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1 Introduction and motivation

Carbides form an important family of compounds in research and industry due to fascina-
ting chemical, mechanical, electrical, magnetic and optical properties. The most familiar
examples are WC and carborundum (SiC). Tungsten carbide is used in cutting tools and coa-
tings, as pure-material, sintered parts, or in Co/Mo/W/carbide sintered composites [1, 2]. SiC
is the most promising material for high-powered semiconductor devices, substrate material
for the manufacture of controlled graphene, and is widely used as an abrasive [3].

Carbides are defined as compounds of the element carbon with less electronegative part-
ners like metals and non-metals [4-7]. Hydrogen is an exception. In this case, the compounds
are called hydrocarbons. Most textbooks classify the family of carbides into three compound
classes according to the classical bonding situation, physical properties and structural aspects
[4-6]:

1) Ionic carbides are compounds of carbon with mainly group 1 and 2 elements and some
strong eletropositive elements like Al and La. Typical representatives are CaC,, Al4Cs3,
La;C3. Some textbooks in addition use the term salt-like carbides to point out the salt-
like character (e.g. methanides and acetylides) according to their physical and chemical
properties.

2) Metallic carbides are compounds of d elements with carbon. Other terms in use are in-
terstitial or refractory carbides. Many metallic carbides show high temperature stability,
high strength, wear resistance, and chemical inertness. They play an important role in
industrial applications, e.g. as cutting tools, rocket nozzles and jet engine parts [1, 2].
Some metallic carbides with relative low melting point, e.g., TiC, ZrC are used to pro-
duce highly porous pure carbon materials, called Carbide-Derived Carbons (CDCs). In
these compounds carbon atoms occupy parts of the octahedral voids of the metallic host
structure. A general trend observed in interstitial carbides is that the cubic close packed
(ccp) metal hosts have a higher filling degree of carbon atoms in interstices compared to
the hexagonal close packed (hcp) arrangement of the metal host.

3) Covalent carbides are formed by p elements having similar size and electronegativity
compared to carbon. The term metalloid carbides is also used in some textbooks. These
compounds are characterized by strong covalent bonds. Thus, they are extremely hard,

infusible and chemically inert. Examples are SiC and B4C.

A drawback of this traditional classification is that it mixes up physical properties, chemical
bonding, and structural aspects. Thus, it is useful only for binary carbides.

Composition, structural chemistry, chemical bonding and consequently the physical and
chemical properties of ternary or higher carbides are more complex compared with the binary

carbides. While the chemistry of binary carbides was well studied during the last century, the



2 1. Introduction and motivation

higher carbides and nitrides, especially those of stoichiometric compositions, have been in
focus only since the last three decades.

Nitridometalates emerged in the past two decades as a well established class of com-
pounds by the intensive studies on nitrides and nitrido-compounds by Riidiger Kniep and co-
workers. Recently, they developed a similar concept for carbocompounds. They showed that
carbometalates are stoichiometric carbides containing [7,C,]"~ complex anions in analogy
to flouro-, oxo- and nitridometalates. An understanding of the relationships between crystal
structure, chemical bonding and physical properties would allow to predict novel functional
materials and to tune their properties. In this respect, the systematic investigation of ternary
and higher carbides has become very important from the academical and the practical point

of view. Carbometalates are carbides which obey the following criteria [8, 9]:

e they are ternary or higher compounds without significant homogeneity ranges

o their well defined chemical formulae are charge balanced between cations and complex
anions

e C*~ ligands are covalently bonded to transition metal atoms resulting in complex anio-
nic units or networks, [7,C,]"~

e because of the high polarizability of the C*~ ligand, a low oxidation state of the transi-
tion metal atom and small coordination number in the complex anions are expected

e the physical properties should be consistent with the structural and bonding characte-

ristics.

