an [Ar]3d10 core for Y, a [Kr]4d10 core for La, and a [Xe]4f 14 core for Lu. Scalar
relativistic terms (mass velocity and Darwin terms) have been included. Exchange and cor-
relation have been treated within the generalized-gradient approximation (GGA) according
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to reference 61 in the case of structures involving Sc, Y, and La and according to refer-
ence 62 in the case of LuH2+x structures. An energy cut-off of 500 eV has been chosen
for the plane-wave basis set. Spin-polarization has been excluded. The reciprocal-space
sampling has been performed using Monkhorst–Packk meshes [63]. 19×19×19 meshes
have been used in the case of calculations for the primitive and conventional unit cells of
the fluorite-type dihydrides, 19×19×9 meshes for the 1×1×2 supercell of the conven-
tional unit cell of LaH2, and 13×19×25 meshes for thePnma structure found for LaH3
(see section 3.6.1.). In the case of structure optimizations and total energy calculations
for defect structures derived from the 2× 2× 2 supercells of the conventional cubic unit
cells, 3×3×3 meshes have been used for optimizations and total energy calculations, and
9×9×9 meshes for the calculation of theDOS for selected structures. Reciprocal-space
integration has been carried out with the first-order Methfessel–Paxton method [64] with
a broadening parameter of 0.2 eV. Structural parameters have been optimized by the min-
imization of the atomic forces and the stress tensor with respect to the crystallographic
degrees of freedom applying the conjugate gradient technique implemented inVASP.

The minimum of theΓ-point energy (not spin-polarized) of a H dimer enclosed in a
sufficiently large and otherwise empty cubic unit cell (lattice parametera = 10 Å or larger
in order to exclude the interaction between translation-equivalent molecules) as a function
of the bond length calculated withVASP has been used as reference energy for molecular
H2.

Furthermore, band structures, partial charges,DOS, and charge-density plots for the
fluorite-type dihydrides of Sc, Y, La, and Lu have been computed with the full-potential lin-
earized augmented plane-wave (FLAPW) method (see references 65–68 and the references
therein). Thereby, the exchange–correlation potential by Hedin and Lundqvist [69, 70]
based on the local-density approximation (LDA) has been applied. [Ar] in the case of Sc,
[Kr] in the case of Y, and [Xe] in the case of La and Lu have been treated as core states. For
the expansion of the potential and the electron density inside the atomic spheres, spherical
harmonics with orbital quantum numberl ≤ 8 have been taken into account. For reciprocal-
space sampling 19×19×19 Monkhorst–Pack meshes have been used. The reciprocal-space
integration has been performed with the linear tetrahedron method [71, 72]. The atomic
sphere radii have been set to 1.191 Å (Sc), 1.403 Å (Y), 1.609 Å (La), 1.391 Å (Lu), and
0.706 Å (H).

3.2. Formation Energies of the Stoichiometric Dihydrides

From the total energiesE(RH2) of the fluorite-type dihydridesofR = Sc, Y, La, and Lu with
optimized cubic lattice parametersa, the total energiesE(R) of the respective elemental
metals with optimized structural parameters, and the reference energyE(H2) of molecular
hydrogen, the dihydride-formation energiesEf(RH2) have been calculated according to

Ef(RH2) = E(RH2)−E(R)−E(H2). (1)

Lattice-parameter optimizations and total-energy calculations have been performed by us-
ing VASP (see section 3.1. for details). The obtained lattice parameters, together with
experimental values for comparison, and the calculated dihydride-formation energies are
given in table 1. The involved metallic elements with the exception of La are hexagonal
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Table 1. Calculated cubic lattice parametersa, corresponding experimental values (room
temperature), and formation energiesEf(RH2) per formula unit computed according to
equation (1) forR = Sc, Y, La, Lu. For LaH2, the formation energies with respect to ele-
mental La with dhcp and ccp structure are given.

R
a/Å

Ef(RH2)/eV Remarks
calculated experimental

Sc 4.771 4.784 [73] −2.126
Y 5.207 5.208 [74] −2.219
La 5.648 5.666 [75] −1.999 dhcp La

−2.002 ccp La
Lu 5.023 5.034 [76] −2.040

close-packed (hcp) at ordinary conditions. The low-temperature structure of La is double-
hexagonal close-packed (dhcp), i.e. hexagonal close-packed with doubledc axis; a cubic
close-packed (ccp) modification exists at higher temperature. The formation energy of LaH2

has been calculated with regard to both close-packed allotropic modifications. A value of
−1.982±0.013 eV per formula unit has been determined for the formation energy of LaH2

with respect to the ccp metal by means of calorimetric measurements at 917 K [77].
Phonon-dispersion relations without imaginary modes have been obtained for the se-

lected dihydrides from first-principles by means of the direct method, i.e., these fluorite-
type dihydrides are dynamically stable.

3.3. Elastic Properties and Volume Effect of Non-stoichiometry

From a comparative study of the elastic properties of stoichiometric and non-stoichiometric
dihydrides of the selected rare-earth metals [51], the bulk moduli and the elastic constants
of cubic RH1.75, RH2, andRH2.25 have been extracted. These values have been derived
from the stress tensorsσ calculated for the systems under investigation as described in
reference 78. For the cubic crystal system, Hooke’s law in Voigt notation [79] is written as
follows: 



σ1

σ2

σ3

σ4

σ5

σ6




=




C11 C12 C12 0 0 0
C12 C11 C12 0 0 0
C12 C12 C11 0 0 0
0 0 0 C44 0 0
0 0 0 0 C44 0
0 0 0 0 0 C44







ε1

ε2

ε3

ε4

ε5

ε6




.

