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Abstract

Intermetallic rare earth—transition metal-magnesium compounds play an important role as precipitations in modern light weight
alloys and as host materials for hydrogen storage applications. Recent results on the crystal chemistry, the chemical bonding
peculiarities, physical properties, and hydrogenation behavior of these materials are reviewed.

© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Intermetallic magnesium compounds gain significant
technical importance for precipitation hardening (optimi-
zation of the microstructure and the mechanical properties)
[1-3, and references therein] in modern light weight alloys
or for hydrogen storage applications [4-8].

In that view, the ternary systems rare earth metal
(RE)-transition metal (7)-magnesium have intensively
been studied in the last ten years with respect to phase
analyses, crystal chemistry, physical properties, and hydro-
genation behavior. The recent developments are summar-
ized herein. This short review is written from a solid state
chemist’s point of view with an emphasis on crystalline
materials and structural chemistry.

2. Synthesis techniques

The rare earth—transition metal-magnesium compounds
can be prepared directly from the pure elements. Especially
the air sensitive early rare earth elements, including
europium [9], need careful handling in order to avoid
surface oxidation and/or hydrolysis. Magnesium can be
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used in the form of rods. The surface needs first to be cut
on a turning lathe in order to remove surface impurities
(the ceramic MgO with huge lattice energy may act as a
thermodynamic trap). Due to the low boiling temperature
(1363 K [10]) of magnesium, synthesis in a quasi-open
system (arc-melting furnace) is not possible, since signifi-
cant evaporations would irreversibly affect the synthesis.

An effective way is the synthesis of such RE,T,Mg,
intermetallic compounds in inert, high-melting metal
ampoules made of niobium or tantalum [11,12]. These
container materials show no reaction with the melt. The
reactions can be carried out in a water-cooled sample
chamber of an induction furnace [13,14] and the approx-
imate reaction temperatures can be monitored through a
pyrometer. Some authors also used silver ampoules for the
synthesis [15]. The RE, T, Mg. intermetallic compounds can
easily be obtained in amounts of 1-2 g via this synthesis
technique. The light gray polycrystalline samples are quite
brittle and stable in air. Finely ground powders are dark
gray; single crystals exhibit metallic luster.

Besides the classical reactions through a melt, such
compounds are also accessible via ball-milling [16-18].
Amorphous and nanocrystalline magnesium-based alloys
and intermetallics can be obtained by rapid solidification
through melt-spinning [19,20].

Several authors used simple sintering reactions of cold-
pressed pellets of the elemental mixtures [21,22]. Typical


www.elsevier.com/locate/jssc
dx.doi.org/10.1016/j.jssc.2007.03.007
mailto:chevalie@icmcb-bordeaux.cnrs.fr
mailto:pottgen@uni-muenster.de

U.C. Rodewald et al. | Journal of Solid State Chemistry 180 (2007) 1720-1736 1721

annealing sequences are RT—673K—-923K—->973K —
RT. These techniques are problematic, since mostly no
liquid phase (or a complete melt) is present and not all
phases form under these conditions. To give an example,
study of the Y-Ni-Mg [23], Ce-Ni-Mg [24], and
Pr—Ni—Mg [25] phase diagrams via sintered pellets did
not reveal Y,Ni-Mg, Ce,Ni,Mg, and Pr,Ni,Mg obtained
directly from the melt in sealed tantalum tubes [26].

3. Crystal chemistry and chemical bonding

The many RE,T,Mg. compounds crystallize in few,
relatively simple structure types. The basic crystallographic
data are listed in Table 1. In the following subsections we
discuss the different structure types. The positional
parameters for one representative compound of each
structure type are listed in Table 2.

3.1. The structure types Mo,FeB, and Nd,Co,Mg;

More than 30 intermetallic RE,7>Mg compounds
(T = late transition metal) crystallize with the tetragonal
Mo,FeB, type structure [62], space group P4/mbm. As an
example we present the Ce,Cu,Mg structure [27] in Fig. 1.
The structure can be considered as a simple 1:1 intergrowth
of AIB, and CsCl-related slabs of compositions CeCu, and
CeMg. The copper atoms form Cu, dumb-bells at Cu—Cu
distances of 268 pm, slightly longer than the Cu-Cu
distance of 256 pm in fcc copper [63]. Always four Cu,
dumb-bells coordinate to a magnesium atom at Cu—Mg of
314 pm, significantly longer than the sum of the covalent
radii of 253 pm [10].

It is interesting to note, that also several series of isotypic
RE,T>In indides exists [65]. Extended-Hiickel band struc-
ture calculations for La,Cu,In and La,Cu,Mg [29] revealed
weaker Cu—Mg interactions as compared to Cu—In in the
indide. The same was observed for La—In vs. La—Mg. The
course of the a and ¢ lattice parameters is thus governed by
different factors. The strength of the 7-Mg and 7-In
interactions strongly influences the a parameter, while the
lattice parameter ¢ more or less depends on the nature (size;
lanthanoid contraction) of the rare earth element. For that
reason, the a parameters of the indide series are smaller
than those of the respective magnesium series, while the ¢
parameters are almost similar. For an overview on the
family of Mo,FeB,; type intermetallics we refer to a recent
review [65].

For Ce,Pd,Mg and Nd,Pd,Mg a small range of
homogeneity Ce,Pd,. Mg;_, has been detected on the
basis of single crystal X-ray data [27,35]. Refinement of the
occupancy parameters revealed higher electron density
for the magnesium position within the CsCl slab. The
highest palladium content has been observed for
C62Pd2_07Mg0V93 and Nddez'llMgO'gg. This behavior is
similar to the antiferromagnetic stannide Ce,Pd, Snj_,
(0.04<x<0.21) [66].

