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Rare-earth metals (RE) easily react with hydrogen. For decades the
bonding of hydrogen has been discussed controversially in terms of
either the “proton model” or the “anion model”. Detailed inves-
tigations of metal-rich compounds of the rare-earth metals provide
clear evidence for the incorporation of hydrogen as a hydride anion.
Several categories of compounds can be distinguished regarding their
behavior towards hydrogen. Low-valence compounds with metal—
metal bonding frequently provide their excess electrons to form hy-
dride ions as found with the halide hydrides REXH,. However, there
are exceptions, such as, Lal which does not react with hydrogen as

a result of special electronic and electrostatic conditions. The opposite
is true with La,Cj; although this compound does not provide excess
metal valence electrons. An amorphous phase La,C;H,; s forms at very
low temperature, around 450 K. The presence of hydrogen strongly
influences the electrical and magnetic properties, for example, spin-

tions which range from hydrogen stor-
age to rechargeable batteries to switch-
able mirrors.

The metallic character of RE hy-

glass formation and colossal magneto resistance arising in the presence

of 41" cores with the lanthanoid elements.

1. Intoduction

Rare-earth metals (RE) react with hydrogen even at room
temperature. Eu and Yb form semiconducting dihydrides.
EuH, and interestingly also ScH, are strictly stoichiometric,
whereas Yb can absorb additional hydrogen and thus paves
the way to the behavior of the trivalent RE metals. These
form metallic dihydrides and incorporate further amounts of
hydrogen up to the limiting composition of the insulating
trihydrides. There is extensive literature on the RE hydrides
comprehensively described in the Gmelin Handbook.!"! More
recent work illuminated the complex phase relationships in
RE hydrides and their structures and dynamics.”* Innumer-
able publications cover the interaction of RE metals and
hydrogen in multicomponent systems for possible applica-
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drides provoked intense and contro-
versial discussions about chemical
bonding which can be summarized in
two alternative views. The “proton
model” is based on the assumption
that hydrogen donates its electron to
the conduction band of d character and resides as a shielded
proton in an alloy matrix. In contrast, the “anion model”
postulates a reverse electron transfer from the metal to
hydrogen resulting in the formation of hydride anions and,
hence, predominantly ionic bonding. In chemical terms this
controversy addresses the question as to whether hydrogen
acts as a reducing agent, as usual, or as an oxidizing agent. The
controversy can be clarified unequivocally by investigations
of a broad range of RE metal compounds.

The important role of hydrogen in the chemistry of low-
valence RE compounds was discovered by accident. In
experiments aiming at the reduction of RE trihalides by their
respective metals, phases of Y, Gd, and Tb were identified
which had the crystal structures of Zr monohalides, ZrX.[*!
However, it turned out that the yield of these new phases
decreased with increased experience in preparation! Finally it
became clear that they were actually stabilized by hydrogen,
invisible to X-rays in the presence of strong scatterers, which
was introduced by contamination of the metals and/or by
traces of moisture. Heating these phases in sealed tantalum
tubes under vacuum at the temperatures of their formation,
the loss of hydrogen by diffusion through the container wall

Angew. Chem. Int. Ed. 2012, 51, 4280 — 4286



Rare-Earth Metal Hydrides

led to a mixture of the educts,®! and adding the appropriate
amount of hydrogen on purpose resulted in high yields of
REXH,. Once recognized, an interesting field of research
opened.

In principle, the researchers should have been warned,
because the first incorporation of hydrogen in a transition-
metal compound, Nbgl;;H, had been discovered equally
unexpectedly many years before.l"! This compound contains
the M Xs-type cluster, and instead of a closed-shell config-
uration with 24 electrons in metal-metal bonding states for
this type of cluster it has an electron deficiency with only
19 electrons per cluster available. This deficiency can be
compensated by introducing an H atom, formally adding its
electron to the M—M bonding system according to the “proton
model”. However, a closer look into the electronic band
structure tells a different story.’! One orbital of suitable
symmetry mixes with the Hls state forming a bonding
hydride-like state below and the antibonding combination
above all the M-M bonding states. This bonding at the
expense of M-M bonding is in agreement with the “anion
model”. In the case of the more electropositive character of
the RE metals compared to Nb the H1s state enters at an even
lower energy which leads to well defined hydride anions.