We have used three different distortions:(i) ε1 = ε2 = ε3 = δ/3,ε4 = ε5 = ε6 = 0, (ii) ε1 =
ε2 = δ/2,ε3 =−δ,ε4 = ε5 = ε6 = 0, and(iii) ε1 = ε2 = ε3 = δ2, ε4 = ε5 = ε6 = 2 δ. The pa-
rameterδ has been chosen as 0.5%. The systemsRH1.75 andRH2.25 serve as simple models
for hypostoichiometric and hyperstoichiometric rare-earth dihydrides. One has to bear in
mind that – except for hyperstoichiometric La dihydride – the degree of non-stoichiometry
represented by these structures (±0.25 equivalents) most likely oversteps the homogeneity
limits of the cubic hydride phase. The corresponding unit cells have been constructed by re-
moving a H atom from the conventional unit cellsR4H8 of the fluorite-type dihydrides or by
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placing an additional H atom at an octahedral interstitial site, respectively. The calculations
have been performed by usingVASP (see section 3.1. for details).

Two general trends can be figured out by examination of the data for the elastic prop-
erties given in table 2.(i) The bulk moduli and the elastic constants of systems with the
same hydrogen concentration decrease with increasing unit cell volume.(ii) The hydrides
become stiffer with increasing hydrogen concentration.

Concerning the variation of the unit-cell volumes (also given in table 2) with the hydro-
gen concentration, it is stated that whereas the insertion of an additional H atom involves a
unit-cell contraction by 0.5–1.4% for all investigated systems, the introduction of a hydro-
gen vacancy leads either to a reduction (R = Sc, Y) or an increase (R= La, Lu) of the unit-
cell volume by 0.2–0.4%. The volume contraction of the hyperstoichiometric dihydrides
contrary to Vegard’s rule is in agreement with experimental findings. In sections 3.5.2. and

Table 2. Space-group symmetry, optimized unit-cell volume, bulk modulusB0, as well as
the independent elastic constants (Voigt notation) for cubicRH1.75 (unit cell R4H7), RH2

(conventional face-centered unit cellR4H8), andRH2.25 (unit cell R4H9) with R = Sc, Y,
La, and Lu derived from the calculated stress tensors.

System Space groupV/Å3 B0/GPa C11/GPa C12/GPa C44/GPa
Sc4H7 P4̄3m 108.45 91 149 61 74
Sc4H8 Fm3̄m 108.63 96 163 63 78
Sc4H9 Pm3̄m 108.12 99 160 69 88
Y4H7 P4̄3m 141.52 78 122 56 63
Y4H8 Fm3̄m 141.18 83 132 59 68
Y4H9 Pm3̄m 139.98 88 134 64 77
La4H7 P4̄3m 179.48 55 78 44 41
La4H8 Fm3̄m 180.21 62 88 49 48
La4H9 Pm3̄m 177.77 66 91 54 55
Lu4H7 P4̄3m 127.00 86 134 62 72
Lu4H8 Fm3̄m 126.71 90 140 65 77
Lu4H9 Pm3̄m 125.83 96 146 71 87

3.5.3., the energetics of defect models for hypostoichiometric and hyperstoichiometric di-
hydrides of Sc, Y, La, and Lu based on the 2×2×2 supercells of the conventional unit cells
of the cubic dihydrides is discussed. The optimized unit-cell volumes of these structures are
plotted vs the hydrogen concentration in figure 1. The unit-cell contraction of the hypersto-
ichiometric dihydrides is evident for all hydrides under consideration. Forn < 0, the values
scatter widely. In the case of LaH2−x, the smallest unit-cell volumes correspond to the most
favourable defect structures among the 53 structures withn = −3 and the 602 structures
with n = −4. In the case of the remaining systems, such an energy–volume relation is not
appropriate because the competing structural effects determining the relative stability have
different influence on the unit-cell volume (see section 3.5.2.).
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Figure 1. Unit cell volumes of the defect structuresR32H64+n discussed in sections 3.5.2.
and 3.5.3. vsn.

3.4. Electronic Structure of the Stoichiometric Dihydrides

Self-consistent band-structure calculations applying theFLAPW method and the local-den-
sity approximation (LDA) for exchange and correlation were performed for the dihydrides
of Sc, Y, Ti, V, Zr, and Nb with fluorite-type or related structures by Wolf and Herzig [2].
Recently, this study has been extended by performingLDA calculations for LaH2 and LuH2

based on the same methodology as well as by electronic-structure calculations for ScH2,
YH2, LaH2, and LuH2 by usingVASP within the generalized-gradient approximation. For
details of the calculations, see section 3.1.

In figure 2, the valence-band structures and the corresponding totalDOS are shown for
ScH2, YH2, LaH2, and LuH2. Selected partialDOS for the systems under consideration
are displayed in figure 3. The band structures of ScH2, YH2, and LuH2 vary only slightly.
This observation, which also holds true if the fluorite-type dihydrides of Ti, V, Zr, and Nb
are taken into account, implies the validity of the rigid-band model for these compounds.
The two lowest bands in the band structure of LaH2 show weaker dispersion than the corre-
sponding bands in the band structures of the other considered dihydrides. The four selected
compounds, however, possess analogous bonding properties, which are therefore discussed
in a collective way.