The Mo,FeB, type structure occurs for the RE>Ni-Mg
[26] and the RE,Cu,Mg [29] series, but no cobalt-based
analogs have been observed. Instead we observed another
intergrowth structure, the Nd4;Co,Mg; type [38], space
group P2/m, which can be considered as a 1:3 intergrowth
variant of distorted AIB, and CsCl related slabs of
compositions NdCo, and NdMg. This monoclinic struc-
ture type is formed also with RE = Pr, Sm, Gd, Tb, and Dy
[40]. The Co, dumb-bells in the neodymium compound
have Co—Co distances of 237 pm, somewhat shorter than
the average Co—Co distance of 250 pm in /cp cobalt [63].
The rectangular faces of the trigonal prisms are capped by
one cobalt atom (from the Co, dumb-bell) and two
magnesium atoms, leading to coordination number (CN)
9, typically observed for the transition metal atoms in this
and related structures. The Mg—Mg distances of 317 pm are
even smaller than the average Mg—Mg distance of 320 pm
in hcp magnesium [63], however, the shorter distances are a
geometrical constraint of the distortion of the REMg and
RECo, slabs.

Besides Co—Co, the shortest interatomic distances in the
Nd4Co,Mgjs structure occur between the neodymium and
cobalt atoms, i.e. 275 pm Co-Nd2 (2 x ), 294 pm Co—Ndl1
(2x), and 299pm Co-Ndl (2x). All these Co-Nd
distances are close to the sum of the covalent radii of
280 pm, and we can safely assume strong Co—Nd bonding.
This was underlined by recent electronic structure calcula-
tions [40].

3.2. The structure types ZrNiAl, TiNiSi and LaNiAl

A huge number of equiatomic RETMg compounds
(Table 1) has been observed with rhodium, palladium,
silver, platinum, and gold as transition metal component.
Those RETMg compounds with a stable trivalent rare
earth element crystallize with the hexagonal ZrNiAl [67-69]
type, space group P62m. As an example we present the
PrAuMg structure [28] in Fig. 2. The two crystallographi-
cally independent gold sites have different trigonal
prismatic coordination, i.e. [AulPrgMg;] and [Au2Mgg
Pr;]. Both types of trigonal prisms are condensed via the
triangular faces in the ¢ direction. The Aul centered
prisms build up larger ring units of six prisms around
the rows of the Au2 centered prisms. The shortest
interatomic distances occur between the gold and magne-
sium atoms which build up a three-dimensional [AuMg]
network in which the praseodymium atoms fill distorted
hexagonal channels. The crystal chemistry of the many
ZrNiAl type intermetallic compounds has repeatedly been
reviewed. For more details we refer to this literature
[70,71].

X-ray powder data have been reported for the nickel
based compounds LaNiMg and CeNiMg [53]. The patterns
revealed weak superstructure reflections pointing to the
orthorhombic TiFeSi type [72], a superstructure of ZrNiAl.
However, precise positional parameters of these com-
pounds are not available.
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Table 2
Positional parameters of one representative for each structure type of the
RE,T,Mg. intermetallic compounds

Atom Wyckoff site X y z
Nd4Co,Mgs [38] (own type)

Ndl 2n 0.60448 1/2 0.81696

Nd2 2n 0.09559 1/2 0.72365

Co 2m 0.6494 0 0.1056

Mgl 2m 0.2931 0 0.5007

Mg2 la 0 0 0
PrAuMg [28] (ZrNiAl type)

Pr 3f 0.58540 0 0

Aul 2d 1/3 2/3 12

Au2 la 0 0 0

Mg 3g 0.2418 0 1/2
EuAuMg [28] (TiNiSi type)

Eu 4c 0.03262 1/4 0.67659

Au 4c 0.27257 1/4 0.37621

Mg 4c 0.1393 1/4 0.0612
LaRhMg [32] (LaNiAl type)

Lal 4c 0.0438 1/4 0.28189

La2 4c 0.1623 1/4 0.06175

Rhl 4c 0.2447 1/4 0.43753

Rh2 4c 0.2535 1/4 0.6868

Mgl 4c 0.9971 1/4 0.5625

Mg2 4c 0.1329 1/4 0.8513
Ce,Cu,Mg [27] (Mo,FeB; type)

Ce 4h 0.17312 x+1/2 12

Cu 49 0.3798 x+1/2 0

Mg 2a 0 0 0
LaNiMg, [45] (MgCuAl, type)

La 4c 0 0.44029 1/4

Ni 4c 0 0.72661 1/4

Mg 8f 0 0.1543 0.0552
PrNiy;Mg [22] (MgCu,Sn type)

Pr 4a 0 0 0

Ni 16¢ 0.625 X X

Mg 4c 1/4 1/4 1/4
SmyRhMg [44] (Gd4Rhln type)

Sml 24g 0.56400 1/4 1/4

Sm2 24f 0.18798 0 0

Sm3 16e 0.34644 X x

Rh 16e 0.14164 x x

Mg 16e 0.5793 X x
TbCuoMg, [42] (ordered CeNi; type)

Tb 2d 1/3 2/3 3/4

Cul 2a 0 0 0

Cu2 2b 0 0 1/4

Cu3 2¢ 1/3 2/3 1/4

Cu4 12k 0.1688 2x 0.1234

Mg 4f 1/3 2/3 0.5292
LaNigMg, [21] (PuNi; type)

La 3a 0 0 0

Nil 3b 0 0 12

Ni2 6¢ 0 0 0.333

Ni3 18h 0.5015 —x 0.0857

Mg 6¢ 0 0 0.146
CeCu,Mg [46] (ZrPt,Al type)

Ce 2¢ 1/3 2/3 1/4

Cu 4f 1/3 2/3 0.588

Mg 2a 0 0 0

Single crystal data of CePd; o3sMgoo7 [33], CeRhj >
Mg 735 [32], CeAgi.034Mgo.oss, and NdAg; 03sMgo.o65 [30]
revealed homogeneity ranges. Similar to the RE,T,Mg
compounds discussed above, always the magnesium sites
show mixing with the transition metal. Especially for
CeRh; 56oMgj 735 the homogeneity range is pronounced
and the largely differing Ce 4/~Rh 5d hybridization will
strongly influence the magnetic properties. These investiga-
tions are currently in progress.