A general tendency observed in anionic metalate complexes is that the oxidation state, and the
coordination number of the transition metals, participating in the formation of the complex
anions, [TyL,]"~ decrease with increasing polarizability of the ligands (L = F~— 0 —
N3—— C*) [8, 9]. The lowest oxidation states and coordination number of the transition
metal elements are found in carbometalates with group 8-10 elements (Figure 1.1). The high
negative charges of the complex anions, associated with the C*~-ligands and the low valence
state of the transition metal, are compensated by highly positive charges of the rare-earth
(RE) cations.

A large number of investigations has been carried out on ternary carbides RE,T,C, (RE =
rare-earth, U or Th and T = transition metal) regarding synthesis, structural characterization
and properties. Almost 60 structure types have been reported for this group of ternary car-
bides. Twenty of them contain monoatomic carbon ligands, C*~, as structural units, together
with the following 14 transition metals (V, Cr, Mn, Fe, Co, Ni, Mo, Ru, Rh, W, Re, Os, Ir,
Pt). The remaining structure types contain carbon pairs C,"~ and sometimes linear C3""™
units or mixed ligands, C* and C," [10, 11]. Based on the metal to carbon ratio (x+y)/z
the rare-earth transition metal ternary carbides containing monoatomic C*~ units, only, are
classified as carbometalates or metal-rich carbides [9]. Those with (x+y)/z < 2 are viewed as

carbometalates, while in metal rich carbides the ratio is (x+y)/z > 4. So far, only 11 structure
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Figure 1.1: Oxidation states and coordination numbers of 3d, 4d, 5d-metals in carbo-, nitrido-, oxo-,
and fluorometalates [9].

types of carbometalates are reported up to know. Carbometalates are clearly distinguished
from metal-rich carbides, which are non-stoichiometric interstitial carbides whose chemical
bonding situations are governed by metal-metal interactions. The following polyanions occur

in carbometalates:

e discrete entities - 2[(7°C~1V,)81 (T = Ru, Os, Rh, Ir, Ni, Pt) [12, 13]

e anionic chains - L[(Co'C™V)*~][14, 15], L(T"C~V,)®~] (T =Re, Os) [16, 17]

e layers - 2[(T"C™V)0~] (T = Mo, W) [18, 19], 2[(T™,C~V3)6~] (T = Cr, Mo) [20-23]

e frameworks - 2 [(Mo",C~1V3)07] [24], 3 [(T4,C~ V)41 (T = Cr, W) [25, 26],
JIReY3;C V)01 1271, 21(TVCV,)3 1 (T = V-Mn, Mo, W, Re) [20, 28].

Figure 1.2 shows an overview of the structural units of the carbometalate anions together

with the oxidation states of the central transition metal atoms. In contrast to nitridometalates,



1. Introduction and motivation

carbometalates form a relatively unexplored class of compounds, and one of the main goals

of this work is to synthesize and characterize new compounds of this type.

Oxidation state of the transition metal

Ionic formula and building units of the carbometalate anions

' { [(Mo'C*)'] }
W)’

IV [(Re, C")"]

'[(Cr,’C™)"] )

IOV, )]

m { [(Cr, C")"]
‘[(Mo, C")"]

T0Mo,"C) ]

~

AMo'C)"]

A(Re’C™)" ]

}»

I (€' CT)7] ©——0—o
o .IINI'C,)"] e

Figure 1.2: Ionic formulae and building units of complex carbometalate anions. Oxidation states of
the transition metal atoms are indicated.

