DOI: 10.1002/zaac.200500506
Research Report — Forschungsbericht

Lanthanides as d Metals

Arndt Simon*, Hansjiirgen Mattausch, Mikhail Ryazanov, and Reinhard K. Kremer

Stuttgart, Max Planck-Institut fiir Festkorperforschung

Received December 21st, 2005.

Professor Hansgeorg Schnickel zum 65. Geburtstag gewidmet

Abstract. Reduction of lanthanide trihalides with alkali metals
along the route used by Klemm and Bommer leads to pure lantha-
nide metals. In closed Ta capsules at elevated temperatures, howe-
ver, metal-rich halides form which use the excess of Ln centered
electrons for metal-metal bonding. An overview of the extended d
metal chemistry of lanthanides in binary, ternary and quaternary

halides is presented. Consequences of the mutual interaction of d
and f electrons are illustrated for selected magnetic and electrical
properties.
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Introduction

One of the numerous important scientific achievements of
Wilhelm Klemm was the discovery of the periodic behaviour
of 4 f elements [1]. Klemm explained the occurrence of the
oxidation states +2 and +4 besides the main one, +3, for
the lanthanides Ln in terms of specific electronic configura-
tions. Lanthanum in its oxidation state +3 has an empty 4
f shell, in the Ln*" ions of gadolinium and lutetium — the
latter called cassiopeium in those days — the 4f shell is half-
filled and fully occupied, respectively. The immediate neigh-
bours easily adopt these stable configurations, too, the pre-
ceding ones by forming Ln?" ions like europium and ytter-
bium and the following ones by forming Ln** ions as in
the cases of cerium and terbium. In order to reach these
textbook results Klemm and Bommer [1] reduced minute
amounts of the respective trichlorides with alkali metals.
Micro-crystalline rare earth metals formed besides alkali
metal chloride which served as an internal standard in the
x-ray measurements. In the detailed description of the
experiments one finds the remark: “Unstimmigkeiten in der
Analyse, d.h. unvollkommene Umsetzung, driickten sich in
den Rontgendiagrammen stets durch flauere Filme und das
Auftreten von Fremdlinien aus.” This remark raises the
question whether Klemm and Bommer witnessed the exist-
ence of still further reduced lanthanide halides below oxi-
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dation state +2, discovered several decades later with
Gd,Cl; [2, 4] and many more to come [4, 5, 6].

Our article is composed of three parts. At first we de-
scribe experiments along the line of the investigations of
Klemm and Bommer corroborating the early results. Sec-
ondly, we briefly review the structures of halides which con-
tain lanthanide metals in low oxidation states. The struc-
tural chemistry closely relates to that of heavy d metals with
clusters and condensed clusters and heralds a novel d metal
chemistry of the lanthanides. The fascinating back and
forth interaction of d and f electrons in these compounds
will be addressed in the third part.

1 Reduction of lanthanide halides by alkali metals

As Gd,Cl; is quite easily accessible, gadolinium is our tar-
get metal to seek for the formation of a metal-rich com-
pound following the experimental procedure of Klemm and
Bommer [1]. We added varying amounts of potassium to
GdCl; and heated the reactants in evacuated and sealed
glass ampoules to temperatures between 520 K and 720 K.
Only the lower part of the ampoule was introduced into the
furnace, and excess K condensed in the cold upper part.
After approximately a day the reaction product in all
experiments consisted of a black top layer of Gd and KCl
sharply separated by a white layer of unreacted GdCl;.
Only that part of GdCl; which was wetted by molten K was
reduced but no reduction of the remaining part with gase-
ous K occurred. Even the contact region between the two
layers did not contain traces of Gd,Cl; Obviously, the for-
mation of elemental Gd happens much faster than that of
the metal-rich compound. Performing the reaction in a
quasi “open system” at moderate temperature as Klemm
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and Bommer did leads to pure and well crystallised metal.
The same result is obtained, when GdCl; and Na are re-
acted at 520 K in uniformly heated sealed Ta capsules which
results in Gd and NaCl besides unreacted GdCl;. However,
at higher temperatures, 620 to 720 K, partial reduction to
Gd,Cl; is observed in such a “closed system” after several
days together with the formation of ternary Na-Gd-Cl
phases [7].