The RETMg compounds with europium and ytterbium
as rare earth component contain the rare earth atoms in a
stable divalent oxidation state (see Section 4) and they
crystallize with the orthorhombic TiNiSi type, space group
Pnma. A view of the EuAuMg structure is presented in
Fig. 3. Each gold atom has a strongly distorted tetrahedral
magnesium coordination and vice versa. These AuMgy,
tetrahedra share all common corners, leading to a three-
dimensional network in which the europium atoms fill
larger cages. This structure type derives from the well
known AIB, type via an ordering of the gold and
magnesium atoms on the boron network and a strong
puckering, leading to the substantial orthorhombic distor-
tion [73]. Further details on TiNiSi type intermetallic
compounds can be found in [70,74-77].

Similar to the ZrNiAl type equiatomic compounds, also
NdRh; 114Mgogss [32], EuAgi03:Mgo.06s, and YbAg os3
Mgg.947 [30] with the orthorhombic TiNiSi type structure
show homogeneity ranges. Again, the rhodium-based
compound shows the highest degree of Mg/Rh mixing.

The electronic structures of REAuMg and REAgMg
(RE = Eu, Gd, Yb) have been determined experimentally
through X-ray photoelectron spectroscopy [78]. The
spectra clearly confirm the divalent character of europium
and ytterbium and the trivalent character of gadolinium.
The states at the Fermi level are dominated by a mix of Mg
s, Au/Ag s/p, and RE spd bands. The photoelectron spectra
reveal extremely narrow bandwidths for the Au and Ag d
states, in good agreement with theoretical band structure
calculations.

A peculiar structural arrangement has been observed for
LaNiAl type [79] LaRhMg [32], space group Pnma. As is
evident from the projection of the structure (Fig. 4), also
the rhodium atoms in LaRhMg have trigonal prismatic
coordination. The structure contains two crystallographi-
cally independent rhodium sites. The Rhl atoms are
located in trigonal prisms formed by four magnesium and
two lanthanum atoms, while all Rh2 atoms have trigonal
prismatic lanthanum coordination. The latter motif is also
observed in the ZrNiAl type structure of PrAuMg (Fig. 2).
It is interesting to note that the LaNiAl structure type has
so far only been observed for ZrPdGa [80] and LaRhMg
reported herein.

Finally, we should note that it is also possible to
substitute the transition metal component in the RE,T>Mg
and RETMg compounds by a main group element
(M = gallium, indium, thallium, silicon, or germanium),
leading to compounds RE,M,Mg and REMMg [81-88]
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Nd4Co,Mg,
P2/m, mP9

Ce,Cu,Mg
P4/mbm, tP10

Fig. 1. Projections of the Nd4Co,Mg; and Ce,Cu,Mg structures along the short unit cell axis. Rare earth, transition metal and magnesium atoms are
drawn as medium gray, black filled, and open circles, respectively. The distorted AlB, and CsCl related slabs and the transition metal dumb-bells are
emphasized. All atoms lie on different mirror planes perpendicular to the projection directions.

Q [ ]
[ ] ] o
Mg
\ \ Pr
@ e @ Aul
oY e ro @
Y
- --1e
X
[ o @
o ®
PrAuMg
P62m, hP9

Fig. 2. Projection of the PrAuMg structure along the short unit cell axes.
Praseodymium, gold, and magnesium atoms are drawn as medium gray,
black filled, and open circles, respectively. The trigonal prismatic units are
emphasized. All atoms lie on mirror planes at z = 0 (thin lines) and z =
1/2 (thick lines).

Pnma, oP12

Fig. 3. View of the EuAuMg structure approximately along the y-axis.
Europium, gold, and magnesium atoms are drawn as medium gray, black
filled, and open circles, respectively. The three-dimensional [AuMg]
network of distorted AuMgy 4 tetrahedra is emphasized.

LaRhMg
Pnma, oP24

Fig. 4. Projection of the LaRhMg structure onto the xz plane.
Lanthanum, rhodium, and magnesium atoms are drawn as medium gray,
black filled, and open circles, respectively. All atoms lie on mirror planes
at y = 1/4 (thin lines) and y = 3/4 (thick lines). The trigonal prismatic
units are emphasized.

with similar structures. These substitutions have drastic
effects on the magnetic properties.