The behavior of hydrogen in the chemistry and physics of
RE compounds is determined by two conditions, the electron
count and the repulsive anion—-anion interactions. There are
three specific cases for the reaction of hydrogen to be
discussed. 1) An excess of metal valence electrons in a low-
valence compound provides the driving force for a reaction
with hydrogen which localizes the electrons as hydride ions.
2) In spite of the presence of an excess of electrons no
reaction with hydrogen occurs, and 3) surprisingly hydrogen
enters the structure although there is no obvious excess of
metal valence electrons present.

2. Hydrogen Localizes Excess Metal Valence
Electrons

Moving from a discrete cluster to the infinite systems of
condensed clusters does not change the arguments used above
in describing the bonding of hydrogen. The structures of the
halide carbides RE,XC are composed of carbon-centered RE;
octahedra condensed into layers (Figure 1). In an ionic
description one metal valence electron per formula unit is
used in extended M-M bonding according to RE*",X " C*"-e”,
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Figure 1. Reaction of hydrogen with phases RE,XC (left), structural
differences between Tb,BrC and Tb,BrCD (center), and change of the
electrical properties measured for Gd,BrC and Gd,BrCH (right).

and this electron can be “titrated” with hydrogen in a rever-
sible topochemical reaction. Neutron diffraction experi-
ments®!” performed on the deuterated Tb bromide com-
pounds show that the D atoms slip into the centers of triangles
in one metal-atom layer, push the C atoms towards the
opposite layer of Tb atoms, which stays empty of hydrogen.
The Br atoms move from the positions above faces to edges.
All these atomic shifts reflect the repulsive interactions
between the anions, D™, Br~, and C*. Of course, M-M
bonding is lost as indicated by the change from low to high
electrical resistance of the corresponding hydrogenated Gd
compounds. There is one more interesting observation: The
kink owing to ferromagnetic ordering in the metallic phase at
120 K vanishes in the non-conducting phase. In the insulating
phase, magnetic order occurs only at liquid helium temper-
ature. Clearly, the d conduction electrons provide magnetic
coupling between the localized moments of the 4f electrons
known as the RKKY interaction.

The behavior of SE,XC samples with intermediate H/D
loadings was not investigated further, but this was done in
great detail with the monohalide hydrides."! In their metallic
phase the H atoms occupy a part of the tetrahedral voids up to
full occupancy in REXH. The halogen atoms X lie above the
octahedral voids. The removal of more than 1/3 of the H
atoms leads to decomposition into metal and trihalide which
establishes the stability range for REXH,, 0.67 <n <1.00. In
a reversible reaction hydrogen can be absorbed which enters
the triangular faces of the octahedra (or rather trigonal
antiprisms) resulting in a considerable increase of the distance
between adjacent metal-atom layers, and the X atoms are
shifted to positions above the tetrahedral voids. All these
changes reflect the mutual repulsion between the anions in
the salt like insulators RE**X H™,. Whereas a range of
homogeneity exists in REXH,, for 0.67<n<1.00, a gap is
found for 1.00<n<2.00 which is due to the structural
changes but also has an electronic reason essentially based
on the avoidance of electron localization in Gd*" ions. The
antiferromagnetic ordering temperature is extremely sensi-
tive to the hydrogen content which was determined both by
volumetric measurements and combustion analyses. As
demonstrated for GdBrH, in Figure 2 marginal changes of
the H content significantly influence the magnetic coupling.
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Figure 2. Antiferromagnetic ordering of metallic GdBrH, as a function
of hydrogen content n in comparison with insulating GdBrH, which
has a Neel temperature of 1.5 K.

Investigations on the isotypic Tb compounds allow a more
quantitative understanding of the type of coupling. At nearly
full occupancy of the tetrahedral voids, a Curie-Weiss law and
anegative intercept with the abscissa is found, giving evidence
for predominantly antiferromagnetic coupling. The decrease
in hydrogen content shifts the intercept towards zero, and
finally it becomes positive with ferromagnetic interactions
dominating. The scenario is dominated by a competition
between ferromagnetism and antiferromagnetism. Neutron
diffraction experiments on TbBrD, show that for a value
n near 1.00 the moments order ferromagnetically in each Tb
atom layer, and adjacent layers arrange in an antiferromag-
netic manner. With decreasing D content the magnetic super-
structure reflections fade and finally vanish for lowest
D content. So, long-range magnetic order is lost, however,
short-range order still persists in the competition between
ferro- and antiferromagnetism as indicated by a pronounced
maximum in the magnetic susceptibility of TbBrD, ;. To keep
the story short, the competition between opposing magnetic
interactions together with the disorder resulting from a partial
occupation of voids by D atoms produces a spin glass.
Interestingly, the disorder of the non-magnetic component D
is the origin of spin-glass formation. Yet another intriguing
phenomenon is observed with these monohalide hydrides: An
external magnetic field changes their electrical conductivity
dramatically, the colossal magneto-resistance (CMR) effect
approaching 99.9 % in a field of 7 Tesla at low temperatures.

