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The structural chemistry of europium and samarium hydrides
in the solid state is very rich, ranging from typical ionic hy-
drides following the hydride-fluoride analogy to complex
transition metal hydrides and interstitial hydrides. While
crystal structure, electrical, and magnetic properties suggest
that europium is divalent in all hydrides investigated so far,
samarium is easily transformed to a trivalent oxidation state

1. Introduction

Metal hydrides are fascinating in inorganic chemistry be-
cause of their extremely versatile chemical bonding, crystal
structures, and physical properties. Its medium electronega-
tivity, small size and mass enable hydrogen to engage in
ionic bonding with alkaline or alkaline earth metals, in co-
valent bonding to group 13 and 14 hydrides or as in homo-
leptic hydrido transition metal complexes, and finally also
as an interstitial element in the metallic hydrides of some
transition metals.[1] On the application side, metal hydrides
have attracted a great deal of attention as hydrogen storage
materials,[2] providing the means to safely store hydrogen,
which might serve as an environmentally friendly and ef-
ficient energy carrier in the future.

For both basic and applied aspects, structural investi-
gations have contributed considerably to the understanding
of the factors governing chemical bonding, maximum hy-
drogen content, and physical properties of metal hydrides.
Crystal structure determination, however, is hampered by
the fact that these compounds rarely form single crystals,
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in its hydrides and shows similarities to other lanthanide(III)
hydrides. The problem of neutron absorption of europium
and samarium, hampering crystal structure solution and lim-
iting the available structural information, is discussed in de-
tail, and practical solutions for neutron diffraction experi-
ments are given.

which means that diffraction experiments have to be done
on powders. Moreover, in most cases, neutron diffraction
is indispensable to locate hydrogen atoms with reasonable
accuracy. Despite these complications, the crystal structures
of many metal hydrides have been solved by a combination
of X-ray and neutron powder diffraction.[3]

A further problem occurs for elements with extremely
high absorption for neutrons, for example, europium and
samarium. In fact, at the beginning of our investigations,
no full crystal structure of europium or samarium hydrides
was available in the literature to the best of our knowledge,
probably because of these practical problems with neutron
absorption. Our aim was to extend the vast knowledge on
lanthanum and mischmetall hydrides, such as the classical
hydrogen storage material LaNi5,[2] to europium and sa-
marium. Europium is of further interest, since, due to its
special electron configuration, it is easily stabilized in a di-
valent oxidation state and may thus substitute alkaline
earth elements, especially strontium, owing to their very
similar ionic radii. This might create interesting new com-
pounds as a result of the magnetic and spectroscopic phe-
nomena associated with its presence in a solid-state struc-
ture, an aspect yet largely unexplored. In a first step we
investigated the crystal structures and some physical prop-
erties of europium and samarium hydrides, which are re-
viewed in this paper.
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In the following, the problem of neutron absorption in
general and for europium and samarium in particular shall
be briefly surveyed and a practical solution for neutron
powder diffraction will be discussed, before the crystal
structures and some properties of samarium and europium
hydrides are presented in detail. The discussion focuses on
those hydrides with completely solved crystal structures, in-
cluding hydrogen (deuterium) positions.

2. Synthesis and Structural Characterization

Europium and samarium hydrides are usually prepared
by solid–gas reaction of metals or intermetallic compounds
with hydrogen, for example,

Eu + H2 � EuH2

2 SmMg2 + 7 H2 � 2 SmMg2H7

or of mixtures of metals and metal hydrides with hydrogen,
for example,

4 EuH2 + 2 Ir + H2 � 2 Eu2IrH5

in high-pressure autoclaves at elevated temperatures. Alter-
natively, multinary hydrides may be synthesized by solid-
state reaction of mixtures of the binary hydrides, for exam-
ple,

EuH2 + LiH � EuLiH3.

In some cases, such solid-state reactions of binary hy-
drides have been performed under high pressure in multian-
vil presses, for example,

6 EuH2 + 7 MgH2 � Eu6Mg7H26 at 3.5 GPa.

Detailed synthesis conditions are found in the original
literature cited in sections 4 and 5. All europium and samar-
ium hydrides investigated in this study are sensitive to air.
Therefore, all handling operations were performed in argon-
filled glove boxes.

No matter which preparation techniques are chosen, in
general the products are metal hydrides as fine powders.
Hence, the structural characterization is usually based on a
combination of X-ray (synchrotron) and neutron powder
diffraction. For europium- and samarium-containing com-
pounds, the latter technique needs some extra attention; this
will be discussed in the following section. For neutron dif-
fraction, deuterides are often used because of their lower
incoherent scattering relative to 1H. Because this study fo-
cuses on structural investigations by neutron diffraction ex-
periments, discussions often refer to deuterides. However,
differences between hydrides and deuterides are very small
with respect to crystal structures and properties of interest
for this study. Thus, conclusions drawn from the deuterides
can generally be transferred to hydrides. For possible iso-
tope effects in hydrides vs. deuterides see ref.[4]

Crystal structure refinements on powder diffraction data
with the Rietveld technique were performed by using the
computer programs FullProf[5] and GSAS.[6]
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3. Neutron Scattering and Absorption for
Europium and Samarium

3.1. Neutron Scattering and Absorption Cross Sections

For the collision of a thermal neutron with a free nucleus,
the total scattering cross section is given by the sum of the
scattering and absorption cross sections,

σt = σs + σa

where the scattering cross section is

σs = �|f(θ)|2dΩ

f(θ) being the scattering amplitude and dΩ an element of
solid angle.[7] By using the free scattering length in its com-
plex form,

a = a� – ia��
σs = 4π|a|2

σa = (4π/k)a��

in a first approximation and neglecting corrective terms de-
pendent on the wave vector k, too small to be of practical
relevance for thermal neutrons. Furthermore, (n,γ) reso-
nances are ignored, which play a role only in a handful of
nuclides, such as 113Cd and some rare earth metal iso-
topes.[7] In condensed matter, the bound scattering length is
given by

b = b� – ib�� = [(A + 1)/A]a

where A is the ratio of nucleus/neutron mass. For a single
strongly bound nucleus, the scattering and absorption cross
sections are

σs = 4π|b|2

σa = (4π/k0)b��

where k0 is the magnitude of the incident wave vector. By
considering the effects of nuclear spin and for unpolarized
neutrons, the above becomes

σs = σc + σi = 4π|bc|2 + 4π|bi|2

= 4π �b�2 + 4π(�b2� – �b�2)
σa = (4π/k0)b��

where σc is the bound coherent and σi is the bound incoher-
ent cross section. Thus, the scattering cross section, σs, is
independent of the neutron energy, except for those nuclides
with a significant (n,γ) resonance.