3.3. The structure type MgCuAl,

So far only one magnesium compound, LaNiMg,
[45,53], crystallizes with the orthorhombic MgCuAl, type
[89], space group Cmcm. First data on the crystal structure
and hydrogenation behavior of LaNiMg, were reported by
Kost et al. [53] and Karonik et al. [90,91]. The structure can
be considered as a transition metal filled variant of the
Caln, type [92]. The magnesium atoms build up a
tetrahedral network (Fig. 5) which is an orthorhombically
distorted version of the hexagonal diamond structure,
lonsdaleite. Within this network the Mg-Mg distances
range from 303 to 331 pm, close to the average Mg—Mg
distance of 320 pm in scp magnesium [63]. Geometrically,
these structures derive from the Re;B type and the
structural chemistry of these phases has been discussed in
detail in [93]. Chemical bonding in LaNiMg, has been
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LaNiMg,
Cmem, oC16

Fig. 5. Cutout of the LaNiMg, structure. Medium gray, black filled, and
open circles represent lanthanum, nickel and magnesium atoms, respec-
tively. Selected bond lengths within the magnesium substructure are given
in pm.

analyzed on the basis of TB-LMTO-ASA electronic
structure calculations in comparison with isotypic LaNiCd,
and LaPdIn, [94]. The strongest bonding interactions in
these three La7X,> compounds occur for the 7-X contacts.
An optimal bonding situation is observed for the Mg-Mg
interactions in LaNiMg, and the Cd—Cd interactions in
LaNiCd,, where bonding states are almost completely filled.
In contrast, the two extra electrons in LaPdIn, must
occupy slightly antibonding states, which results in weaker
In—In bonds.

3.4. The structure types MgCuuSn and Gd,Rhin

Many transition metal rich RET,Mg magnesium com-
pounds (Table 1) crystallize with an ordered version of the
cubic Laves phase MgCu,. They adopt the MgCu,Sn=
(Mg 5sSng 5)Cu, type [95,96]. This ordering (every other
magnesium position is occupied by a rare earth atom)
results in a translationengleiche symmetry reduction from
space group Fd3m to F43m. The PrNiyMg structure is
presented as an example in Fig. 6. The nickel atoms build
up a three-dimensional network of slightly distorted
corner-sharing Niy, tetrahedra. The praseodymium and
magnesium atoms fill larger cages of coordination number
16 (Frank—Kasper polyhedra [97,98]) within this network.
The small distortion of the nickel tetrahedra is due to the
difference in size between praseodymium and magnesium
[10]. For a more detailed discussion on the crystal
chemistry and chemical bonding in such Laves phases we
refer to review articles [99—102, and references therein].

The RE,TMg compounds (Table 1) represent the
structure with the highest rare earth metal content. They
crystallize with the cubic Gd4RhIn [103,104] type, space

PrNizMg
F43m, cF24

Fig. 6. The crystal structure of PrNiyuMg. The praseodymium, nickel, and
magnesium atoms are drawn as medium gray, filled, and open circles,
respectively. The three-dimensional network of corner-sharing Niy
tetrahedra is emphasized.

Sm4RhMg
F43m, cF96

Fig. 7. View of the SmyRhMg crystal structure approximately along the
[101] direction. Samarium, rhodium, and magnesium atoms are drawn as
medium gray, filled (hidden in the trigonal prisms), and open circles,
respectively. The three-dimensional network of corner-sharing RhSmg
trigonal prisms and the Mg, tetrahedra are emphasized. The Sm1 atoms
do not participate in the network of condensed trigonal prisms.

group F43m. As an example we present the SmyRhMg
structure [44] in Fig. 7. The structure contains three
crystallographically independent samarium sites. Together,
the Sm2, Sm3, and Rh atoms build up a rigid three-
dimensional network of corner-sharing trigonal prisms.
The Rh-Sm distances of 286 pm are the shortest intera-
tomic distances within the SmyRhMg structure and we can
safely assume strong Rh—Sm bonding. This is in agreement
with recent electronic structure calculations on isotypic
La,CoMg [39]. The voids left by the network of the RhSmyg
trigonal prisms is filled by a face-centered arrangement of
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Mg, tetrahedra at Mg—Mg distances of 312pm, even
slightly smaller than in 2cp magnesium (320 pm) [63]. Also
the CN 14 polyhedra (10Sm + 2Rh +2Mg) around Sm1 are
located in the voids of the network. It is interesting to note,
that the Gd4RhlIn type compounds have empty octahedral
voids formed by the rare earth elements that can be filled
by hydrogen.

The RE1 positions that do not belong to the trigonal
prismatic network show RE1/Mg mixing in several of the
RE,TMg compounds. The compositions of several single
crystals have been refined from diffractometer data:
Sm3.9:C00.93Mgr0s,  Gd392CoMgy g,  Tbz77CoMg 13,
Dy;,7CoMg; 73, and Er;7,,CoMg; »g for the cobalt [39],
and Hojz 50RhMg; 45, and Er; g4RhMg; o6 for the rhodium
[44] based series.

3.5. The structure types PuNiz; and CeNis

The series of REMg,Nig (RE=7Y, La-Nd, Sm, Gd)
[21,49,105] and REMg,Cug (RE =Y, La—Nd, Sm—Ho, Yb)
[42], and a substitution variant (Y s5Cag 5)(MgCa)Niy have
intensively been investigated with respect to their hydro-
genation capacity. The nickel-based series is isotypic with
the PuNi; type [106], space group R3m, while the copper
compounds adopt the CeNij type [107], space group P65/
mmec. In both series, 2/3 of the rare earth sites of the binaries
are replaced in an ordered manner by magnesium. This fact
is not astonishing, in view of the RE1/Mg substitution
discussed for the Gd4Rhln type materials (see Section 3.4).

Both structure types have relatively long c-axis, i.e.
~23 A for the REMg,Nig and ~16 A for the REMg,Cuo
compounds. They belong to a larger family of intermetallic
compounds that can be considered as block stacking
structures. As already emphasized in an overview by Parthé
and Lemaire [108], the CeNi; and PuNiy structures are
stacking variants of simple MgZn, and CaCus related
slabs. Consequently, all atoms in these structures have
comparatively high coordination numbers and the coordi-
nation polyhedra resemble the well known Frank Kasper
polyhedra [97,98]. A polyhedral presentation of both
structure types is given in Fig. 8. Separate drawings of
the different coordination polyhedra for TbCugMg, can be
found in Ref. [42].