A more detailed study of the magneto-resistance effect
has been performed on the related but structurally simpler
compound, GdI,. It has the well-known crystal structure of
NbSe, composed of close-packed single layers of metal atoms
which are each coordinated by trigonal prisms of the non-
metal atoms. The preparation of Gdl,, in spite of its simplicity,
provides a problem because the eutectic temperature for Gd/
GdI; lies just 6 K below the peritectic decomposition of
GdL."? Hence, to utilize the presence of some melt for
enhancing the reaction rate the temperature has to remain
within this limit. Obeying this precaution we were able to
grow large single crystals at 1100 K which allows measure-
ments of anisotropic properties.

In NbSe, the delectrons are involved in M—M bonding
and play an important role in charge-density wave instability
and superconductivity. Delocalized M—M bonding also occurs
for Gdl, according to the formulation Gd*1-,-e~, however,
because of the presence of the magnetic 4f7 core, super-
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conductivity cannot occur. Instead, interesting magnetic
properties come into focus. The magnetic moments couple
through the d conduction electrons which lead to ferromag-
netic order near room temperature. The ordering is accom-
panied by an anomaly in the electrical resistance which can be
greatly influenced by an external magnetic field (Figure 3)."%

40

200
TIK —

1
100

Figure 3. Colossal magneto resistance effect (CMR) of Gdl, measured
in magnetic fields between 0.1 and 7 Tesla.

The size of this CMR effect places GdI, in a large group of
CMR materials which have been investigated and described
in an enormous number of publications in recent years.
Indeed, GdI, surpasses all of them at room temperature. In
spite of the chemical differences, the origin of the effect is
quite comparable in, for example, oxomanganates and GdlI,.
In the oxomanganates the octahedral crystal field leads to
a splitting of the d level into t,, and e,. Three electrons align
with parallel spins in t,,, and they order ferromagnetically,
polarizing the conduction electrons in the e,-type conduction
band. Similarly, in the case of Gdl,, the 4f’ cores order
ferromagnetically and polarize the itinerant d band electrons.
The electronic band structures of NbSe, and GdI, exhibit
close similarities."™”! The Fermi surface of GdI, has tubular
features along the z axis indicating the expected pronounced
two-dimensional character, and it shows the nesting features
of NbSe,, however, slightly below the Fermi level. The idea
lies at hand, to move into these singularities by lowering the
Fermi level through hydrogen insertion, thus localizing some
conduction electrons by hydride formation. The results of
hydrogenation experiments were at first sight surprising, but
finally they were quantitatively understood in terms of known
principles.

The transition from GdI, to GdI,H is completely homo-
geneous (Figure 4).'Y With the successive insertion of hydro-
gen the ferromagnetic saturation moment decreases steadily
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Figure 4. Changes of ferromagnetic saturation moment and electrical
resistance of Gdl,H, as a function of hydrogen content n.
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until it reaches a constant value at the approximate compo-
sition GdI,Hy;;. The binding of conduction electrons as
hydride anions is evident from the steep increase of the
electrical resistance with hydrogen content. In the regime of
still strong ferromagnetism at a chosen composition GdI,H,,
colossal magneto resistance is observed (Figure 5). In the
regime of constant saturation moment, above the composi-
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Figure 5. Electrical resistance of Gdl,H,, as a function of external
magnetic field.

tion GdI,H, 33, spin-glass behavior occurs as evidenced by the
frequency dependences of the real part and characteristic
absorption in the imaginary part of the magnetic susceptibility
of a sample GdL,H,,, (Figure 6). The phase diagram is thus
characterized by different areas determined by paramagnet-
ism, ferromagnetism, mixed ferromagnetism together with
spin-glass behavior and pure spin-glass (or rather spin cluster
glass) behavior (Figure 7).