It lies at hand to prepare other metal-rich Ln halides by
reduction with alkali metals and, indeed, Gd,Br;, Tb,Cls
and Tb,Br; could be made along this metallothermic route
[8]. This route is of particular interest as a fast high yield
way to prepare Lal, the first true Ln monohalide, which
was recently identified in a mixture of La and Lals after
long-term annealing [9]. However, reacting stoichiometric
amounts of Na with Lal; in a closed Ta capsule at 820 K
always results in a contamination of the product by La.
Only the use of Lal,, possibly via intercalation into the
layered crystals, leads to Lal with no traces of La detectible
[10]. The difference clearly indicates the relevance of kine-
tics in the reduction reactions.

Fig. 1 Parallel projection of the crystal structure of Gd,Cl; along
[010], unit cell outlined, Gd atoms dark.

2 Metal-rich lanthanide halides

The dihalides of Ln metals provide the essential feature of
bonding with the growing class of metal-rich compounds
formed by these metals. Whereas the dihalides of Eu and
Yb are normal Ln?" salts as mentioned in the introduction,
the metal atoms in Lal, or GdI, adopt the preferred con-
figurations f° and f7, respectively, as Ln3* ions, and the ex-
cess electrons reside in conduction bands with d character.
Thus, the metallic dihalides are closely related with corre-
sponding compounds of the heavy d transition metals. The
similarity is quite striking as e.g. for the isovalence-elec-
tronic and isotypic pair GdI, and TaS,.

The structural chemistry of metal-rich compounds of 4 d
and 5d elements is characterised by the frequent occur-
rence of discrete and condensed metal clusters [11, 12].
Many different cluster topologies are known out of which
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the M¢X, cluster with an octahedral core is somewhat
dominating in the case of the valence electron poor metals

Table 1 Compounds and structural units in M-M bonded halides
of Sc, Y, Ln with interstitial atoms Z.

Lng octahedra

discrete clusters

CsY9(Co)olig
Gd;o(C2)xClyg
CsEro(Co)alys,
Ero(Cy)alig
Gd;o(C,).Cly4
Gdio(Co)alis
Tb,,B>Br5
La;(Os;l;5
La;o(Cy)lis
Cs,La;gCosly;
Cs,Prg(Cy)l 12
La 4(Co)sly

single octahedra
double octahedra
double octahedra

Ln,ZX,, single octahedra [22]
Lag(Cy)1g single octahedra [23]
CsErgCI;» single octahedra [24]
SceColyy single octahedra [25]
YeRul;o single octahedra [26]

[

[

[

double octahedra [
double octahedra [
double octahedra [
double octahedra [
double octahedra [
double octahedra [32]
double octahedra [
triple octahedra [

[

[

Tb,sB4Br>3 quadruple octahedra 35]
YlryBrsg quadruple octahedra 36]
(= Y;IrBrg)
chains
LnyCX5-Typ linear single chains [37]
LnyZXe-Typ linear single chains [38, 39]
Gd4(Cy)(C, D linear single chains [40]
LnyB,X5-Typ linear single chains [41]
ScsCClg linear single chains [42]
TbyBBrg angular single chains [43]
Tb;3B3Br 5 linear chain + double octahedra [44, 45]
LngCy X5 double chains [12]
Gd;CI; double chains [46]
Pri;Rul; double chains [47
Sc,C,Clyo double chains [48]
Y10Coli3 single and double chains [49]
sheets
Ln,CX planar sheets [15]
Gd,CHBr, planar sheets [50]
Gd,CHCl1
Ln,HX, planar sheets [51, 52]
Ln,CX, planar sheets [53, 54, 55]
Ln,CX, planar sheets [53, 56]
Ln,H X, planar sheets [57]
GdyCoX5 undulated sheets [58]
GdeC;Cls undulated sheets [59]
frameworks
LasAul; 3D nets [60]
La;GaBr; 3D nets [61, 62]
Ln, tetrahedra
Gd;NClg double tetrahedra [63]
Gd,CI3N chains [64]
Lng octahedra and Lny tetrahedra
Gd4CNIy chains of double tetrahedra and [65]
octahedra
YsC,NIy chains of double tetrahedra and [65]
double octahedra
Y,C50I4 sheets of 3 double octahedra and [66]
1 tetrahedron
Y,C401g sheets of 4 double octahedra and [67]
1 tetrahedron
Y 16C705114 combination of 3/4 double [68]