Exemplary we briefly discuss the TbCugMg, structure
here. The highest coordination numbers (CN) occur for the
terbium (CN 20) and magnesium (CN 16) atoms. The four
crystallographically independent copper sites have all
icosahedral, Frank—Kasper type coordination. The Cu—Cu
distances within the complex three-dimensional [Mg,>Cuyg]
network range from 246 to 289 pm, close to the Cu—Cu
distance of 256pm in fcc copper [63]. For comparison,
the Cu—Cu distances in Ce,Cu,Mg (268 pm) [27] and
CeCu,Mg (280 pm) [46] fall in the same range. The Cu—Mg
distances (287-299pm) in TbCuyMg, [42] are slightly
longer than in the CeCu,Mg structure (279 pm) [46].
Similar coordination behavior is observed in the nickel-
based series.

TbCuyMg,,
P63/mme, hP24

LaNigMg,
R3m, hR36

Fig. 8. The crystal structures of LaNigMg, and TbCuyMg,. Rare earth
metal, transition metal, and magnesium atoms are drawn as medium gray,
filled, and open circles, respectively. The Frank—Kasper related polyhedra
are emphasized. For details see text.

3.6. The structure type ZrPt Al

The magnesium compounds LaCu,Mg and CeCu,Mg
[46,56] crystallize with the hexagonal ZrPt,Al [109] type
structure, space group P6s/mmec, which has also been
observed for a series of stannides [110] and indides [111].
This structure type can be considered as a substitution
variant of the Ni,In type, where the nickel sites within the
NisIn; hexagonal honeycomb networks are substituted by
a dumb-bell. The Cu, pairs (280pm Cu—Cu) and the
cerium atoms in these two compounds have trigonal
prismatic magnesium coordination (Fig. 9). Together the
copper and magnesium atoms (279 pm Cu-Mg) build up a
three-dimensional [Cu,Mg] network in which the cerium
atoms fill larger cages. The Cu—Cu distances in CeCu,Mg
are close to the distances in Ce,Cu,Mg (268 pm), while the
Cu-Mg distances at 314 pm in Ce,Cu,Mg are much longer
[27]. Finally we need to mention that the structures of
ZrPt,Al [109], the stannides [110] and indides [111],
as well as CeCu,Mg [46] have only been studied on
the basis of powder X-ray diffraction data. In can
therefore not be excluded, that some Ce/Mg mixing might
occur in CeCu,Mg, as already stated for GdPt,Sn and
ErPt,Sn [110].

4. Physical properties
4.1. Magnetic susceptibility

Many of the RE,T,Mg. compounds have been studied
with respect to their magnetic properties (Table 3). The

lanthanum and cerium based series La7Mg and CeTMg
(T =Pd, Pt, Au) [33] have been investigated in detail.
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CeCu,Mg
P6s/mmc, hP8

R

b a

Fig. 9. The crystal structure of CeCu,Mg. Cerium, copper, and
magnesium atoms are drawn as medium gray, filled, and open circles,
respectively. The three-dimensional [Cu,Mg] network and the trigonal
prismatic units are emphasized.

All three lanthanum compounds show Pauli paramagnetism
down to 0.3 K. Cerium is in a stable trivalent oxidation state
in the CeTMg (T = Pd, Pt, Au) compounds. Magnetic
ordering is detected at 2.1(2), 3.6(2), and 2.02)K, for
CePdMg, CePtMg, and CeAuMg, respectively.

The magnetic properties of CePdMg, Ce,Ni,Mg, and
CeNiy;Mg have been studied by Geibel et al. [47]. In
contrast to the investigation by Gibson et al. [33], no
magnetic ordering has been reported for CePdMg.
Ce,Ni,Mg, and CeNizMg are intermediate-valent com-
pounds. The characteristic temperature for the cerium 4f
electrons Eg/kp~ T,~250K was deduced from the max-
imum in the y(7) curve. For CeNiyMg E;/kg is probably
larger than 300 K.

Very interesting magnetization behavior is observed for
Nd,Cu,Mg [115] and Pr,Pd,Mg [35]. Both compounds
show a pronounced square loop behavior, Nd,Cu,Mg [115]
in the ferromagnetically ordered state and Pr,Pd>,Mg [35] in
the metamagnetic regime. Nd,Cu,Mg [115] shows a
relatively high remanent magnetization of 1.55 pg/Nd atom
and a coercive field of 0.31T.

The gadolinium compounds Gd7TMg (T = Pd, Ag, Pt)
show relatively high Curie temperatures of 95.7(1), 39.3(1),
and 97.6(1) K, respectively [34]. These materials reveal spin
reorientations at 93.2(1) (GdPdMg), 27.6(2) (GdAgMg),
and 65.3(1) and 89.2(1) K (GdPtMg). The three com-
pounds are typical soft ferromagnets. The magneti-
zation curves for GdPdMg and GdPtMg show full
saturation already at 2T, while GdAgMg reveals a much
smaller (4.82up/Gd atom) saturation magnetization at
423K and 5.5T.