Some important differences between neutron and X-ray
diffraction arise from the energy dependencies of the above-
mentioned cross sections and the difference between the in-
teractions of neutrons and X-rays with matter. While the
scattering cross section, σs, is independent of the neutron
energy in most cases, it does vary between isotopes of the
same element. This allows for making use of isotope effects,
which will be of importance for treating heavily absorbing
materials (vide infra). Furthermore, neutrons are scattered
at the nuclei, which, in contrast to electron clouds scattering
X-rays, can be considered point scatterers in a first approxi-
mation. Thus, the scattering cross section, σs, is largely inde-
pendent of the scattering angle, such that much more infor-
mation is contained in high-angle reflections of neutrons as
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compared to X-ray patterns. Finally, light atoms often have
scattering lengths comparable to heavier ones. For these
reasons, neutron diffraction yields more information on
light atoms, thermal displacement of atoms, rotational or-
der of complex groups, while X-ray data in general yields
more accurate lattice parameters and heavy atom positions.
Therefore, X-ray and neutron diffraction complement each
other and are both indispensable for the solution of the
structures of metal hydrides.

The absorption cross section, σa, is inversely pro-
portional to k0 and thus to the neutron velocity v. This de-
pendence of σa on v is known as the 1/v law of neutron
absorption.[8] Absorption processes are (n,γ) reactions (ra-
diative capture), (n,p) reactions, (n,α) reactions, and (n,f)
reactions (fission), and thus

σa = σγ + σp + σα + σf

There is a much larger spread in σa (0.00019 barn � σa

� 49700 barn) than in σs values (0.01838 barn � σa �
35.9 barn[8]). However, absorption cross sections are of ap-
preciable value only for few isotopes, for example, σf for
some actinides, σα for 6Li and 10B, σp for 3He, and σγ for
113Cd and some rare earth isotopes. As a consequence, σa

values are so small for the majority of isotopes that large
samples can be used in neutron scattering. Only four ele-
ments (natural isotope mixtures) exhibit σa � 1000 barn for
neutrons at a wavelength of 179.8 pm:[8] cadmium and the
rare earth metals samarium, europium, and gadolinium
(Figure 1). They are used as neutron shielding materials in
nuclear reactor technology, cadmium as flexible metal
sheets and the rare earths in form of the oxides dispersed
in paint or concrete.[9]

Figure 1. Neutron absorption cross sections, σa, of natural isotope
mixtures of the elements at λ = 179.8 pm (thermal neutrons with
velocity v = 2200 m/s; neutron energy E = 25.3 meV, corresponding
to kT at room temperature) as a function of atomic number Z.
Data taken from ref.[8] Please note the logarithmic scale on σa.

The neutron absorption of natSm is almost entirely deter-
mined by its 149Sm (13.9% natural abundance) isotope.
natSm shows a large resonance peak around 93 pm with al-
most 17000 barn (Figure 2).

The minimum in σa on the low-energy side around
200 pm is still at almost 6000 barn, that is, too high to be
of practical interest to neutron powder diffraction. Only at
wavelengths below 63 pm are absorption cross sections of
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Figure 2. Neutron absorption cross section of the natural isotope
mixtures of samarium, σa(natSm), and of europium, σa(natEu), as a
function of neutron wavelength. Values calculated from the neutron
wave vector k and the imaginary part of the scattering length a��
by σa = (4π/k)a�� = (4π/k0)b�� = 2λb�� (data for a�� taken from
ref.[10]).

less than 1000 barn reached (Figure 2), which makes it in-
dispensable to use very short wavelengths for neutron pow-
der diffraction studies of natSm-containing compounds.

The neutron absorption of natEu is almost entirely deter-
mined by its 151Eu isotope (47.8 % natural abundance).
natEu shows a large resonance peak at around 42 pm with
over 12000 barn (Figure 2). Between this resonance effect
and the low-energy region governed by the 1/v law, there
is a minimum with 860 barn at 72.9 pm. This value is still
appreciably high, but low enough to make neutron diffrac-
tion feasible.

3.2. Neutron Absorption of natSm and natEu – Practical
Considerations

From the preceding discussion on neutron absorption
cross sections, it follows that neutron powder diffraction on
samarium- or europium-containing compounds may be
feasible by using one of two approaches.

3.2.1. Use of Isotopically Pure Material

Since the extremely high absorption is mostly determined
by one of the isotopes of samarium and europium, the use
of another isotope can drastically reduce the absorption of
the sample. However, this is an extremely costly strategy,
which makes this method unsuitable for systematic studies
on a larger number of different compounds, as for example
in this work on the crystal chemistry of samarium and euro-
pium hydrides.

3.2.2. Using the Wavelength Dependence of the Absorption
Cross Section of Natural Isotope Mixtures

As shown in Figure 2, σa values for natEu drop below
1000 barn at wavelengths below 37 pm and at a local mini-
mum around 73 pm. For such σa values, the use of high-
flux neutron diffractometers can overcome the still heavy
absorption, unfortunately at the cost of resolution, which
may be described as moderate at best (Figure 3). The best
compromise for natEu-containing compounds seems to be
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performing diffraction experiments at around λ = 73 pm
with a high-flux neutron diffractometer such as D20[11] or
D4[12] at the Institut Laue–Langevin (ILL, Grenoble,
France). To reduce σa(natSm) to a value below 1000 barn,
one has to use wavelengths as short as 50 pm, leaving only
D4 at the ILL as a suitable choice.