octahedra + 2 tetrahedra
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Table 1 (continued).

Lng trigonal prisms

around B

Ce;(BC)Br; single chains [41]

Y 16(B>Cy)olio double chains (B-C groups) [69]

PrgB,Cl,y double chains (Bg, Bg, Bs, By) [70]

Y, (BCy), 1 flat sheets [71]

Lag(BC,)3Brs undulated sheets (C-B-C groups) [72]

Layg(BC,);Brg undulated sheets (C-B-C groups) [41]

Gd4(BC)CBry undulated sheets, prisms and [73]
octahedra (B-C, C)

Ce((BC),CBr3 undulated sheets, prisms and [73]
octahedra (C-B-B-C, C)

around Si

La;Si;Cl, sheets (Si-zig-zag chains) [74]

LagSi;Brs sheets (strand of Si;, rings) [74]

CeSil sheets (flat sheets of Siy rings) [75]

La,Siyls sheets (undulated sheets of Si4, Sij4 rings) [75]

LasSisl; sheets (sheets of Siy, rings) [75]

around Al

La,All flat sheets (Alg sheets) [60]

Las;ALl, undulated sheets (Alg chains) [60]

CeroAl4log undulated sheets and double octahedra [76]
(Alg chains, isolated Al atoms)

LajoAlslg undulated sheets and chains of octahedra [77]
(chains of Alg-rings, isolated Al atoms)

Lay,Alj,ls, strands (Alg chains) [771

Lns trigonal bipyramides

Las(Cy)ly single bipyramides [23, 78]

M;(C,)Cly (M=La, Pr) single bipyramides [78]

RbPrs(C,)Clyo single bipyramides [79]

Nb and Ta. With these metals the Mg octahedron is empty,
however, a further decrease of the number of available metal
valence electrons (e.g. with Zr or Th) weakens the homonu-
clear M-M bonding which has to be compensated for by
strong heteronuclear bonds with interstitial (endohedral)
atoms. It therefore does not come as a surprise that in the
case of the Ln metals with even less valence electrons these
clusters are nearly always stabilised by interstitial atoms.
Only a few binary Ln halides with M-M bonding exist.
These are the earlier mentioned layered dihalides Lal,,
Cel,, Prl, and GdlI, [13]. Lal crystallises in a NiAs-type
structure though with such a large c¢/a ratio that this phase,
too, constitutes rather a two-dimensional metallic system.
The compounds Ln,X5 can be viewed as condensed cluster
phases. The structure of Gd,Cl; shown in figure 1 exhibits
the feature of chains of empty trans-edge-sharing Gdg oc-
tahedra surrounded by halogen atoms, and the excess metal
valence electrons reside mainly in strong localised M-M
bonds within the shared edges. The compound is a semicon-
ductor, hence, the M-M bonds are localised.