The interpretation of the different phenomena follows
from a visual picture presented in Figure 8. In the planar
net of Gd atoms, the H atoms take positions in the centers of
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Figure 6. Real part (top) and imaginary part (bottom) of the magnetic
susceptibility measured for Gdl,H,, at different frequencies indicating
spin-glass behavior.
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Figure 7. Magnetic phase diagram of Gdl,H, comprising areas of
paramagnetism, ferromagnetism characterized by T, and spin-glass
behavior characterized by the melting temperature T,,.

Figure 8. Top: Triangular layer of Gd atoms in the structure of Gdl,
with the possible positions for hydrogen atoms indicated as empty
spheres, bottom: patterns of local ferro- and antiferromagnetic order
in Gdl,H, 55 and Gdl,H, 3, occupied H positions drawn as filled
spheres.

the triangles. Once the H atom is in this position it changes
the magnetic coupling between the surrounding Gd atoms
from ferromagnetic to antiferromagnetic. In an Ising-type
system antiferromagnetism is frustrated, because in a triangle
an antiparallel alignment of all the magnetic moments is
impossible. Frustration is also introduced into neighboring
triangles which are not occupied by H atoms. At the chosen
composition GdI,H,,s percolation still exists, that is, pathways
of ferromagnetically coupled Gd atoms allow electrons to
move with no spin—flip barrier. At a critical filling of 1/3 of the
available H sites, frustration covers all triangles. Further
hydrogenation does not change the ratio of ferro- and
antiferromagnetic interaction any more, but only removes
conduction electrons through hydride formation until the salt-
like insulator Gd*'1,H™ is reached, which neatly explains
both the magnetic as well as the electrical behavior. The sharp
change in properties with filling of 1/3 of the H atom positions
indicates an ordered array in each layer although scattering
experiments do not show superstructures, because of lack of
coherence between the layers.

To summarize the results presented in this Section,
hydrogen is absorbed by low-valence RE compounds which
have excess electrons in M—-M bonding states that can be
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transferred to the H atoms. What seems like a necessary and
sufficient situation, however, may not be sufficient and not
even necessary, as will be illustrated with the following
exceptions.

3. No Reaction with Hydrogen in spite of Excess
Metal Valence Electrons

There are exceptions to the rule mentioned above. The
first to be analyzed concerns low-valence RE compounds
which do not absorb hydrogen in spite of having a surplus of
metal valence electrons. The reasons are many, based on
special electronic bonding conditions or electrostatics or both.
Gd,Cl; is a good example to start with. Its crystal structure is
composed of linear chains of edge-sharing Gd,; octahedra
encapsulated by Cl atoms.['! In the ionic-limit bonding can be
formulated as Gd**,Cl;-3e". The 4f’ core of trivalent Gd is
clearly demonstrated by the photoelectron spectrum which is
characterized by a narrow f band with no multiplet splitting.
The excess d electrons are involved in localized M-M bonds
which lead to semiconducting behavior. The origin of
electronic localization could be a Peierls distortion of the
chain, however, it is rather the special condition of an avoided
crossing of bands in the electronic band structure that leads to
a closed-shell condition with stable M—M bonds and signifi-
cantly lowered energy of the d bands."” The excess electrons
are simply not available to be transferred to hydrogen.

A similar situation is met with Lal,, which, like Gdl,, is
metallic. Whereas it is difficult to prepare Gdl, free of traces
of hydrogen, Lal, is a truly binary compound entirely free of
hydrogen. The different behavior has an electronic reason
based on structure."™ GdlI, crystallizes with a triangular net of
Gd atoms (as mentioned above) with electron-deficient 3-
center bonds.™” These are ideally suited to mix with the Hls
orbital. In contrast, Lal, contains quadratic nets of La atoms
in its structure, bonded by 2-center o-bonds which offer no
significant overlap with the H1s orbital. If Lal, is forced to
absorb hydrogen, the quadratic net collapses into the close-
packed triangular net resulting in intergrowth structures of
the Nb and Mo dichalcogenide types, and these can then bind
hydrogen. As indicated in Figure 9 a there is a large miscibility
gap between Lal, and the hydrogenated phase Lal,H,.*"!