Figure 3. Parts of powder diffraction patterns of the same
Eu6Mg7D26 sample taken by using the high-resolution synchrotron
diffractometer at BM1B [Swiss Norwegian Beamline at the Euro-
pean Synchrotron Radiation Facility (ESRF), Grenoble; λ =
60.054(1) pm; bottom] and the low-resolution neutron dif-
fractometer D4b [ILL, Grenoble; λ = 70.647(8) pm; top], normal-
ized to similar maximum intensities in arbitrary units. Abscissa d*
= 1/d = 2sinθ/λ = Q/2π in 1/Å.

3.3. Transmission Factors for natEu- and natSm-Containing
Compounds

The previous discussion has shown on a qualitative basis
that neutron diffraction with samples containing natural
isotope mixtures of elements such as Cd, Sm, Eu, or Gd
seems to be feasible only under optimized experimental
conditions. In order to prove this assumption, transmission
factors will be calculated in this section for natEu-containing
compounds. The highest europium concentration in deuter-
ides is found in the binary compound EuD2. Calculations
will be performed for the optimum wavelength of 73 pm.
For EuD2 the linear absorption coefficient µ for λ = 73 pm
is calculated by the equation

µ = ΣiNiσa,i /V

where Ni is the number of atoms per unit cell of the absorb-
ing element i, σa,i is the neutron absorption cross section of
the absorbing element i at the wavelength used, V is the
unit cell volume, which yields a value of 2.067 mm–1. This
results in a small value of 0.48 mm for 1/µ, which is often
used as a rule of thumb for an appropriate sample thickness
for highly absorbing samples. From these data it is obvious
that a standard neutron diffraction experiment, where cylin-
drical sample holders with diameters in the order of 10 mm
are commonly used, will not give a high enough trans-
mission even for the optimum wavelength. A drastic re-
duction in sample thickness is necessary; however, re-
duction of the cylinder diameter will also drastically reduce
the amount of sample available for the experiment. Less
costly in terms of sample volume is the use of double-walled
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cylinders, in which only the space between the inner and
outer tubes will be filled with powder specimen. In this way,
small sample thicknesses can be realized while still retaining
appreciable sample volumes.

To illustrate this point, the transmission of EuD2 has
been calculated by using the program ABSOR[13] both for
(a) a single-walled (4.5 mm diameter, 50% packing density)
and (b) a double-walled cylinder [inner diameter of outer
tube 9.15 mm, outer diameter of inner tube 7.96 mm, 50%
packing density, resulting in the same sample volume as for
case (a)]. Figure 4 clearly shows the drastic increase in
transmission just by changing the sample geometry from
cylindrical to annular (double-walled cylinder) while retain-
ing the same sample volume. Moreover, another beneficial
effect makes the use of double-walled cylinders favorable:
Figure 4 also shows that the transmission for cylindrical
samples exhibits a strong dependence on the diffraction an-
gle, 2θ, while such dependence is almost negligible for the
annular sample. This angle dependence is problematic in
view of the crystal structure refinement by the Rietveld
method. Because of the similarity of the angle dependence
of the transmission [I/I0 = e–µd(2θ)] and that of the tempera-
ture factor [e–B(sinθ/λ)2], uncorrected systematic errors of the
former effect may be modeled by the Debye–Waller factor
B in the above formula, which will refine to too low and
even negative values if absorption is strong, that is, trans-
mission is low. It has to be emphasized that this effect is
not caused by the absorption as such, but by its dependence
on the diffraction angle. For a neutron diffraction pattern
collected on a EuD2 sample with the geometry as given in
Figure 2, refinements have been performed by using uncor-
rected patterns and patterns corrected for absorption ef-
fects. The only parameters showing significant changes are
the Debye–Waller factors B, but they differ by less than
14% only, thus making the absorption correction almost
obsolete.[14]

Figure 4. Transmission factors for identical volumes of EuD2 (λ =
70 pm, linear absorption coefficient, µ = 2.067 mm–1, 50% packing
density) in a full cylinder (inner diameter 4.5 mm) and a double
walled cylinder (annular sample with inner diameter of outer cylin-
der 9.15 mm, outer diameters of inner cylinder 7.96 mm, resulting
in 0.6 mm annular thickness). Calculations were performed with
the program ABSOR.[13]

A correct treatment of (n,γ) resonance effects also re-
quires considering the imaginary part a�� of the coherent
scattering length in the calculation of structure factors



H. KohlmannMICROREVIEW
F(hkl), which we could try after Bob Von Dreele has been
kind enough to include wavelength-dependent a�� data
taken from ref.[10] in the computer program GSAS.[6] The
effect on the structure refinements, however, is negligible.[14]

Even with the optimized geometry, the annular samples
will have much smaller sample volumes as compared to
those commonly used for standard nonabsorbing samples
in single-walled cylinders (diameter ≈ 10 mm). Also taking
into account that, even with the optimized wavelength, the
neutron absorption is still very high, it is obvious that neu-
tron powder diffraction on samples such as EuD2 could
only work with high-flux neutron diffractometers with ef-
ficient detectors such as D20[11] or the diffractometer D4[12]

installed at the hot source (both ILL, Grenoble, France).
Experiments on other diffractometers with higher resolu-
tion but lower neutron flux, such as D2b, did not yield use-
ful data.