The number of M-M bonded halides which contain ad-
ditional atoms is quite large and still keeps growing. Ex-
amples are listed in table 1. Only selected structures will be
shown in the following figures which are reduced to charac-
teristic building units instead of presentations of the entire
crystal structures. Figure 2 summarises discrete clusters de-
rived from the M¢X;, prototype which contain endohedral
atoms or C, units. The clusters with cores of one to four

e)

f)

¢)

Fig 2 Discrete clusters in Sc, Y and Ln halides (halogen, metal and interstitial atoms (B, C, N), respectively, drawn with decreasing size);
(a-e) shows the single LnsZX, cluster together with units formed by its condensation; (f, g) display units formed from two LnyZ tetrahedra
by condensation via edges and faces, respectively.
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Fig. 3 Chains of condensed LngZ octahedra, atoms drawn as in
figure 2.

Lng octahedra are found in a variety of different structures.
One should note that some of these clusters, namely those
containing one to three octahedra, also occur with reduced
oxomolybdates, however, with empty octahedra there due
to the larger number of valence electrons available with Mo.
Of course, cluster chemistry with lanthanides as also experi-
enced with d transition metals is not confined to octahedral
Lng units. Figure 2 also shows alternatives like e.g. Lny
tetrahedra condensed via edges or faces in Lng and Lns
units, respectively.

b)

Some of the clusters shown in figure 2 constitute the
building blocks of infinitely extending frameworks. Ex-
amples of increasing dimensionality are given in the next
figures. In figure 3, linear as well as zig-zag chains are
shown which due to variations in their interconnections
comprise a remarkably large class of crystal structures. In
addition, different building units can be combined as illus-
trated for some nitride carbide halides in figure 4. The
structural features are preserved in the next step of conden-
sation which leads to two-dimensional networks. Planar
layers of condensed Lng octahedra closely relate to corre-
sponding crystal structures with d transition metals. How-
ever, whereas the monohalides of Zr exist as binary com-
pounds the Ln compounds with this atomic arrangement
need the stabilisation by additional atoms inserted into the
octahedra. Hydrogen atoms are particularly interesting as
their concentration can be reversibly adjusted within certain
limits. Figure 5 indicates that M-M bonding occurs in
LnH, X within the range of homogeneity, 0.67 = n = 1.00,
and is lost upon full hydrogenation to LnH,X. Other than
H atoms are found as interstitial entities, e.g. C atoms or C,
units bonded as methanide and ethenide ions, respectively.
(Ethanide ions are frequently found in other C, containing
phases.) Layers Ln,CX, form compounds with the very
same composition, or, when linked via X atoms, com-
pounds of composition Ln,CX. As mentioned above with
one-dimensional structures, the combination of different
building blocks offers nearly unlimited possibilities in the
case of two-dimensional (and three-dimensional) structures,
too. Figure 6 is just a glimpse into the variations of struc-
tures exemplified with oxide carbide halides of the rare
earth metal Y which is a “true” d metal and forms numer-
ous metal-rich compounds similar to the lanthanides.

Fig. 4 Chains of condensed LnyZ tetrahedra and LngZ octahedra (top) in nitride carbide halides and chains of LngZ prisms and LnsZ
pyramids (bottom) in boride carbide halides; atoms drawn as in figure 2, C atoms smallest.
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a)

WY

LN NN

f)

Fig. 5 Layers of condensed LngZ octahedra with interstitial H atoms in (a, b), with C atoms in (c, e, f) and with C, units in (d); atoms
drawn as in figure 2. Omitting the interconnections between metal atoms in (b) indicates loss of M-M bonding for the composition Ln,H,;Xo.

So far the interstitial atoms and C, units are not bonded
to each other. This situation as well as the type of building
units involved changes when it comes to boride carbide hal-
ides. As a rule the B atoms are coordinated by trigonal Lng
prisms, and the C atoms lie near the bases of tetragonal Lnjs
pyramids. Some observed examples of layered structures,
planar as well as corrugated, formed with B and C as well
as a variety of other elements are depicted in figure 7. The
two-dimensional networks of Ln atoms host units of differ-
ent dimensionality with Al-Al, B-B, B-C or Si-Si bonding
besides weak Ln-Ln bonding. Graphical representations are
limited when it comes to three-dimensional networks. It is
needless to say that the structural principles explained here
also hold for these structures.