The two lowest bands appearing in their band structures have prominent Hs character,
whereas in the energy region of the band crossing the Fermi energy, only insignificant Hs
contributions are observed, as can be seen from the partialDOS. For the lowest band, al-
most exclusively Hs and metals contributions are found in the bottom part, which has a
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Figure 2. Electronic band structures and totalDOS (VASP) for the fluorite-type dihydridesof
Sc, Y, La, and Lu along high-symmetry directions through the Brillouin zone corresponding
to the cubic face-centered Bravais lattice [80]. The energy is measured relative to the Fermi
energy. TheDOS is given in units of number of states per eV per primitive unit cell.

width of roughly 1 eV. Partial electron-densities calculated for the energy interval between
the lowest eigenvalue and 1 eV above are shown in figure 4. The charge distribution implies
the presence of bonding H–Hs–s σ states at the bottom of the band. In the energy range be-
tween the minimum of theDOS (or gap in the case of LaH2) at about−2 eV and the Fermi
energy,eg–eg interactions between second-nearest neighbourR atoms andt2g–t2g interac-
tions between nearest neighbourR atoms are relevant, as can be followed from the partial
DOS and the partial electron densities calculated for this energy range, which are shown in
figure 5. Thereby, theeg–eg interactions are prevalent. The partial electron densities for the
intermediate valence range between 1 eV above the lowest eigenvalue and the minimum of
the DOS (or gap), are displayed in figure 6. Bonding H–H andR–H interactions become
perceptible from the charge distribution.

3.5. Defect Structures for Stoichiometric and Non-stoichiometric Dihydrides

In this section, defect-model structures for the stoichiometric, hypostoichiometric, and hy-
perstoichiometric dihydridesRH2+x with R = Sc, Y, La, and Lu and−0.125≤ x ≤ 0.125
that are derived from the 2×2×2 supercells of the conventional face-centered unit cells
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Figure 3. Selected partialDOS (VASP) for the fluorite-type dihydrides of Sc, Y, La, and Lu
in units of number of states per eV per atom.

are discussed. This supercell of cubicRH2 contains 32R atoms and 64 tetrahedrally co-
ordinated H atoms. Defect structures have been constructed by the removal of H atoms
from tetrahedral interstitial sites and/or the insertion of octahedrally coordinated H atoms.
For LaH2+x, structures based on the 1×1×2 supercell of the conventional unit cell with
8 La atoms have been considered in addition. Model structures are designated by using
formulae representing the unit cell. Thereby, the coordination of the H atoms is indicated
by superscripts. The formula

RmHoct
o Htet

2m−t

stands for a structure witho octahedrally and 2m− t tetrahedrally coordinated H atoms,
i.e. a structure witho + t defect sites.2tet symbolizes H a vacancy at a tetrahedral site.
Formally, the formation of this defect structure is treated as the following reaction

RmHtet
2m +

o− t
2

H2 −→ RmHoct
o Htet

2m−t,

whereRmHtet
2m andRmHoct

o Htet
2m−t represent the supercell of the stoichiometric fluorite-type

dihydride with optimized lattice parameter and the optimized defect structure, respectively.
This reaction is associated with the defect-formation energyEdf calculated from the respec-



12 Gunther Schöllhammer, Ferenc Karsai and Peter Herzig

R

H

Figure 4. Partial electron densities (FLAPW) in the (110) planes for the energy range of 1 eV
above the lowest eigenvalue at theΓ point for the fluorite-type dihydrides of the rare-earth
metalsR = Sc, Y, La, and Lu. The sections are true to scale. The positions of the atoms in
the (110) plane are shown in the sketch below. Contour lines are shown for the densities
ni = n0×2i/3. n0 has been chosen so thatn0×Ω = 2.25e, whereΩ is the volume of the
conventional unit cell. The first few contour lines are labelled. The superimposed grey
shadings may help to discern the areas of higher density (lighter grey areas) close to the
nuclei and in the H–H bonding regions.

tive total energies,

Edf
(
RmHoct

o Htet
2m−t

)
= E

(
RmHoct

o Htet
2m−t

)
−

[
E

(
RmHtet

2m

)
+

o− t
2

E (H2)
]
. (2)

The defect-ordering energyEord of a particular structure is defined as its defect-formation
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Figure 5. Partial electron densities (FLAPW) in the (110) planes for the energy range be-
tween the minimum of theDOS (or gap in the case of LaH2) at about−2 eV and the
Fermi energy for the fluorite-type dihydrides of the rare-earth metalsR = Sc, Y, La, and Lu.
The sections are true to scale. For the positions of the atoms in the (110) plane, see fig-
ure 4. Contour lines are shown for the densitiesni = n0×2i/3. n0 has been chosen so that
n0×Ω = 18e, whereΩ is the volume of the conventional unit cell. The superimposed grey
shadings may help to discern the areas of higher density (lighter grey areas) close to the
nuclei and in theR–R bonding regions.

energy relative to the defect-formation energies of the structures with only one defect per
unit cell (see sections 3.5.2. and 3.5.3.),

Eord
(
RmHoct

o Htet
2m−t

)
= Edf

(
RmHoct

o Htet
2m−t

)
−[

o×Edf
(
RmHoctHtet

2m

)
+ t ×Edf

(
RmHtet

2m−1

)]
. (3)

Structure optimizations with respect to all crystallographic degrees of freedom under
the constraint of point-symmetry conservation and total-energy calculations of the opti-
mized structures have been performed for more than 3000 defect modelsR32Hoct

o Htet
64−t by

usingVASP (see section 3.1.). All geometrically independent structures witho + t ≤ 4 that
can be derived from the supercellsR32Htet