The neutron powder diffraction experiments on natEu
and natSm hydrides described in detail in the following dis-
cussion, have in general confirmed the reasoning given
above. Useful neutron powder diffraction data on natSm-
and natEu-containing compounds could only be collected if
all of the following conditions were fulfilled: (1) Use of a
high-flux neutron diffractometer with efficient detectors; (2)
careful choice of the wavelength; (3) optimized sample ge-
ometry with double-walled vanadium cylinders as sample
holder (annular samples)

4. Solid-State Structures of Europium Hydrides

At the beginning of this study, no full crystal structure
of any europium hydride was available in the literature to
the best of our knowledge, probably because of severe prob-
lems with neutron absorption, as discussed above. Several
europium hydrides had been investigated by X-ray diffrac-
tion, and the metal atom substructure had been deter-
mined; hydrogen (deuterium) positions, however, were not
known. In the course of this study, some of these known
europium hydrides have been fully structurally charac-
terized and more ternary europium hydrides were discov-
ered and characterized during systematic explorations of
the systems Eu–Li–H, Eu–Mg–H, Eu–Pd–H, and Eu–Ir–
H.

4.1. EuD2 – A Test Case for Neutron Diffraction with natEu

As mentioned before, binary europium dihydride (deuter-
ide) has got the highest neutron absorption of all known
(investigated) europium hydrides, that is, it could be used as
a test case for the strategy for neutron diffraction with natEu
elaborated in the previous section. Europium dihydride at-
tracted some interest in the past as a ferromagnetic semi-
conductor.[15] There have been claims for nonstoichiometric
EuH1.8–1.95,[16] thus raising questions about the presence of
hydrogen defects and the valence state of europium. Its
crystal structure, although proposed to belong to the ortho-
rhombic PbCl2 type structure,[15–17] could not be verified
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experimentally due to the above mentioned problems of lo-
cating hydrogen (deuterium) by neutron diffraction caused
by the extremely high absorption of such samples. The aim
of this study was thus to investigate the aspect of nonstoi-
chiometry and locate hydrogen (deuterium) in europium di-
hydride (deuteride).

The neutron powder diffraction pattern indeed shows
clearly discernible Bragg peaks with a high and sloped
background due to the paramagnetic contribution of euro-
pium to neutron scattering (Figure 5). The crystal structure
can be refined to good residual values, which results in
atomic positional standard uncertainties on the fourth digit
and uncertainties in interatomic distances of less than
0.2%.[14] Thus, structure refinement on europium hydrides
by following the strategy outlined above yields meaningful
crystal structure data, which are of almost comparable ac-
curacy as those of other less absorbing samples. Crystal
structure refinements have also been performed on data
corrected for absorption effects by using the program
ABSOR.[13] The only parameters showing significant
changes with respect to the uncorrected data are the
Debye–Waller factors B. They differ by less than 14%, how-
ever, thus making absorption correction unnecessary, unless
accurate thermal displacement parameters are sought for.

Figure 5. Observed (red circles), calculated (black solid line) and
difference (bottom) neutron powder diffraction patterns of EuD2

taken on D4 at the ILL, Grenoble (T = 293 K, λ = 70.5 pm). Bragg
markers from EuD2 (top) and vanadium from the sample holder
(bottom).

Figure 6 shows a projection along the crystallographic b
axis of the EuD2 crystal structure. The PbCl2-type arrange-
ment shows trigonal EuD6 prisms linked by common tri-
angular faces along b to form columns. Further linking by
common edges results in zigzag chains of interconnected
prisms running along a. The complete coordination polyhe-
dron around europium is a tricapped trigonal prism of deu-
terium atoms with nine Eu–D distances ranging from
238.3(5) to 275.9(3) pm (mean distances 255 pm). EuH2 is
thus isotypic to CaH2,[18] SrH2,[19] BaH2,[20] and YbH2.[21]

The refined crystal structure is in accordance with a stoi-
chiometric saltlike EuD2 containing divalent europium.
This contrasts reports in the literature on nonstoichiome-
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try.[16] It is in agreement, however, with its semiconducting
behavior,[16a] localized magnetic moments typical for
Eu2+,[15b] volume increments,[22] and its classification as a
member of the ionic branch of the PbCl2-type family.[23]

Figure 6. Crystal structure of EuD2 (PbCl2 type, space group type
Pnma) in a projection along crystallographic b axis [Eu (large), D
(small), y = 1/4 (empty symbols), y = 3/4 (filled symbols)] (left) and
coordination polyhedron of europium in EuD2 (right).

Thus, this structure determination could clarify ques-
tions about the stoichiometry and the valency of europium
in EuD2. More importantly, it has proven the feasibility of
neutron powder diffraction on natEu-containing com-
pounds by the method elaborated in the previous section.

4.2. Saltlike Ternary Europium Lithium and Europium
Magnesium Hydrides

Ternary EuLiH3 has been known for over 40 years, and
an inverse cubic perovskite type structure has been pro-
posed.[24] Hydrogen positions, however, could not be deter-
mined because of the above-mentioned problems with neu-
tron diffraction. Our neutron powder diffraction data on
EuLiD3 taken with D4b (ILL, Grenoble, France) have
proven this model to be correct. Europium [d(Eu–D) =
267.82(2) pm] and lithium [d(Li–D) = 189.38(2) pm] are cu-
boctahedrally and octahedrally surrounded by deuterium,
respectively (Figure 7, right).[14] The crystal structure sug-
gests that EuLiH3 is a stoichiometric saltlike compound
containing Eu2+, which is in agreement with its red color,
semiconducting properties, and Mössbauer spectroscopic
investigations.[25]

Figure 7. Crystal structures of EuMg2D6 (left, unitary structure
type, D1 light gray, D2 middle gray, D3 dark gray) and of EuLiD3

(right) in the cubic perovskite type (two unit cells of EuLiD3 are
shown).