Lal, Gdl,

La ' T,e Gd* e

9000 0000 9000
200 200

90009 _ "% 9000
2000 00 200
Lal, LalH, GdlH,

T ey E—

n 0o 05 1 0 1

Figure 9. Comparison of the metal-atom nets in the structures of Lal,
and Gdl,. Only the triangular nets are capable of incorporating
hydrogen leading to a miscibility gap for Lal,H, and a complete range
of homogeneity for Gdl,H,.
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The case of the monoiodide Lal is even more perplexing.
The compound was discovered rather recently.?!! Its synthesis
looked somewhat strange, because La metal and Lal; had to
be heated in a sealed Ta capsule for months, traces of Zn
seemed to help the reaction to proceed and yet the yield was
low. Some suspicion about its binary structure arose based on
our earlier experience with “monohalides” stabilized by
hydrogen. However, using Na in the reduction reaction and
choosing Lal, as starting material, Lal could be prepared in
quantitative yield within a few days.”?! Clearly, the layered
structure of Lal, allows a different pathway for the reaction
than the three-dimensional network of Lal;. Many careful
checks for a possible contamination definitely excluded the
presence of hydrogen. There is an interesting electronic and
electrostatic reason why Lal stays as a pure binary in spite of
the presence of two excess metal valence electrons. The
crystal structure is of the NiAs type, however, with an
exceptionally large c/a ratio representing rather a layered
structure. The triangular layers of La atoms should be well
suited for the incorporation of H atoms. The result of
a calculation of the electron localization function (ELF),
however, gives an explanation as to why hydrogen absorption
does not occur (Figure 10). The attractor representing the
three-center bond lies out of the plane of the La atoms, and
the electrostatic origin of this deviation is clearly due to the
repulsion by the iodide ion above the center of the triangle.
Placing an H atom into this position would increase this
repulsion still further and, hence, the hydrogen cannot be
incorporated./®!

Figure 10. Layered crystal structure of Lal (left) and electron localiza-
tion function (ELF) at an iso-value #=0.44 (right) indicating a repulsive
interaction between the electrons in the multicenter bonds of the La,
triangle and the 1™ ions.

4. Reaction with Hydrogen in spite of the Absence
of Excess Metal Valence Electrons

The final example addresses the case of a RE compound,
La,C;, which lacks low valence and can be described as
a normal-valence compound with no excess metal valence
electrons being present. Its cubic structure is formulated as an
ethenide La*",(C,*"); which becomes a metal “by accident” as
a result of backbonding from the occupied C,mt* states into
empty La dstates, and the proximity of localization and
delocalization may be the origin of superconductivity in
La,C;.”! This carbide presents many surprises, starting with
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its composition. As a result of a large number of investiga-
tions it was concluded that La,C; exhibits a significant
homogeneity range,?¥ but prolonged annealing of samples
within this range reveals that they split into stoichiometric
La,C; and a metal-rich phase La,C,¢;, clearly identified by
their respective sharp transitions to superconductivity, La,C;
becomes superconducting at 12 K and the metal-rich phase
around 5K, respectively.™ Even more surprising is the
reaction of La,C; with hydrogen. At a moderate temperature
of 450K the compound starts to absorb hydrogen and
becomes amorphous, as shown in X-ray and neutron diffrac-
tion patterns, but also even in electron diffraction, for which
the scattering coherence length is much shorter. In the
electron microscope the hydrogen is desorbed within seconds,
and the diffraction pattern of La,C; evolves.

The hydrogenation reaction is surprising for several
reasons, first, that it proceeds at such mild conditions, second,
that it proceeds with no excess of metal valence electrons
being present and, last but not least, that an amorphous
product results. Starting from stoichiometric La,C; the
product has the composition La,C;H;s. A first question
concerns the bonding of hydrogen: Does the H atom bind to
the C, unit or does it enter as discrete hydride anion? The
strict stoichiometry of the phase indicates the hydride anion
version to be true, and crystallographic data are in favor of
hydride formation. In the structure of La,C; the C, units
reside in a bisdisphenoid coordination by La atoms, and the
C-C distance of 130 pm corresponds to the anticipated
ethenide ion with a slight shortening due to the backbonding
effect mentioned above. In the space group 743d the La atoms
occupy Wyckoff position 16¢ and offer the bisdisphenoidal
voids in 12a for the C, units together with distorted
tetrahedral voids in 12b. So, the occupation of all the
tetrahedral voids by H atoms results in the experimentally
determined composition Lay(C,);H;. Indeed, inelastic neu-
tron scattering experiments identified vibrations at 125 meV
for H and 85 meV for D and corroborated the assumption
that these atoms are discrete and occupy the tetrahedral
voids.!