64 have been determined. Foro + t > 2, however,
only structures with exclusively tetrahedral defects (vacancies in the hypostoichiometric
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Figure 6. Partial electron densities (FLAPW) in the (110) planes for the energy range be-
tween 1 eV above the lowest eigenvalue at theΓ point and the minimum of theDOS (or gap
in the case of LaH2) at about−2 eV for the fluorite-type dihydrides of the rare-earth metals
R = Sc, Y, La, and Lu. The sections are true to scale. For the positions of the atoms in the
(110) plane, see figure 4. Contour lines are shown for the densitiesni = n0×2i/3. n0 has
been chosen so thatn0×Ω = 50e, whereΩ is the volume of the conventional unit cell. The
superimposed grey shadings may help to discern the areas of higher density (lighter grey
areas) close to the nuclei and in the bonding regions.

dihydrides) and structures with exclusively octahedral defects (occupied octahedral inter-
stitial sites in the hyperstoichiometric dihydrides) have been considered not only because of
the high number of structures with both tetrahedral and octahedral defects, but also because
pairs of tetrahedral vacancies and octahedrally coordinated H atoms had turned out to be
energetically highly unstable (see section 3.5.1.). The number of investigated structures for
each metalR is given in table 3 for different values ofo andt.

3.5.1. Stoichiometric Dihydrides

Four different configurations consisting of Hoct and2tet can be realized inR32HoctHtet
63. A

defect-pair that is not stable with respect to the performed structure optimization results if a
Htet atom is shifted into a coordination octahedron sharing a triangular face with the original
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Table 3. NumberN of investigatedR32Hoct
o Htet

64−t structures for different numbers of octa-
hedral H atoms (o) and vacant tetrahedral interstitial sites (t).

o 4 3 2 1 1 0 0 0 0
t 0 0 0 0 1 1 2 3 4
N 71 14 5 1 4 1 10 53 602

tetrahedron. For each of the investigated metals, the corresponding structure transforms to
the fluorite-type dihydrideR32Htet

64.
In the case of the remaining Hoct–2tet configurations, the coordination numbers of the H

atoms remain unchanged. The formation of a Hoct–2tet pair in the stoichiometric dihydrides
of the considered rare-earth metals appears to be highly endothermic. The following defect-
formation energies have been obtained:Edf ≈ 1.1 eV for R = Sc and Y,Edf ≈ 0.9 eV for
R = La, andEdf ≈ 1.0 eV for R = Lu. The calculated ordering energiesEord lie between
0 and 10 meV, therefore no indications for the formation of relatively favourable Hoct–2tet

pairs have been found on the basis of the investigatedR32HoctHtet
63 structures.

3.5.2. Hypostoichiometric Dihydrides

For all hypostoichiometric dihydrides considered in this chapter, positive defect-formation
energiesEdf have been obtained.Edf per defect site has been found to increase with increas-
ing lattice constant of the dihydride, i.e., the bonding of the H atoms becomes stronger in
the sequence ScH2 < LuH2 < YH2 < LaH2.

There is some relaxation of the metal atoms close to the H vacancies inR32Htet
63. It is

directed away from the empty H site and lies between 0.01 and 0.05 Å. The effect on the
lattice parameter is smaller than in the case of the hyperstoichiometric structures with the
same defect concentration (see figure 1).

From the calculatedEdf values forR32Htet
62, it has been concluded that two structure

elements,A andB, are involved in the stabilized structures.A consists of two H vacancies
at the shortest possible distance of abouta/2, wherea is the lattice parameter corresponding
to the conventional unit cellR4H8. B is a linear arrangement of two H vacancies at a distance
of about

√
3a/2 with a metal atom in the center.A andB are realized in structuresR32Htet

62-1
andR32Htet

62-2, respectively, which are depicted in table 4. The most favourable structures in
theR32Htet

62 series areR32Htet
62-2 followed byR32Htet

62-1 for R = Y, La, and Lu. The difference
between La32Htet

62-1 and La32Htet
62-2 is 240 meV; the difference between the corresponding

Y and Lu structures is one order of magnitude smaller. A rather weak stabilization of the
most favourable vacancy-pair structure has also been found in the case of Sc32Htet

62. The
energetic sequence, however, is different: Sc32Htet

62-1 comes first, is followed by a structure
with a vacancy–vacancy distance of abouta and Sc32Htet

62-2, which are less stable by 22 and
35 meV, respectively.

The configurations of 3 and 4 vacancy sites have been found to follow similar energetic
trends. In LaH2−x, predominantly the maximization of the number of structure elements
B leads to stabilization. La32Htet

61-2 and La32Htet
60-2 are most stable fort = 3 andt = 4,

respectively. They are associated with the maximum number ofB elements per unit cell.
Apart from the zig-zag configuration in La32Htet

60-2, it is possible to arrange 4 vacancies in
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Table 4. Intersection of the unit cell and the (110) plane defined with respect to the cubic
axes of the supercellR32Htet

64, space-group symmetry, number of structure elementsA and
B, and defect-formation energyEdf according to equation (2) for selected defect models of
the hypostoichiometric dihydrides of Sc, Y, La, and Lu.