As a final remark, it is noteworthy that we know a pleth-
ora of solid state compounds which exhibit M-M bonding
between Ln metals, however, so far there is not a single
known molecular example. An open field seems to lie ahead
of chemists.

Z. Anorg. Allg. Chem. 2006, 919—929
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3 Interplay of f and d electrons

Metal-rich compounds of the lanthanides provide an ex-
tended chemistry of these 4f metals acting as d metals. The
d electrons interact via M-M bonds which may be localised
in discrete bonds between the atoms or delocalised in ex-
tended nets. The f electrons stay away from bonding. They
can be treated as core electrons and frequently provide large
magnetic moments to the Ln atoms corresponding to e.g.
seven unpaired electrons in the case of Gd**. In spite of
the different nature of these electronic systems they strongly
interact, a fact that is known since long in the case of met-
allic systems (RKKY interaction) but also is present in elec-
tronically localised systems [14]. Besides this general feature
of chemical bonding there are a number of specific con-
ditions found with metal-rich Ln halides which determine
the kind of interactions. In many of the structures bonding
occurs in discrete clusters, chains and layers and one fre-
quently meets short-range ordering phenomena as it is
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Fig. 6 Layers of condensed Y¢Z octahedra (C centered) and Y,4Z tetrahedra (O centered) in carbide oxide iodides; atoms drawn as in figure 4.

characteristic for low-dimensional systems. Ferro- as well as
antiferromagnetic exchange interactions may compete with
one another and, due to the fact that the Ln atoms are
often arranged in triangles, magnetic frustration effects are
liable to occur in the case of antiferromagnetic ordering.
The chain compounds Ln,X5 (see figure 1) serve as a good
example to illustrate the characteristic consequences of all
these conditions.

Single crystal neutron diffraction reveals the long-range
antiferromagnetic order in Gd,Cl; below 26 K [5]. The
magnetic structure determined at 15 K is characterised by
ferromagnetic chains of Gd atoms coupled antiferromag-
netically across the shared octahedron edges as shown in
figure 8. The ordered magnetic moment for the Gd atoms
in the octahedron bases, 6ug, approaches that expected
for a 4 7 configuration quite in contrast to the nearly van-
ishing ordered moment of the apical Gd atoms. This obser-
vation can be attributed to the fact that the moments lo-
cated at the apices are magnetically frustrated within each
triangle, i.e. the net exchange coupling to the moments in
the shared edges nearly cancels. The transition to magnetic
order at 26 K is observable in the specific heat as a tiny cusp
removing only a small fraction of the magnetic entropy. The
majority of the entropy is rather removed in an extended
short-range ordering process which leads to a broad hump
in the heat capacity reminiscent of the typical behaviour of
low-dimensional magnetic systems. This observation
strongly supports the view that the exchange coupling
within each single chain of octahedra dominates the mag-
netic properties of Gd,Cls.

Finally, two examples out of the chemistry of Gd are
chosen to illustrate the mutual influence of the d and the f
electron systems.