While several ternary hydrides in the systems Ca–Mg–H,
Sr–Mg–H, and Ba–Mg–H are known to exist, no europium
magnesium hydrides were known at the beginning of this
study.[26] The similarity of the ionic radii and chemical
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properties of strontium and europium suggested the pos-
sible existence of compounds analogous to SrMgH4

[27] and
Sr2Mg3H10.[28] Corresponding hydrogenation of intermet-
allic Eu–Mg compounds yielded the new compounds
EuMgH4 and EuMg2H6, where the latter surprisingly repre-

Figure 8. Crystal structures of europium magnesium deuterides
with MgD6 octahedra in (a) Eu2MgD6 (K2GeF6 type), (b)
EuMgD4 (BaZnF4 type), (c) Eu6Mg7D26 (Ba6Zn7F26 type), (d)
Eu2Mg3D10 (Ba2Ni3F10 type).
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sents a stoichiometry not yet known in alkaline earth mag-
nesium hydride chemistry.[29] Three more compounds,
Eu2MgH6, Eu6Mg7H26, and Eu2Mg3H10, could be prepared
at high pressures and high temperatures in a multianvil
press and quenched to ambient conditions[30] (Figures 7
and 8). In addition to the absorption problem, structure
determination for the latter three compounds was ham-
pered by the fact that no single-phase samples could be pre-
pared because of the special synthesis conditions. Further-
more, in the case of Eu6Mg6H26, a very small monoclinic
distortion of a pseudo-orthorhombic structure could only
be detected by high-resolution synchrotron powder diffrac-
tion. This corresponds to a symmetry reduction from the
orthorhombic Ba6Mg7D26 to the monoclinic Ba6Zn6F26-
type structure (Figure 9), not seen in laboratory X-ray or
neutron diffraction data. By fully implementing the comple-
mentary character of X-ray (synchrotron) and neutron dif-
fraction, the structures of these three high-pressure phases
were determined and refined simultaneously with use of two
synchrotron [λ = 60.054(1) pm, Swiss/Norwegian Beamline
BM1B, ESRF, Grenoble] and three neutron powder diffrac-
tion patterns [λ = 70.50(1) pm, D4b, ILL, Grenoble] with
up to 182 free parameters.[30] The crystal structures of
EuMgD4 and EuMg2D6 were determined and refined from
laboratory X-ray (Co-Kα radiation) and neutron diffraction
data [λ = 80.45(1) pm, D20, ILL, Grenoble]. In the case of
EuMgD4, only neutron data could reveal the true sym-
metry, i.e. the distinction between the centrosymmetric
LaNiD4-type, in which also BaMgD4 crystallizes, and the
noncentrosymmetric BaZnF4-type of the lighter homologue
SrMgD4 (Figure 9) could be made. The latter was proven
to be the correct model, which makes sense because the
smaller radii of Sr2+ and Eu2+ favor the smaller coordina-
tion number of nine in the structure with lower symmetry
as compared to the higher coordination number thirteen of
the larger Ba2+.[29]

Figure 9. Bärnighausen symmetry tree with group subgroup rela-
tionships between europium and alkaline earth magnesium deuter-
ides. Structure types inside boxes, further representatives outside
boxes. Some structural data have been transformed crystallo-
graphically with respect to original literature data. Literature:
Ba6Mg7D26,[35] Sr6Mg7D26,[36] Eu6Mg7D26,[30] BaMgD4,[37]

SrMgD4,[28] EuMgD4.[29]

In analogy to ternary alkaline earth magnesium hydrides
(deuterides),[31] all five europium magnesium hydrides (deu-
terides) exhibit MgD6 octahedra as structural units. These
octahedra are either isolated (Figure 8a, Eu2MgD6) or cor-
ner-sharing (Figures 8b and 7, EuMgD4 and EuMg2D6).[29]

Additional edge-sharing of MgD6 octahedra, for example
in Eu6Mg7D26 and Eu2Mg3D10 (Figures 8c and d), may be
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achieved by the use of high-pressure methods for the syn-
thesis.[30] These phases, Eu2MgH6, Eu6Mg7H26, and
Eu2Mg3H10, prepared under high pressure, show consider-
able volume contractions of 7.3%, 2.6 %, and 3.1% with
respect to the sum of the volumes of the binary hydrides.

The crystal structure of EuMg2D6 was determined and
refined by a combination of X-ray and neutron powder dif-
fraction data and can be described as a defect perovskite,
in which every other layer of europium is missing according
to the formula Eu1/2�1/2MgD3 = EuMg2D6. In order to
rationalize this new crystal structure type, one may formally
replace Li in the cubic perovskite EuLiH3

[14] by Mg while
omitting half of the Eu2+ cations, thus keeping charges bal-
anced. For a detailed description of the structural relation-
ships, see the recent reviews.[32] Because of the missing Eu
layers with respect to the perovskite, the MgD6 octahedra
become distorted, and the coordination number of one deu-
terium atom is reduced to two. The experimentally deter-
mined Mg–D distance (177 pm) is the shortest known in
ionic magnesium hydrides, except for those prepared under
high-pressure conditions. Only up to 60 % of europium may
be replaced by strontium under retention of the structure
type,[33] in contrast to all other hydrides, where isotypic
strontium compounds exist. No other compound adopting
this structure type is known; however, Na5[MO2][X] (M =
Co, Ni, Cu; X = CO3, S; for M = Cu also X = SO4, SO3)
represents a substitutional variant of an antitype.[34] So-
dium atoms correspond to those deuterium atoms in
EuMg2D6 that are four- or sixfold coordinated, metal
atoms M to the twofold coordinated deuterium positions.
Oxygen atoms coordinated to metal atoms M sit on magne-
sium positions of the EuMg2D6 structure, the center of
gravity, X, of the oxoanions on europium positions.

Except for EuMg2H6, all europium magnesium hydrides
(Figure 8) are isotypic to fluorides. The crystal structures
discussed above, interatomic distances, magnetic, and op-
tical properties are consistent with ionic descriptions of eu-
ropium magnesium hydrides containing Eu2+, Mg2+ and
H–.