Table 3

Magnetic properties of various intermetallic RE,TyMg. compounds
Compound  Magnetism  peyp/Mg - T, Te/K /K Ref.
Y,Cu,Mg PP — — — [115]
La,Cu,Mg PP — — — [115]
LaPdMg PP — — — [33]
LaAgMg PP — — — [113]
LaPtMg PP — — — [33]
LaAuMg PP — — — [33]
CeoNioMg 1V — — — [47]
CeNiyMg v — — — [47]
CeCuMg P 2.46 — -20 [46]
CePdMg F 2.6(1) 212 =36(1) [33]
CeAgMg P 2.52(2) — —13(1) [113]
CePdMg P 2.6 — -33 [47]
CePtMg F 2.5(1)  3.6(2) =35(1) [33]
CeAuMg AF 2.6(1)  2.002) =57(1) [33]
Pr,Cu,Mg F 3.47(2)  43.0(5) =5(1) [115]
Pr,Pd:Mg MM 3.86(5) 15(1) 23(1) [35]
PrPtMg F 3.592)  8.0(5) 7.5(5)  [31]
Nd,Cu,Mg  F 3.67(2)  12.0(5) 6(1) [115]
Sm,Pd,Mg VVP/F — 36(2) — [35]
SmPtMg VVP/F — 52(1) — [31]
EuAgMg F 7.99(5) 22.0(3) — [113]
EuAuMg F 7.80(5)  36.5(5) — [113]
Gd,NipMg AF 7.86 49.00(5) 49 [112]
GdPdMg F 7.66 95.7(1) 91(1) [34]
GdAgMg F 8.05 39.3(1) 31.9(5) [34]
GdPtMg F 8.27 97.6(1) 90.9(5) [34]
GdAuMg AF 8.35 81.1(1); 19.0(1) 12.7 [36]
YbPdMg PP — — — [35,43]
YbAgMg PP — — — [43,113]
YbAuMg PP — — — [114]

PP: Pauli paramagnet, P: paramagnet, AF: antiferromagnet, F: ferro-
magnet, MM: metamagnetism, IV: intermediate valence, VVP: van Vleck
paramagnetism, Tn: Néel temperature, T¢: Curie temperature, peyp:
experimental magnetic moment, @: paramagnetic Curie temperature
(Weiss constant).

The complete solid solution CeAuln;_,Mg, has been
studied with respect to the magnetic properties [37]. Both
boundary phases CeAuln and CeAuMg crystallize with the
ZrNiAl type structure and single crystal data reveal that a
Vegard type behavior occurs for the solid solution. The
chemical substitution creates disorder and consequently
destroys long-range magnetic ordering. The compounds
within the solid solution show features of non-Fermi liquid
behavior.

YbCusMg with cubic MgCusSn type structure has
intensively been studied within the whole series of YbCuyX
(X =Ag, Ay, In, Cd, Tl, Mg) compounds [58,116-120].
YbCuysMg is a Kondo compound with a Kondo tempera-
ture of ca. 860 K and a y-value of 60 mJ/molK?> [116]. Hall
effect measurements reveal small, negative, only weakly
temperature-dependent Hall coefficients [117]. Photoemis-
sion spectra [118] show that the Yb** 4f;, states of
YbCuyMg are observed as a broad structure near the
Fermi level and the valence is close to divalent [120]. The
magnetic susceptibility is only weakly temperature-depen-
dent with a small positive value of ca. 0.004 emu/mol
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[58,119]. It is interesting to note that single crystals of
YbCusMg can be grown from a lead flux [58].

4.2. Specific heat data

So far only few of the rare earth—transition metal—
magnesium compounds have been studied with respect to
the temperature dependence of the specific heat. Complete
measurements of the specific heat data are available for the
series LaTMg and CeTMg (T = Pd, Pt, Au) [33]. These
compounds show very small values for the electronic
specific heat coefficients. In contrast, a huge y-value of
1000 mJ/mol K? was observed for the Kondo compound
CeCu,Mg [46], however, no long-range magnetic ordering
was evident above 1.5K.

4.3. Electrical resistivity

The rare earth—transition metal-magnesium compounds
exhibit all metallic behavior in the temperature dependence
of the electric resistivity, in agreement with the electronic
structure investigations. Detailed resistivity data have been
collected for CeTMg (T =Pd, Pt, Au) [33], REAgMg
(RE = La, Ce, Eu, Yb) and EuAuMg [121]. Since these
magnesium intermetallics have been prepared in sealed
tantalum containers, the product pieces were mechanically
broken off the ampoules, resulting in small, irregularly
shaped blocks. Thus, resistivity data have been measured
either on small sintered pellets or on irregularity shaped
pieces and only resistivity ratios p(7)/p(300 K) have been
reported. The cerium compounds CeTMg (T = Pd, Ag, Pt,
Au) [33,113], show negative curvature of p(7) below ca.
100 K, which could arise from CEF level population which
causes an additional temperature dependence of the spin
disorder resistivity. EuAgMg and EuAuMg [113] show
strong discontinuities in the temperature dependence of the
resistivity at 20 and 36 K, that can be attributed to freezing
of spin-disorder scattering below the Curie temperatures, in
agreement with the magnetic data (Table 3).

Intermediate-valent and Kondo type materials show
pronounced anomalies in the temperature dependence of
the electrical resistivity. CeCu,Mg [46] reveals a maximum
in the p(7) curve, indicating Kondo lattice behavior. The
Kondo temperature was estimated to be Tx=x|Op|/
4 =5K. A weak Kondo interaction occurs also in the
resistivity behavior of CePdMg [47]. A pronounced
curvature of the p(7) curve was observed for intermedi-
ate-valent Ce,Ni,Mg, while CeNiy;Mg shows almost linear
behavior [47].

The compounds REAgMg and REAuMg (RE = La, Eu,
Gd, Yb) have been investigated with respect to their
magnetoresistance behavior [121]. All compounds show a
metallic resistivity. The magnetically ordering ones (with
RE =Eu and Gd) reveal an abrupt decrease of the
resistivity below the Curie and Néel temperatures, because
the scattering of charge carriers on magnetic excitations
freezes out in the magnetically ordered state. For the

ferromagnets a large negative magnetoresistance (most
pronounced close to T¢) is observed with a decrease of p in
the order of —5%/T, while the antiferromagnetic ones
show a much smaller rate (—0.2%/T). Similar trend is
observed for the magnetocaloric effect.