Structure (110) section Space group #A #B
Edf/eV

Sc Y La Lu

y y y y y
y y y y y
y y y y y

t t t tt t tt t t tt t t t
R32Htet

63 P4̄3m 0 0 1.225 1.414 1.435 1.343

y y y y y
y y y y y
y y y y y

t t t tt t tt t tt t t t
R32Htet

62-1 Cmmm 1 0 2.365 2.687 2.773 2.546

y y y y y
y y y y y
y y y y y

t t t tt t tt t tt t t t
R32Htet

62-2 R3̄m 0 1 2.400 2.662 2.533 2.527

y y y y y
y y y y y
y y y y y

t t t tt t tt t tt t t
R32Htet

61-1 P4̄2m 2 0 3.481 3.904 4.122 3.638

y y y y y
y y y y y
y y y y y

t t t tt t tt tt t t t
R32Htet

61-2 Cmm2 0 2 3.573 3.919 3.738 3.711

y y y y y
y y y y y
y y y y y

t t tt t tt t tt t t
R32Htet

60-1 P42/mcm 4 0 4.578 5.057 5.406 4.636

y y y y y
y y y y y
y y y y y

t t t tt tt tt t t t
R32Htet

60-2 Pmma 0 4 4.665 5.028 4.724 4.748

yt R
Htet

vacancy

a helical way, such that the number ofB elements present in the unit cell is maximized, as
illustrated in figure 7. The corresponding structure is less stable than La32Htet

60-2 by only
36 meV. From figure 8, the energetic effect of the structure elements of typesA andB in
LaHx becomes apparent. It can be approximated that the formation of aB element lowers
the energy by about 0.2 eV (decrease ofEdf with increasing number ofB for constant
number ofA). The decrease ofEdf with increasing number ofA elements is much weaker.
In the case of ScH2−x, YH2−x, and LuH2−x, the stabilizing effects due to the formation
of structure elementsA andB cannot be properly separated because of their rather small
energetic difference. The remarkable feature of the favourable structures with 3 and 4
vacancies is the accumulation ofA and/orB. Sc32Htet

61-1 and Sc32Htet
60-1 are the energetically

most favourable models in the respective series. The structures with 3 and 4 vacant sites
presented in table 4 and the helix model are the energetically most favourable for Y and Lu.

The accumulation ofA andB leads to unit-cell expansion and contraction, respectively.
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La (z = 0, 1/2)
La (z = 1/4, 3/4)

1/8

3/8

5/8

7/8

Figure 7.R32Htet
60 structure with helical arrangement of tetrahedral vacancies (2) projected

onto the (001) plane. Thez components of the vacancy positions are indicated. The posi-
tions of the H atoms are not shown.
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Figure 8. Defect-formation energiesEdf of La32Htet
61 (×) and La32Htet

60 (◦) according to equa-
tion (2) vs number of structure elementsB per unit cell for different numbers of structure
elementsA per unit cell.

The La32Htet
60 and La32Htet

61 structures with a relatively low defect-formation energy are those
with a small unit-cell volume for the respective H concentration (n = −4, −3 in figure 1).
For the other hypostoichiometric dihydrides, whereA and B are in competition, such a
correlation between energy and volume does not exist.

It is worthy of remark, that the formation of pairs and chains of H atoms that are geo-
metrically equivalent to the favoured vacancy configuration in LaH2−x have been found to
be associated with a lowering of the total energy in the solid solution of H in ccp-La [28],
i.e., linear H–La–H arrangements are favoured in LaHx.

3.5.3. Hyperstoichiometric Dihydrides

Exothermic defect-formation energiesEdf have been obtained for the investigated hyper-
stoichiometric dihydrides of Sc, Y, La, and Lu. For selectedR32Hoct

o Htet
64 structures, the
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calculatedEdf values are given in table 5. The absolute value ofEdf per Hoct atom increases

Table 5. Intersection of the unit cell and the (110) plane defined with respect to the cubic
axes of the supercellR32Htet

64, space-group symmetry, number of structure elementsA and
B, and defect-formation energyEdf according to equation (2) for selected defect models of
the hyperstoichiometric dihydrides of Sc, Y, La, and Lu.

Structure (110) section Space group
Edf/eV

Sc Y La Lu

y y yh y y
y y y y y
y y y y y

t t t tt t t tt t t tt t t t
R32HoctHtet

64 Pm3̄m −0.133 −0.358 −0.510 −0.348

y y yh
h
y y

y y y y y
y y y y y

t t t tt t t tt t t tt t t t
R32Hoct

2 Htet
64-1 Cmcm −0.268 −0.712 −1.028 −0.692

y y yh
h

y y
y y y y y
y y y y y

t t t tt t t tt t t tt t t t
R32Hoct

2 Htet
64-2 P4/mmm −0.225 −0.702 −1.037 −0.684

yth
R
Htet

Hoct

with increasing lattice constant of the dihydride, i.e., the hyperstoichiometric H atoms are
more tightly bonded in LaH2+x than in YH2+x and LuH2+x analogous to the situation in the
respective hypostoichiometric dihydrides. The absolute value ofEdf per defect site, how-
ever, is much larger in the hypostoichiometric case. The bonding of Hoct atoms in ScH2+x

is relatively weak. This can be seen in connection with the fact that ScH3 is formed only
under high pressure [73] and in the context of the Switendick criterion [81], which implies
a repulsive interaction between H atoms in interstitial metal hydrides leading to a minimum
H–H distance of about 2.1 Å. The distance between Hoct and the surrounding Htet atoms in
the relaxed structure is 2.13 Å.

The structural relaxation taking place in the vicinity of the defect site inR32HoctHtet
64 is

characterized by an elongation of the shortest distance between Hoct and the 8 neighbour-
ing Htet atoms by 0.05–0.06 Å and by a shortening of the distance between Hoct and the
coordinatingR atoms by 0.02–0.03 Å.