4.3. From Complex to Interstitial Hydrides – Ternary
Europium Palladium and Europium Iridium Hydrides

Europium may replace alkaline earth metals, especially
strontium, in ternary hydrides with transition metals as
well. In contrast to the ternary hydrides with lithium or
magnesium discussed before, these compounds show dif-
ferent chemical bonding behavior. This is not surprising,
because the transition metals do not form ionic hydrides
like lithium and magnesium, but interstitial-type hydrides.
Therefore, the chemical bonding situation is expected to
change with the ratio of europium to transition metal in the
hydrides. This may be nicely illustrated on ternary euro-
pium palladium hydrides. The most europium-rich com-
pound was found to be Eu2PdH4.[38] The crystal structure
as determined on the deuteride shows PdD4 tetrahedra hav-
ing Pd–D distances consistent with covalent bonding (167
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to 182 pm, Figure 10). A divalent oxidation state of euro-
pium can be inferred from magnetic susceptibility measure-
ments, which are also in agreement with the crystal struc-
ture of the β-K2SO4 type.[38] Thus, the chemical bonding in
this violet colored, semiconducting hydride may be de-
scribed by an ionic limiting formula (Eu2+)2[PdH4]4–, in
which an 18-electron tetrahydridopalladate complex with
covalent Pd–H bonding interacts electrostatically with Eu2+

cations in an ionic-type bonding. Theoretical calculations
predict the band gap to be 0.23 eV.[39]

Figure 10. The crystal structure of Eu2PdD4 in the orthorhombic
β-K2SO4-type structure, exhibiting complex 18-electron [PdD4]4–

complexes and chemical bonding in europium palladium hydrides
with increasing palladium content from the left to the right.

The situation changes completely for hydrides richer in
palladium. When EuPd is hydrogenated, its metal atom
substructure changes from the CrB to the CsCl type, just
opposite to the case of ZrCo.[38,40] Deuterium atoms were
found to surround palladium in an octahedral fashion in
the deuteride, yielding a cubic perovskite-type structure for
EuPdD3.[38] EuPdH3 shows metallic properties and con-
tains divalent europium.[41] The latter is in accordance with
europium–deuterium distances from the crystal structure
refinements, which also showed full occupancy of deute-
rium positions.[38] Thus, EuPdH3 is a metallic hydride con-
taining divalent europium with an ordered hydrogen (deute-
rium) distribution untypical for interstitial hydrides. Other
cubic perovskite- and antiperovskite-type hydrides often
show partial occupancy of hydrogen positions.[3b,42]

Typical interstitial hydrides are found when the cubic
Laves phase, EuPd2, which is richer in palladium, is hydro-
genated. Metallic hydrides with variable hydrogen content
EuPd2H0.1� x� 2.1 result, retaining the cubic Laves phase
structure of the metal atom substructure.[38] Disordered hy-
drogen contributions are quite common in Laves phase hy-
drides,[43] some of which are used in anode materials of re-
chargeable Ni-MH batteries. Ternary europium palladium
hydrides are a good example to show how bonding proper-
ties change from mainly ionic over mixed-ionic-covalent in
complex hydrides to typical metallic interstitial hydrides.

Another peculiar aspect of the structural chemistry of
complex hydrides is nicely illustrated in europium iridium
hydrides. In M2IrH5 (M = Ca, Sr, Eu) and in mixed crystal
systems with M = Eu1–xCax, Eu1–xSrx, temperature-driven
phase transitions occur. At room temperature, 18-electron
complexes [IrH5]4– are rotationally disordered with 5/6 oc-
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cupancy for hydrogen atoms in a K2PtCl6-type arrange-
ment. Cooling results in a cubic-to-tetragonal phase transi-
tion with partial ordering of IrH5 pyramids that now point
either upward or downward.[44] This highlights the two
main factors governing solid-state structures of complex hy-
drides, that is, the 18-electron rule, limiting the hydrogen
content, and the high mobility of hydrogen as a ligand, giv-
ing rise to disorder. For a more detailed description of crys-
tal structures and order-disorder phase transitions of ter-
nary hydrides of the late transition metals and their struc-
tural relationships see a recent review.[32a]

5. Solid-State Structures of Samarium Hydrides

The problem of neutron absorption gets even worse when
moving from europium to samarium compounds. One has
to shorten the wavelength even further in order to reduce
the absorption cross section of a natural isotope mixture of
samarium to reasonable values. This means doing experi-
ments with hot neutrons at wavelengths as short as 50 pm
on diffractometers with very moderate resolution (Fig-
ure 3). Our own studies have been restricted in this case to
SmD3 as a test case for the neutron diffraction method and
SmMg2D7 as a member of hydrogen-rich Laves phases.

From neutron diffraction data, SmD3 could be shown to
belong to the fully ordered trigonal LaF3 type,[45] in con-
trast to models with split positions, which had to be used
in the formerly proposed HoD3 type also found in NdD3.[46]

Deuterium fills tetrahedral and trigonal-planar voids in a
hexagonal closest packing of samarium atoms. This struc-
tural investigation proved the feasibility of detailed struc-
tural studies by neutron diffraction on natural isotope mix-
tures of samarium and provided the first Sm–D distances,
which are 235 pm in average in SmD3 (Figure 11).[45]

Figure 11. The crystal structure of SmD3 in the trigonal LaF3 type
structure (Sm as large gray spheres, D1 small pink spheres in nearly
tetrahedral coordination, D2 small turquoise spheres in nearly tri-
angular coordination, D3 small dark green spheres in trigonal
planar coordination; figure adapted from ref.[45]).

The hydrogenation of the cubic Laves phase SmMg2

combines features of the two aforementioned Laves phase
hydrides. The product, an olive-green semiconducting air-
sensitive hydride of the composition SmMg2H7, has, like
EuMg2H6, a very high hydrogen content, but in contrast to
the latter, and like EuPd2, retains the topology of the metal
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atom substructure (Figure 12). Neutron diffraction showed
that SmMg2D7 crystallizes in a LaMg2D7-type structure[47]

with a tetragonally distorted Laves phase type metal atom
structure in which deuterium fully occupies the tetrahedral
and trigonal-planar interstices.[45] Thus, SmMg2H7 can be
described as a tetragonally distorted, deuterium-filled Laves
phase. The structural relationship between the intermetallic
compound and its hydride is surprising in view of the ac-
companying metal-to-semiconductor transition. In situ
neutron diffraction studies[48] are under way to clarify the
reaction pathway of the hydrogenation.