4.4. Mossbauer spectroscopy

So far, only EuAgMg, EuAuMg [113], GdAuMg [36]
and Gd,Ni,Mg [112] have been characterized by M&ss-
bauer spectroscopy. These data are especially important
for the europium compounds for determination of the
europium valence. The 78 K '"'Eu Méssbauer spectra of
EuAgMg and EuAuMg [113] show isomer shift of
0= -9.004) and —8.72(8) mm/s, respectively, indicative
for a slightly lower electron density at the Eu nuclei in
EuAuMg, a consequence of the higher electronegativity of
gold with respect to silver. The magnetic ordering
temperatures determined from the temperature dependence
of the magnetic hyperfine fields (fits to a J = 7/2 Brillouin
function) are in good agreement with the susceptibility
data. At 4.2K full magnetic hyperfine field splitting with
hyperfine fields of 17.4(1) and 18.3(2) T are observed for
EuAgMg and EuAuMg.

Magnetic ordering in GdAuMg was also detected via
193Gd Méssbauer spectroscopy [36]. Due to the low m2m
Gd site symmetry a quadrupole splitting parameter of
AEy = 0.646(7) mm/s is detected. A small magnetic hyper-
fine field of 16.5(5)T was observed at 4.2K, indicating
that the antiferromagnetic interactions are still strong.
The isomer shift of 6 = 0.294(8) mm/s indicates relative
high electron density at the Gd nuclei in GdAuMg as
compared to isotypic GdAuln with the more electronega-
tive indium atoms. Similar value (0.272(3) mm/s) occurs for
GdAgMg, while GdPdMg (0.192(7)mm/s) and GdPtMg
(0.190(4) mm/s) show lower isomer shifts, clearly indicating
the influence of the valence electron concentration [34]. The
hyperfine fields at 4.2K of 21.2(2) T (GdPdMg), 21.4(1)T
(GdAgMg), and 18.8(2) T (GdPtMg) are slightly higher than
for GdAuMg.

Gd,Ni,Mg [112] shows an isomer shift of
0 =0.12(1)mm/s at 57K in the paramagnetic range. The
observed quadrupole splitting parameter of AE,=
3.17(3) mmy/s is a direct consequence of the m2m Gd site
symmetry. At 4.2K, in the magnetically ordered state, a
magnetic hyperfine field of 14.6(2) T is detected at the
gadolinium nuclei.

5. Hydrogenation behavior

In continuation to the research on Ni-MH batteries, the
search for alternative hydrogen storage materials is an
extremely active field. The extensive studies on Mg,NiH,
and related hydrides have been extended towards rare earth
based intermetallic compounds in recent years [122—140].
The rare earth—transition metal-magnesium compounds
are currently widely investigated with respect to their
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hydrogen storage capacity. Since many CaCus and Laves
phase related materials have been studied intensively in
recent years, also ternary materials with related structures
have been synthesized (see Section 3.5). Structure stability
maps for intermetallic 4B5s compounds with respect to
hydrogen storage materials have been developed by
Guénée and Yvon [141].

Especially the MgCuysSn type materials like RENizMg
(RE=Y, La, Ce, Pr, Nd) have intensively been studied
[57,123,124,132,133]. These compounds reveal excellent
discharge capacities in the order of 400 mAh/g and only a
slight decrease of the discharge stability over a period of 50
cycles. Besides the influence of the different rare earth
components, also the influence of Co/Ni substitution on
the tetrahedral network was tested. Cobalt seems to
enhance the hydrogenation properties [132]. The article
size has a drastic influence on the discharge capacity
[124,134] and mechanical alloying improves the kinetic
properties. This can be explained by the defects introduced
during the mechanical alloying process as well as the
increased specific surface area. The solid solution
GdNiy4_,Al,Mg, prepared by mechanical alloying, shows
reversible hydrogen absorption and desorption at room
temperature [142].

The hydrogenation behavior of the ordered Laves phases
YNiy;Mg [59], LaNiuMg, and NdNizMg [15] has been
studied in detail. For the yttrium compound a maximum
hydrogen content H/M of ca. 0.6 was observed. LaNiz;Mg,
and NdNizMg [15] reversibly uptake up to four hydrogen
atoms per formula unit at 7-8 bar and 323 K. The structure
of the hydride was determined from neutron diffraction
data on a deuterated sample NdNizMgH;¢. The striking
structural motif in this hydride phase in a NizD4 unit. The
Niy tetrahedra are capped by three deuterium atoms on the
edges, and by a fourth deuterium atom on the remaining
triangular face.

Two highly interesting hydrogenation experiments start
from the intermetallic phases La,Ni,Mg (Mo,B-Fe type)
and LaNiMg, (MgCuAl, type), leading to the hydrides
LazNiQMgHg [143] and LaNlMg2H7 [45,53] LazNizMgHg
forms under 30 bar of hydrogen pressure at 373 K (lattice
expansion AV/V =20%) and LaNiMg,H, at 473K
with 8 bar H, (lattice expansion AV/V =19.1%). The
LaNiMg,H; structure contains [NiH4]*~ tetrahedral hy-
dridometallate units that are conform with the 18-electron
rule besides H™ anions leading to an ionic formula splitting
La’"(2Mg”>*)**[NiH,]*“(3H")*". Thus, the intermetallic
compound LaNiMg, had transformed to the non-metallic
hydride LaNiMg,H-. In agreement with the ionic formula
splitting the hydrogenation induces a metal-semiconductor
transition as is evident from resistivity measurements
on compact polycrystalline samples of LaNiMg, and
LaNiMg,H; [144].