The Hoct pair configurations that are present inR32Hoct
2 Htet

64-1 andR32Hoct
2 Htet

64-2 (see
table 5) have turned out to be structure elements determining the relative stability of the in-
vestigatedR32Hoct

o Htet
64 structures. Energetically relatively favourable structures correspond

to Hoct arrangements giving rise to a large number of these pair configurations. Among
the structures with 2 Hoct atoms per unit cell,R32Hoct

2 Htet
64-1 is most stable for the consid-

ered hydrides except for LaH2+x. The linear H–La–H arrangement of La32Hoct
2 Htet

64-2 is
favoured. Endothermic ordering energies between about 0 and 80 meV per Hoct atom have
been obtained for the investigatedR32Hoct

o Htet
64 structures in the case ofR = Sc, Y, and Lu.

The ordering energies of La32Hoct
o Htet

64, on the contrary, are partially exothermic; they lie
between−16 and 45 meV per Hoct atom. Consequently, some Hoct configurations are stabi-
lized with respect to a single Hoct atom per unit cell. This effect is most pronounced for the
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La32Hoct
4 Htet

64 structure shown in figure 9, in which the number of linear H–La–H arrange-
ments is maximized. It can be described as La8H17 on the basis of the 1×1×2 supercell

La
Hoct

Figure 9. (001) section of the most stable La32Hoct
4 Htet

64 structure. The shaded area corre-
sponds to the smaller unit cell La8HoctHtet

16. The symmetry of the structure isP4/mmm.

of the conventional face-centered unit cell of LaH2 and a space group of the typeP4/mmm
(no. 123). This is interesting because ordered structures have been found at low tempera-
ture for LaH2.25 [82] and LaH2.50 [83] with the same tetragonal unit cell and space groups
of the typesI4/mmm (no. 139) andI41/amd (no. 141), respectively, by means of neutron
powder-diffraction investigations of the corresponding deuterides. These superstructures
are characterized by ordering of the Hoct atoms on the (044) net planes. The octahedral
sites on a particular (044) plane are either completely vacant or completely occupied. In the
I4/mmm structure, a net plane with occupied octahedral sites follows three net planes with
vacant sites. In theI41/amd structure, two net planes with occupied octahedral sites follow
two net planes of the other type. Hoct of theP4/mmm structure La8H17 shown in figure 9
occupies the Wyckoff position 1a, the vacant octahedral interstitial sites correspond to the
positions 1b, 1c, 1d, and 4i (z = 1/4). The occupation of 1b or 1c with a second hydrogen
atom leads to smaller unit cells La4H9 and space groups of the typesPm3̄m (for c/a = 2) or
P4/mmm, respectively. If the second H atom is placed at 1d, the aforementionedI4/mmm
structure is obtained. For a second H atom at one of the sites of position 4i, a La8H18 struc-
ture withPmma symmetry results. The defect-formation energies have been calculated for
La8HoctHtet

16 and the derived La8Hoct
2 Htet

16 structures. The results are given in table 6. The ex-

Table 6. Defect-formation energiesEdf according to equation (2) and defect-ordering en-
ergiesEord according to equation (3) of La8HoctHtet

16 and the LaH2.25 structures resulting by
inserting a second H atom at different octahedral sites. The LaH2.25 structures with space
groups of the typesPm3̄m andP4/mmm have smaller unit cells; for comparison, they are
described as La8Hoct

2 Htet
16.

Structure Space groupEdf/eV Eord/eV Remarks
La8HoctHtet

16 P4/mmm −0.531 —
La8Hoct

2 Htet
16 Pm3̄m −1.073 −0.010 2×La4HoctHtet

8
La8Hoct

2 Htet
16 P4/mmm −0.937 0.126 2×La4HoctHtet

8
La8Hoct

2 Htet
16 I4/mmm −1.105 −0.042 experimental structure [82]

La8Hoct
2 Htet

16 Pmma −1.038 0.025

perimental structure has turned out to be the most stable one. The ordering energy obtained
for this structure is negative. The cubic LaH2.25 structure, in which the number of linear
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Hoct–La–Hoct units is maximized, and which is also associated with exothermic ordering,
is less stable by 32 meV. In the case of the remaining structures,Eord > 0 holds. In the
relatively unstableP4/mmm andPmma structures, rather short nearest-neighbour distances
between Hoct atoms occur, which are avoided in the structures withI4/mmm andPm3̄m
symmetry.

3.6. Lanthanum Trihydride

3.6.1. Stoichiometric Trihydride

Phonon calculations have shown that LaH3 with Fm3̄m symmetry (D03 type) and an opti-
mized volume ofV = 171.61 Å3 is an dynamically unstable structure [20].

The 2×2× 2 supercell of the conventional face-centered unit cell ofD03-type LaH3

has been structurally optimized without any point-symmetry constraints, i.e. forP1 sym-
metry and a constant number of atoms per unit cell [20]. As a consequence of the structure
optimization, the total energy has decreased by 21 meV per formula unit LaH3. Struc-
ture relaxation and total energy calculations have been performed by usingVASP (see sec-
tion 3.1.). Higher symmetrical structures have been found that differ only slightly from the
P1 structure with respect to the geometrical parameters and the total energy. These higher
symmetrical approximants can be described on the basis of unit cells La4H12 and space
groups of the typesP1, Pm, Pmc21, andPnma. To simplify matters, thePnma structure,
which is characterized and compared to theD03-type structure in table 7, will be discussed
in the following.