The necessity for electroneutrality leads to the roots of the
amorphization process. It is interesting to note that hydrogen
also acts as an oxidizing agent towards the anionic C, species
in contrast to common conception, reminiscent of the change
of the noble-metal platinum being oxidized from + 2 to 4+ 4 in
the reaction of K,PtH, to K,PtH.?” To maintain electro-
neutrality in La,C;H,s some of the C,*~ ions have to be
oxidized to C,*” ions resulting in a charge distribution of
La*,(C,C,C,)’"H,. All the 12a positions are fully occupied
by C, units in the stoichiometric compound, however, these C,
units are not all the same, they are a mixture of C,*~ and C,*~
ions. The charge sum 9— can be realized in many different
ways, for example, by occupying all the voids with
a 50 %:50 % mix of C,*~ and C,*~ ions, but also, for example,
with 50 %:50 % in one void, 40 % and 60 % in the other and
60% and 40% in the third. In this way a pronounced local
disorder of the C, units originates which is transferred into
a disorder of the sublattice of the heavy La atoms which
dominate the scattering. This situation is characteristic of a so-
called anti-glass.” In a normal glass, for example, silicate

Angew. Chem. Int. Ed. 2012, 51, 4280 — 4286

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte
itermationalediion. CHEIMIIE

glass, the well defined building units of SiO, tetrahedra are
connected with no long-range translational order. In an anti-
glass the opposite is true. The long-range order is preserved
but the shape and size of the building units, in this case the
bisdisphenoid coordination polyhedra, vary statistically. It
was Hosemann!®! who did extended research into what he
called the “paracrystalline” state. La,C;H, 5 is a good example
for such a paracrystal.

In a dynamic vacuum at around 900 K hydrogen desorp-
tion from La,C;H, 5 results in well-crystallized superconduct-
ing La,C;, similar to the result obtained in an electron
microscope mentioned above. When the thermal treatment is
performed at the same temperature in a hydrogen atmos-
phere of normal pressure,” CH, is slowly liberated, and
finally a reaction product is formed which has the composition
La,CH, and exhibits a diffuse fcc-type X-ray pattern leading
to lattice parameters which are different from those of LaH,
by only 0.5%. But in contrast to LaH,, which forms LaHj;
upon cooling to room temperature in an atmosphere of
hydrogen, La,CH, stays as it is. The difference in behavior
finds a simple explanation in terms of the crucial condition
described in Section 2: The excess metal valence electron in
La*'H ,-e™ can be “titrated” by incorporating further hydro-
gen, but 2La,CH,=La*",C, H g is an electronically satu-
rated normal-valence compound which does not react with
hydrogen. Last but not least, when the hydrogenation of
La,C; is performed at a temperature slightly above 1100 K in
a closed Ta tube, introducing hydrogen by diffusion through
the container wall and avoiding CH, to escape, yet another
reaction is observed according to the relationship 2La,C; +
H,=2LaC,+La,C,H,. The X-ray powder pattern after
subtracting the LaC, component closely matches a structural
model for a layered intergrowth of LaC, and LaH, (Figure 11)
in which the ethenide ion of the educt is again preserved in an
electron-precise compound.’!

Figure 11. Structure model for La,C,H,, atoms La, C, and H drawn with
decreasing sizes.

5. Conclusion

Metal-metal bonding is a quite common phenomenon in
the solid-state chemistry of low-valence compounds of the
rare-earth metals, but one that is still waiting to be realized in
their molecular compounds. The electrons involved in M-M
bonding play an important role in the reaction with hydrogen.
With low-valence RE compounds an electron transfer to the
hydrogen atom is frequently found, and the hydrogen is
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reduced to the hydride anion. Repulsive interactions between
all the anions are evidenced by specific structural changes.
Hydrogen absorption can be blocked in spite of the presence
of excess metal valence electrons owing to these electrostatic
and/or special electronic conditions. As a rare exception
hydrogen absorption occurs with the necessary electrons
being provided by redox labile anions in the lattice. The
interplay of d electrons in bands with M—M bonding charac-
ter, 4f core-state electrons, and hydride anions is reflected in
unusual electric and magnetic properties.
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