Figure 12. The crystal structures of SmMg2 (cubic Laves phase,
MgCu2 type, top) and of the metal atom substructure of SmMg2D7

(tetragonal LaMg2D7 type, bottom). Sm atoms are shown as large
gray spheres, and Mg atoms are shown as small red spheres form-
ing Mg4 tetrahedra.

In contrast to most other Laves phase hydrides, however,
SmMg2H7 exhibits semiconducting properties and fully
ordered hydrogen (deuterium) substructure. It may
therefore be described by the limiting ionic formula
Sm3+(Mg2+)2(H–)7. The magnetic ordering with both anti-
ferromagnetic and weak ferromagnetic contributions found
in SmMg2 is suppressed in the hydride, probably because of
the lack of conduction electrons necessary for an RKKY-
like coupling of magnetic moments.[45]

Even though Laves phase hydrides are known for their
application in hydrogen storage and LnMg2H7 (Ln = La,
Ce, Sm) has an unusually high hydrogen content, its rela-
tively high thermal stability hampers practical use. The lat-
ter, however, might be in reach, if these systems could be
modified, for example by chemical substitution, such that
the thermodynamic stability of the hydrides is lowered and
at the same time the kinetics and reversibility of hydrogena-
tion-dehydrogenation cycles improved. This might be a
promising direction in the search for hydrogen storage ma-
terials.

6. Further Selected Europium and Samarium
Hydrides

While in the previous sections, only those europium and
samarium hydrides for which hydrogen (deuterium) posi-
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tions have been determined experimentally were described
in detail, some further selected compounds without com-
plete crystal structures shall be briefly mentioned here.

Another example for the hydride fluoride analogy in
ionic compounds is the class of the europium hydride ha-
lides EuHX (X = Cl, Br, I), for which the PbFCl-type struc-
ture with hydrogen in a tetrahedral void was proposed.[49]

Europium may replace alkaline earth metals in complex
hydrides also to form compounds such as Eu2FeH6,
Eu2RuH6, Eu2RhH5, EuMgNiH4, and EuMg2FeH8, which
are presumably isostructural to their alkaline earth
analogues.[50] Interstitial hydrides with europium are
EuNi5H5.5, with a filled CaCu5 type, and EuRh2H5.5, with
a filled cubic Laves phase structure.[51] Some A5M3 inter-
metallics (A = Ca, Sr, Ba, Sm, Eu, Yb, M = Si, Ge, Sn, Pb,
As, Sb, Bi) cannot be synthesized in pure form, but only
stabilized by interstitial atoms like hydrogen or fluorine
with formulae A5M3H�1.[52]

Samarium is known to form not only the trihydride as
described before, but also a cubic dihydride (presumably
CaF2 type) and Sm3H7, for which a tetragonal Sm3F7 type
was proposed.[53] Above 2 GPa, a cubic modification of
SmH3 was found,[54] which might be isostructural to the
homologous La, Ce, and Pr compounds with a BiF3-like
structure, in which the octahedrally surrounded deuterium
atoms are displaced along the space diagonal. A wealth of
samarium intermetallic compounds with interstitial hydro-
gen are reported in the literature. Many of them have been
investigated because of the application of the hydrogen-free
materials as permanent magnets, such as SmCo5(H2.5),
Sm2Co17(H5), Sm2Fe14B(H5); however, hydrogen positions
have not been determined for any of them.[55] Hydrogen is
used on one hand to alter the magnetic properties of the
intermetallics and on the other hand as a reagent in the
HDDR process (hydrogenation-decomposition-desorption-
recombination), in which intermediate hydrides are formed.
The latter is used for optimizing the magnetic properties of
materials by controlling their microstructure.

7. Properties of Europium and Samarium
Hydrides

In the above crystal chemical discussions on europium
and samarium hydrides, physical properties have only been
mentioned occasionally, when they were important in view
of structure–property relationships and the chemical bond-
ing situation. This last paragraph is intended to give an
overview of some interesting physical properties as well as
electronic structure calculations. Again, the discussion is fo-
cused on those compounds for which full crystal structure
information is available. The data, some of which are sum-
marized in Table 1, vary considerably between different
sources in the literature. This seems to be the result of prob-
lems with sample purity in some cases, which are due to
the strong air sensitivity of most europium and samarium
hydrides.
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Table 1. Selected structural and physical properties of europium
and samarium hydrides.

Compound Structure Color TC /K dmin(Eu–Eu) Ref.
type[a] at 298 K /pm

EuH2 PbCl2 violet 18 369 [14,15]

EuLiH3 SrTiO3 red 38 380 [14,25]

Eu2MgH6 K2GeF6 brown 32 372 [30]

EuMgH4 BaZnF4 brown 19[a] 393 [29]

Eu6Mg7H26 Ba6Zn7F26 red-brown 386 [30]

Eu2Mg3H10 Ba2Ni3F10 orange 385 [30]

EuMg2H6 EuMg2D6 red 27[a] 377[a] [29]

Eu0.6Sr0.4Mg2H6 EuMg2D6 light red 15 379 [33]

Eu2PdH4 β-K2SO4 dark violet 15[a] 357[a] [38]

EuPdH3 SrTiO3 black 21 384 [38,41]

Eu2IrH5 K2PtCl6 black 20 379 [44,58]

Eu2IrH5 (7 K)[b] Sr2IrD5 (4 K) 373
Eu0.5Ca1.5IrH5 K2PtCl6 black 367 [44]

Eu0.5Ca1.5IrH5 (10 K)[b] Sr2IrD5 (4 K) 360
EuSrIrH5 K2PtCl6 black �7 380 [44,58]

EuSrIrH5 (7 K)[b] Sr2IrD5 (4 K) 374
SmH3 LaF3 brown – – [45]

SmMg2H7 LaMg2D7 olive-green – – [45]

[a] Results on corresponding deuterides. [b] Distances calculated
from X-ray diffraction data at temperatures given, full crystal struc-
tures determined at 100 K and 120 K, respectively.