Table 7. Parameters of the La4H12 structure withPnma symmetry found in optimized
La32H96 and structural parameters for cubic LaH3 with the same unit-cell setup.

La4H12 (optimized) Pnma, no. 62 b = 5.28879 Å
a/b = 1.51470
c/b = 0.77104

La @ Wyckoff position 4c with x = 0.12974,z = 0.71477
H1 4c x = 0.36438,z = 0.15679
H2 8d x = 0.11804,y = 0.00209,z = 0.20169

La4H12 (D03 type) equivalentPnma setup
a/b =

√
2

c/b = 1/
√

2
La @ Wyckoff position 4c with x = 1/8,z = 3/4
H1 4c x = 3/8,z = 1/4
H2 8d x = 1/8,y = 0, z = 1/4

The formation energy of LaH3,

Ef(RH3) = E(RH3)−E(R)− 3
2

E(H2) = −2.455 eV, (4)

has been calculated in the same way as described for the dihydrides in section 3.2. Thereby,
E(RH3) is the total energy per formula unit of LaH3 with Pnma structure,E(R) is the total
energy of dhcp-La per atom, andE(H2) is the reference energy for the hydrogen molecule.
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The dihydride formation, which is connected with a formation energy of−1.000 eV per H
atom (see section 3.2.), is stronger exothermic than the reaction

LaH2 +
1
2

H2 −→ LaH3

corresponding to the reaction energy

Ef(RH3)−Ef(RH2) = −0.456 eV. (5)

In this sense, the additional H atom in LaH3 is less tightly bonded than the H atoms in
LaH2.

The orthorhombic distortion of the lattice parametersa, b, andc by +1.9%,−4.8%,
and+3.8% with respect to the cubic unit cell corresponding to a volume increase of about
0.7% is accompanied by significant changes of the interatomic distances. The coordination
numbers of the constituent atoms, however, remain unchanged. The H atoms at Wyckoff
position 4cand 8d occupy distorted octahedral and distorted tetrahedral interstitial sites,
respectively. The coordination environment of the H atoms is shown in figure 10.

The structure relaxation is not only associated with a lowering of the total energy but
also with the opening of a band gap of slightly more than 1 eV within density-functional
theory. The band structures of thePnma structure and of cubic LaH3 are displayed in fig-
ure 11. Unlike the cubic structure, which is dynamically unstable, no imaginary frequencies
have been obtained in phonon calculations for thePnma structure [20].

3.6.2. Defect Models for the Hypostoichiometric Trihydride

Structure optimizations and total-energy calculations have been performed for vacancy
models derived from the 2×2×2 supercell of the face-centeredD03-type unit cell of cu-
bic LaH3 applying VASP (see section 3.1.). The structure relaxations have been carried
out without restrictions concerning the point-symmetry but keeping the lattice parameters
constant. The involved structures have a pseudo-cubic lattice parameter ofa = 11.140 Å.

Model structures for LaH3−x are designated by using formulae representing the unit
cell, similar to the notation introduced in section 3.5. for dihydride structures. The formula

La32H
oct
32−oHtet

64−t

stands for a structure witho octahedral andt tetrahedral vacancies, the formation of which
is treated as the following reaction

La32H
oct
32Htet

64 −→ La32H
oct
32−oH

tet
64−t +

o+ t
2

H2

where La32Hoct
32 Htet

64 and La32Hoct
32−oH

tet
64−t represent the supercell of LaH3 and the optimized

model structure, respectively. This reaction is associated with the dehydrogenation energy
calculated from the corresponding total energies

Ed
(
La32H

oct
32−oHtet

64−t

)
= E

(
La32H

oct
32−oHtet

64−t

)
+

o+ t
2

E (H2)−E
(
La32H

oct
32 Htet

64

)
. (6)
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Figure 10. Projections onto the plane withy = b
4 of the positions of the H atoms and the

coordinating La atoms in the La4H12 structure withPnma symmetry. La–H distances are
indicated. Thea axis is vertical.y values are given in units of the lattice parameterb. Top:
H atom at a distorted octahedral interstitial site (H1 in table 7). The distance between the
H atom and the La atoms aty = − b

4 andy = 3 b
4 is 2.65 Å. Bottom: H atom at a distorted

tetrahedral interstitial site (H2 in table 7). Figure from reference 12.

Comparing the unrelaxed structures with a single vacancy per unit cell, La32Hoct
31 Htet

64
and La32Hoct

32Htet
63, in which the H atoms retain theirD03 positions, the formation of an oc-

tahedral vacancy appears to be favoured by 619 meV. The energetic effect of the structure
relaxation (−104 and−681 meV) compensates for the most part of this difference. The de-
hydrogenation energies areEd(La32Hoct

31 Htet
64) = 0.244 eV andEd(La32Hoct

32Htet
63) = 0.287 eV,

i.e., the difference is reduced to 43 meV [19]. The Hoct atoms neighbouring the tetrahedral
vacancy undergo drastic relaxations; they are shifted towards the vacancy by as much as
0.76 Å [19].