The bonding situation in La,Ni,MgHg is somewhat
more complex. This hydride contains a [Ni,H;]”~ unit (two
corner-sharing tetrahedra) and a cyclic [NisH5]'*~ hydri-
donickelate complex (four corner-sharing tetrahedra).

Again, an ionic formula splitting is adequate: 4La,Ni,
MgHg=(8La’ " )** " (4Mg” ")® "[NisH 5] > [2Ni,HF 1~
(6 H7)®™, in agreement with the 18-electron rule. Thus, in
both hydrides the nickel atoms are essentially neutral with
sp3 hybridized valence orbitals. La,Ni,MgHg does not
reversibly desorb hydrogen. Upon heating at 673 K over
24h La,Ni,MgHg decomposes into LaH; and another
phase.

In this context we should also mention the hydrides
Yb4Fe3Mg4H22 [145] and Yb4CO3Mg4H19 [146] which
contain disordered square-pyramidal [CoHs]"™ and octa-
hedral [FeHq]*~ units, respectively, leading to the following
ionic formula splittings: (4YDb* ") T (aMgr Ty
[3FeH¢ 1" (4H)* and (4YD* ") T (aMg? )T
[3CoH%7]">"(4H™)*", where the hydridometallate anions
contain divalent iron (¢°) and monovalent cobalt (). In
contrast to La,Ni-MgHg and LaNiMg,H; discussed
above, no ternary intermetallic compounds ‘YbsFe;Mgy’
and ‘YbsCozMg, have been reported so far. In the
La—Cu-Mg system a new hexagonal compound with
approximate composition LaCu,Mg, has been reported
[51]. The crystal structure is not yet known, however,
LaCu,Mg, shows a hydrogen uptake up to 2.4 wt.—% and
a reasonable desorption pressure.

Besides the Laves phase related materials, also the
stacking variants of the MgZn, and CaCus slabs have
intensively been studied with respect to solid solutions
[122,125,126-131,135-140]. These materials are all sub-
stitution variants of the PuNis, CeNiz, Gd,Co5, or Ce,Ni;
types. Detailed electrochemical studies of the hydrides
showed good cycle stability and comparatively high
discharge capacities up to 400 mAh/g. Some compounds
in the La—Ni—Mg system revealed even capacity retention
of ca. 82% after 150 charge/discharge cycles [139]. Several
samples are composites of different phases [135]. Depend-
ing on the peculiar system, Co/Ni substitution can have a
positive or a negative influence on the discharge capacity
[131,135,140]. This behavior was also studied via electro-
chemical impedance spectra [135]. Another substitution
concerns the rare earth component. The RE,MgNiy
materials have also been tested with the cheaper misch
metal on the rare earth site. As compared to La,MgNiy, the
misch metal based alloy electrode shows improved
dischargeability rates [130]. Doping with B, Cr, or Ti was
also tested [137].

Hydrogenation studies revealed no hydrogen absorption
for YMgzNig, while (Y0.5Ca0.5)(MgCa)Ni9 forms a hydrlde
phase (Y s5Cags)(MgCa)NigH 3, at 3.3MPa and 263K
[49]. (Y(5Cags)(MgCa)NigH 5, shows linearity in the
van’t Hoff plot for hydrogen desorption. Substitution in
the YMg,Niy structure on the yttrium and the magnesium
site by calcium clearly establishes that the hydrogenation
behavior depends on geometric and electronic factors
as well.

An interesting substitution occurs for the NiMg, phase
[147-149]. Besides the solid solution NiMg,_,Sn, [150], also
NiMg,_RE, (up to x =0.3 and RE =Y, La, Ce, Pr, Nd)
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solid solutions have been reported [57]. These materials can
easily be prepared by ball-milling and the hydrogenation
properties improve with increasing rare earth content. For
the various rare earth metals, the discharge capacity
increased in the order Pr>Nd>Ce>La>Y.

The kinetics of the hydrogen absorption/desorption
properties strongly depends on the sample preparation
and the particle size [122,125-129]. Ball milling and
melt spinning play an important role on the microstructure
and surface morphology [122,128]. In the melt spun
materials, the hydrogen transport along the nanograin
boundaries appears to facilitate the desorption kinetics
[127]. For the ball milling process, also the medium in the
containers (argon, toluene, or tetrahydrofuran) influence
the surface properties [128]. Hydrogen combustion
synthesis [126,151] with and without magnetic field
influence the microstructure and the phase composition
and can drastically improve the absorption/desorption
kinetics [129].

The annealing behavior of melt spun materials is
interesting to mention [19,122,152-157]. To give an
example, a melt spun amorphous MgesCu,sNd;, alloy
shows a first crystallization reaction at 180 °C, a second at
210-225°C, and a third one at 320 °C (exothermic reaction)
[122]. The resulting crystalline compounds are exclusively
binary ones, i.e. CuMg,, a-Mg, and NdCus, and such
composites show good hydrogenation properties. No
ternaries like Nd,Cu,Mg [29] are observed. It is interesting
to note that the glass-forming magnesium-based alloys
have good stability in aqueous electrolytes [122].

6. Conclusions

So far more than 170 RE,T,Mg. compounds have been
synthesized in the ternary systems RE-T-Mg. However,
the phase diagrams have only scarcely been investigated.
The intermetallic RE,T,Mg. compounds show interesting
crystal chemistry and fascinating bonding peculiarities
when compared with crystal chemically related indides
and stannides. These materials have excellent perspectives
for hydrogen storage materials and are worthwhile to
investigate in future.
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