7.1. Optical and Electrical Properties

Most of the europium and samarium hydrides assumed
to be ionic or complex hydrides for crystal chemical reasons
given above, are colored (Table 1). This indicates semicon-
ducting behavior in accordance with structural properties.
Optical absorption measurements are rare. In EuH2 the op-
tical band gap was shown to be 1.85 eV,[15b] confirming its
semiconducting behavior. In other cases, temperature-
dependent electrical resistivity measurements allowed
EuLiH3, Eu2RuH6, and Eu2IrH5 to be classified as semi-
conductors with band gaps of 1.5, 0.08, and 0.15 eV, respec-
tively.[25c,50b,56]

Quantum mechanical calculations were also performed
in order to characterize the electronic structure and to pre-
dict physical properties of europium and samarium hy-
drides. The treatment of the largely localized 4f electrons,
however, causes some intrinsic problems, leading sometimes
to differences between theory and experiment. The band
gap of 0.29 eV calculated for EuH2

[39] seems to be under-
estimated with respect to experimental results (see above).
EuPdH3 is predicted to be metallic and Eu2PdH4 to be a
semiconductor with 0.23 eV,[39] in agreement with crystal
chemical considerations.[38]

7.2. Magnetic Properties

Studying the magnetic behavior allows the distinction be-
tween EuII and EuIII in the solid state. While the free ion
value to be expected for the former is 7.95 µB for the effec-
tive magnetic moment, that of the latter is 0. All europium
hydrides studied so far show ferromagnetism with Curie
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temperatures in the range 7 K �TC � 38 K and effective
magnetic moments of 7.3 µB �µeff �8.4 µB (Table 1). This
indicates europium to be divalent in all these hydrides, in
accordance with crystal structures (see section 4). Trivalent
europium could not be established in a hydride matrix so
far, probably due to the medium oxidizing power of hydro-
gen.

An interesting question is on the magnetic coupling of
the europium ions in the ferromagnetic state. Since most
investigated compounds are not metallic, europium hy-
drides are semiconducting ferromagnets at low tempera-
tures and an RKKY mechanism with coupling through
conduction electrons is ruled out. While Eu–Eu distances
are too long for a direct 4f–4f overlap (Table 1), another
type of exchange has been proposed. Similar to the situa-
tion in europium chalcogenides,[57] a 4f electron may be
transferred to an empty conduction 5d state. The 5d orbit-
als of neighboring europium ions may overlap, thus estab-
lishing a ferromagnetic coupling, for example in EuH2.[15]

Similar coupling of magnetic moments of europium after
intra-atomic 4f–5d transfer is assumed to cause ferromag-
netism in Eu2IrH5.[58] In EuLiH3 Ueno’s model of a respec-
tive 4f–6s transfer mechanism[59] has been considered more
appropriate.[60] Such direct coupling after 4f–5d or 4f–6s
transfer mechanisms should depend strongly on Eu–Eu dis-
tances. Neither the minimum Eu–Eu distances (Table 1) nor
average distances, however, show a clear correlation to fer-
romagnetic ordering temperatures, such that other exchange
mechanism may also be present, complicating the picture
considerably.

Curie temperatures are somewhat higher for ionic hy-
drides than for most complex europium hydrides in which
hydrogen is bonded covalently within a complex hydrido
transition metal complex (Table 1). This observation may
point to a possible involvement of hydrogen atoms in the
coupling of magnetic moments. Whether or not they par-
ticipate in exchange mechanisms is not clear as yet. The
difference between the ferromagnetic EuLiH3 and the iso-
structural antiferromagnetic EuTiO3 was explained by the
inability of 1s2-configured H– to participate in superex-
change like O2–, that is, no antiferromagnetic coupling of
nearest neighbors is considered to be possible in that
case.[25] On the other hand, other authors have proposed
superexchange through hydride anions, for example in
EuH2 or in oxide hydrides.[61]

In such discussions, it has to be considered that ferro-
magnetic transition temperatures reported in the literature
may vary considerably for some compounds, pointing at
possible problems with sample purity, which is not surpris-
ing in view of the strong air sensitivity of the hydrides, re-
sulting in decomposition and oxidation to EuIII.

SmH3 and SmMg2H7 are paramagnetic down to the low-
est measured temperatures of 2 K with effective magnetic
moments of 0.63 and 0.57 µB, respectively.[45] Apparently,
the above-mentioned possible coupling mechanisms are not
strong enough for cooperative magnetic phenomena in hy-
drides with SmIII, which exhibits a theoretical free ion value
for the magnetic moment of only 0.845 µB.
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8. Conclusions

Europium and samarium hydrides show a very rich crys-
tal chemistry, ranging from typical ionic hydrides following
the hydride-fluoride analogy to complex transition metal
hydrides and interstitial hydrides. Crystal structure, electri-
cal, and magnetic properties prove europium to be divalent
in hydrides investigated so far. Samarium, on the other
hand, is easily transformed to a trivalent oxidation state in
its hydrides and shows similarities to hydrides of other tri-
valent lanthanides. The crystal structures could only be
solved and refined by a combination of X-ray (synchrotron)
and neutron diffraction methods. The problem of neutron
absorption of europium and samarium, hampering the
solution of crystal structures and limiting the available
structural information, may be overcome either by the use
of isotopically pure material or by careful choice of the neu-
tron wavelength and the sample geometry on high-flux neu-
tron diffractometers. The latter aspect underlines the impor-
tance of instrumental developments on synchrotron and
neutron sources.
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