924 www.zaac.wiley-vch.de
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Gadolinium forms the metal-rich carbide halides Gd,CX
(X = Cl, Br, I) [15]. The investigations of these compounds
are summarised in figure 9. The structure of the iodide con-
sists of double layers of Gd atoms centred by C atoms alter-
nating with single layers of I atoms. One excess electron per
formula unit is left. It has d character and is involved in
extended M-M bonding within and between the layers of
Gd atoms. The compounds Gd,CX are metallic. Interest-
ingly, the excess electrons can be bound at hydrogen atoms.
By reacting the carbide halide with gaseous H, these elec-
trons can be “titrated” until the composition of saltlike
Gd,CXH [16] is reached. Neutron diffraction performed on
the isostructural deuteride bromide of the neighbouring ele-
ment Tb leads to the structure also shown in figure 9. The
topochemical insertion of H (D) atoms removes M-M
bonding, and as expected this chemical change is ac-
companied by a drastic change in the physical properties.
Due to the binding of excess electrons as H™ (D7) ions
the electrical resistance is raised by nearly five orders of
magnitude. The pronounced anomaly in the resistance of
Gd,CBr at 120 K is due to the onset of ferromagnetic order
within the 4f system. There are distinct differences in the
type of magnetic order for X = Cl on one hand and X =
Br, T on the other due to different stackings of the Gd,C
layer packages. The CI atoms are coordinated by trigonal
antiprisms of Gd atoms and hence form linear bridges
whereas the Br and I atoms form bent bridges due to their
trigonal prismatic coordination, resulting in antiferromag-
netism in the first and ferromagnetism in the second case.
The ordering temperatures are high, 120 K for ferromag-
netic Gd,CBr in contrast to the fully hydrogenated insulat-
ing phases Gd,CHX where magnetic ordering occurs at two
orders of magnitude lower temperatures. This difference

Z. Anorg. Allg. Chem. 2006, 919—929
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Fig. 7 Layers of condensed LngZ prisms and LnsZ square pyramids in boride carbide halides (a-c), and only condensed LngZ prisms in
Al, B, Si containing halides (d-i) and with additional chains of LngZ octahedra in (j); atoms drawn as in figure 4.

indicates the strong coupling of the f electron moments via
the M-M bonds.

The foregoing example illustrates the influence of the d
electron systems on the f electrons. The next example wit-
nesses a remarkable influence in the opposite direction, f

on d electrons. As explained above, GdI, crystallises in a
structure composed of planar triangular nets of Gd atoms
alternating with double layers of I atoms [13]. The simpli-
fied description as Gd3*I1 ,-¢~ is corroborated by band
structure calculations and explains the two-dimensionally
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Fig. 8 Magnetic structure of Gd,Cl; at 15 K. The lengths of the
arrows correspond to the magnitudes of the ordered moments in
different rows of Gd atoms.

metallic character of the compound. The significantly
higher metal valence electron concentration compared to
Gd,CX leads to enhanced coupling between the moments
of the f electrons with the consequence that GdI, becomes
ferromagnetic slightly below room temperature [17], 7. =
280 K, remarkably close to elementary Gd itself. The mag-
netic ordering is accompanied by a pronounced broad
maximum in the electrical resistance shown in figure 10.
The calculated electronic band structure revealed a marked
anomaly for the conduction bands (van Hove singularity)
near to the Fermi level reflecting the two-dimensional
character of the system and lead to the prediction of a sig-
nificant dependence of the resistance on magnetic fields
known as colossal magnetoresistance (CMR) which, in fact,
could be verified experimentally [18]. Figure 11 shows the
pronounced decrease of the resistance in external magnetic
fields. The phenomenon is based on an electronically het-
erogeneous system, where the ferromagnetically ordered
localised component polarises the other component rep-
resented by the itinerant conduction electrons. Model calcu-
lations for GdI, indicate that the CMR effect is essentially
caused by the polarisation of the d electron system by the
f electrons [19]. Colossal magnetoresistance is an intensely
investigated phenomenon, not the least because of appli-
cational interests, and it is worth noting that the effect
found for GdI, at room temperature surpasses that of most
CMR materials known, particularly oxomanganates.

T T T T T T T

10 [oeomsressace .
| Biatiees s S ]
L]

T
i

)

0 100 200 300 400
T/IK

Fig. 10 Magnetic and electrical properties of Gdl, as a function
of temperature, shown in top and bottom, respectively.