A plot of the dehydrogenation energies of all possible vacancy-pair structures, i.e. the
structures with 2 unoccupied octahedral and/or tetrahedral interstitial sites per unit cell vs
the vacancy–vacancy distance is shown in figure 12. The most stable vacancy pair is the one
consisting of two vacant octahedral sites at the nearest-neighbour distance of 3.94 Å [20].
As expected from the experimentally observed insulating nature of the compound, a gap is
present in the band structure of this model, which is shown in figure 13. Partial electron den-
sities for the first two bands below the Fermi energy are displayed in figure 14. These two
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Figure 11. Electronic band structures (VASP) of LaH3 (unit cell La4H12) along high-
symmetry directions through the Brillouin zone corresponding to the orthorhombic prim-
itive Bravais lattice [80]. Left:Pnma structure. Right:D03 structure with orthorhombic
setup of the unit cell equivalent to thePnma structure (see table 7). The energy is measured
relative to the Fermi energy.

bands mainly correspond to thed states of the La atoms next to the vacant octahedral sites
forming bonds across the vacancies. A band gap has been found also for the energetically
less favourable La32Hoct

31 Htet
63 structures and for some La32Hoct

32 Htet
62 structures [20].

4. Conclusion

In this chapter, we report on results from first-principles studies of the electronic, energetic,
structural, and elastic properties of the stoichiometric and non-stoichiometric fluorite-type
dihydrides of the rare-earth metalsR = Sc, Y, La, and Lu. Besides, the properties of stoi-
chiometric and hypostoichiometric trihydride of La are taken into consideration.

The computed formation energies of the stoichiometric dihydrides are exothermic and
lie between−2.2 eV for Y and−2.0 eV for La and Lu.

The elastic properties have been calculated for the stoichiometric dihydrides as well as
for cubicRH1.75 andRH2.25. The bulk moduli increase with increasing H concentration and
with decreasing atomic radius ofR. Band structures, densities of states, and partial electron
densities have been employed in order to get a better understanding of the chemical bond-
ing in the stoichiometric dihydrides. The investigated compounds show close similarities
in their electronic properties. The states making up the band crossing the Fermi energy
correspond toeg–eg interactions between second-neighbourR atoms andt2g–t2g interac-
tions between nearest-neighbourR atoms. Hs states only contribute to the states of the two
lower bands. The partial electron densities corresponding to the energy range of these bands
demonstrate bonding H–H andR–H interactions. Possible ordering tendencies in the hypos-
toichiometric and hyperstoichiometric dihydrides and the energetics of non-stoichiometry
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Figure 12. Dehydrogenation energiesEd for La32Hoct
30Htet

64, La32Hoct
31Htet

63, and La32Hoct
32 Htet

62
vs the vacancy–vacancy distanced in the unrelaxed structures. For comparison, 2× Ed

of La32Hoct
31Htet

64 (◦) and La32Hoct
32Htet

63 (2) are added atd = 11.14 Å (pseudo-cubic lattice
parameter). In the structures labelled asa andb, a La atom and a Hoct atom, respectively,
lie at the center between the two tetrahedral vacancies 4.82 Å apart.
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Figure 13. Electronic band structure (VASP) for La32Hoct
30Htet

64 with two octahedral vacancies
3.94 Å apart (space groupCmmm; the 126-atom unit cell is the primitive cell). The energy is
measured relative to the Fermi energy. The Brillouin zone corresponds to the base-centered
orthorhombic Bravais lattice, the path has been chosen according to reference 80. The
band structure of this structure is plotted for a different path through the Brillouin zone in
reference 20 (Bravais lattice erroneously called orthorhombicprimitive).
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La
Hoct

Htet
vacancy

Figure 14. Contour maps of partial electron densities (FLAPW) in the (110) plane for
La32Hoct

30 Htet
64 with a vacancy–vacancy distance of 3.94 Å. Left: energy range of the first

band below the Fermi energy. Right: energy range of the second band. Contour lines are
shown for the densitiesni = n0×2i/2. n0 has been chosen so thatn0×Ω = 20e, whereΩ is
the volume of the unit cell. The superimposed grey shadings may help to discern the areas
of higher density (lighter grey areas) due to the La–La bonds across the vacancies. The
positions of the atoms and the vacancies in the (110) plane are shown in the sketch below.
An analogous figure appears in reference 20.

have been examined by means of numerous model structures derived from supercells of
the conventional fluorite-type unit cells with up to four defect sites (additional H atoms at
octahedral sites or vacant tetrahedral sites). The dehydrogenation ofRH2 is endothermic.
The formation of a hydrogen vacancy leads to a destabilization by 1.2–1.4 eV. On the other
hand, hydrogenation ofRH2 is exothermic. The insertion of an additional H atom is con-
nected with reaction energies between−0.51 eV (R= La) and−0.13 eV (R= Sc). Defect
structures with a vacant tetrahedral site and a H atom at an octahedral site are destabilized
by 0.9–1.1 eV with respect to the fluorite structure. An accumulation of certain structure
elements has been observed for the relatively stabilized defect clusters in the hypostoichio-
metric and hyperstoichiometric dihydrides. The energetic impact of defect ordering is far
more pronounced in the case of LaH2−x than in the case of the other investigated non-
stoichiometric dihydrides. The energy of a particular LaH2−x structure relative to other
structures with the same hydrogen content is determined by the number of pairs of vacan-
cies grouped around central La atoms. For stoichiometric LaH3 an orthorhombic structure
has been found that is energetically and vibrationally stable in contrast to the cubicD03-
type structure. The band structure of the orthorhombically distorted structure exhibits a gap.
Pairs of vacant octahedral interstitial sites at the shortest possible distance have turned out
to be energetically favourable defect configurations in hypostoichiometric trihydride of La.
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The presence of these vacancy pairs goes along with the occurrence of a band gap. Also
various other pair configurations lead to the opening of a gap.
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