There is a broad spectrum of interesting physical proper-
ties which result from the interplay of d and f electrons.
Some experimental results with GdI, may illustrate a tiny
part of this spectrum [20, 21]. The compound reversibly ab-
sorbs hydrogen up to the composition GdHI, which means
that the itinerant electrons can be “titrated” as in the case
of Gd,CX. Parallel to the localisation of electrons as H™
ions in GdH,I, the electrical resistance increases with
decreasing temperature, and long-range magnetic order is
found at lower temperatures than for GdI,. This also shifts
the CMR effect to lower temperatures, however, with a sig-

2 Q@ QO 90 g Q 0.018
m 0.017
2 @ 0 0 0 0 G I Gd*,C"le
~ 0.015 g
AVAV.AVAV.AVAURNL NN,
0.013
2 Q 9 Q 9 Q i
0.011
Gd,Cl 0 100 200 300 112 H
T/K 2

2 Q2 Q0 G2 G QU 600 T T ] l
l. l. l' I. I‘ l' i
e's e e s ‘e Gd.CHBr

: 400 | < TP
2332 Q0 0 0 0 9_:_ Gd".C"Hl
®* &* &* &* &* @* o
o 0" " 6" " @ 200 ]
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GdECDI R 0 100 200 300

T/IK

Fig. 9 (left to right) Structures of Gd,CI and Gd,CDI, electrical resistance of the isostructural bromides and schematic description of

chemical bonding.
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Fig. 11 Influence of external magnetic fields on the electrical resi-
stance of Gdl,.
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Fig. 12 Magnetic saturation moment and electrical resistance of
GdH, I,.

nificant increase of field dependence. More detailed investi-
gations come up with a surprise, see figure 12. Whereas the
resistance increases steadily with the hydrogen content #,
the magnetic behaviour indicates that the insertion of hy-
drogen does more than just binding free electrons. Up to
n = 1/3 the saturation moment decreases continuously and
then remains almost constant with further increase of the
H content. This behaviour is caused by the fact that the
H atom induces antiferromagnetic instead of ferromagnetic
interaction between the immediately surrounding Gd
atoms. As a result, the spin configuration in the triangular
Gd;H units becomes geometrically frustrated, because in a
triangle only two antiparallel moments are possible besides
one parallel. The frustrated configuration of all magnetic
sites is reached at n = 1/3, as shown for the structurally
ordered layer in figure 13, where now each Gd>* ion experi-
ences competing magnetic interactions. Further insertion of
H atoms does not change the magnetic state considerably
except for influencing the ratio of ferromagnetic and anti-
ferromagnetic interactions and decreasing the free carrier
concentration.
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Fig. 13 (left to right) Ferromagnetic order in a Gd atom layer of
GdI, with empty H atom positions; representation of structurally
ordered layers with ferro- and antiferromagnetic interactions (F,
AF) in GdH, »5I, and GdH, 331,, respectively. The system is com-
pletely frustrated for the latter composition.

Many materials with frustrated magnetic lattices do not
undergo phase transitions to a long range ordered state but
rather exhibit spin-freezing effects at low temperatures. This
is also the case for the GdH, I, system. Samples within the
range of n from 1/3 to 2/3 show spin glass-like behaviour
below a freezing temperature T}, as evidenced by a charac-
teristic thermal hysteresis in the dc magnetic susceptibilities
as well as frequency shifts of 77 . Here, it is interesting to
note that in contrast to many known spin glasses in which
the frozen spin configuration is caused by site disorder in
the magnetic sublattices, the disorder in GdH,I is intro-
duced in the diamagnetic H atom sublattice.

Conclusions

The chosen examples provide some impression of a broad
research area based on a d metal chemistry of the 4f ele-
ments, comprising a plethora of new compounds and a
wealth of interesting physical phenomena. These cover elec-
tronic localisation / delocalisation with metal-to-insulator
transitions, superconductivity in the case of non-magnetic
phases — in the latter case mimicking the “true” d metal
yttrium — and magnetic order as well as inhibited order in
low-dimensional systems. We have chosen some magnetic
phenomena in this review as a reverence to Wilhelm Klemm
whose name is intimately associated with the development
of magneto chemistry.
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