The remaining 40 structure types of ternary carbides RE,T,C, contain C;"~, C3™" units
or mixed ligands, C* and G Examples are RE,FeCy4 [29], RE3 ¢7FeCq [30], RETC,
(T = Fe, Ni, Co) [31], RE3Ru,C5 [32], GARuC; [33], RE7Ru;Cq; [34], REoRu;9Cy9 [35],
RE4Ni,Cs [36], RE3MnyCg-type [37], La7Os4Co [38]. Their crystal structures can be des-

cribed using complex polyanions and the metal to carbon ratio is in the same range as for

the carbometalates, (x+y)/z < 2. However, according to the [IUPAC nomenclature for poly-

anionic structures [39], the compounds containing C»*~ or C,?~ ligands, should be named



as dicarbo(4-) or dicarbo(2-) metalates. The situations gets more complicated for compounds
containing mixed ligands such as monoatomic, diatomic or even triatomic carbon species.
In general it is possible to name these polyanionic compounds as complex intermediate car-
bides. In reference [40] these types of carbides are also named as complex carbides. Now a
question arises: Can we adopt the concept of complex anions to these compounds?

The main motivation of this work was the preparation and characterization of novel com-
pounds in the ternary systems RE-T-C with T = Cr, Fe and Ru with a special focus on
compounds containing C,"~ and C3™~ or mixed C and C,"™ as structural units. This would
allow to investigate the applicability of the concept of complex anions to this class of mate-

rials. The following tasks have been formulated to achieve this goal.

e To explore suitable phase diagrams for new intermediate ternary phases

e To optimize the synthesis conditions in order to grow single crystals suitable for crystal
structure determinations, and to obtain single phase materials, which are essential for
physical property measurements

e To investigate the electronic structures and the chemical bonding situations

e To shed light on the relationships between crystal chemistry, physical properties and
chemical bonding

e To compare the chemical bonding situation, the crystal chemical aspects and the pro-
perties of real carbometalates with the ternary carbides containing C,"~, C3™™ units or

some mixed ligands

This work is mainly focused on the ternary RE-Fe—C systems because there are no car-
boferrates known up to now. A large number of investigations were carried out and published
in the literature on the binary rare-earth iron compounds in order to synthesize new magnetic
materials by interstitial insertion of light elements such as H, C or N. About 200 entries can
be found in the metals database [10] and in the database for inorganic compounds exclusi-
vely concerning the effect of carbon doping on the magnetic properties of phases RE,Fe,.
Due to their complex crystal structures and strong, dominating metal-metal interactions it is
hard to unravel the origin of this effect. Thus, detailed information about the relationships
between crystal structure, chemical bonding and properties of intermediate ternary carbides
would also help to explain the regularities observed in metal rich carbides.

Favorable effects of rare-earth elements on the mechanical and other properties of steel
have been widely mentioned in the literature. There are three main roles of rare-earth metals
in steels: (i) modification of inclusions (shape control and modification of impurities such as
MnS), (ii) deep purifying steel (deoxidation, desulfurization, and removing or depressing P,
S, As, Sb, Bi, Pb, Sn), and (iii) alloying [41-43]. The largest part of the studies in this field
is aimed on the modification of the mechanical properties of different kinds of steel. The
properties of the steels can be modified by playing with the amount of rare-earth additions

or the annealing temperature. However, the mechanism of the influence of the rare-earth ad-
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ditions on the property of the steel is still not clear. Thus, systematic investigations of the
RE-Fe—C systems would also have great practical importance for the steel industry. In this
respect, the explorative synthesis of new ternary phases in the systems RE-Fe—C is essential
to study the phase equilibria and phase stabilities for the construction of ternary RE-Fe—C

phase diagrams.

Scope of the thesis.  This thesis consists of 9 Sections. The theoretical and experi-
mental background is first presented in Sections I to 3 whereas the results are discussed in
Sections 4 to 8. Section I includes a brief introduction and motivation of the work followed
by an overview of the binary and ternary systems that are important for this work. The prepa-
ration methods along with the starting materials are described in Section 2. A wide spectrum
of techniques including X-ray diffraction methods, metallographic examinations, X-ray and
Mossbauer spectroscopic studies, ICP-OES and combustion techniques, thermal analyses,
electrical resistivity and magnetic susceptibility measurements and chemical bonding ana-
lyses were used to characterize the new compounds and are briefly mentioned in Section 3.
In Sections 4 to 7, the syntheses, characterizations and crystal chemical aspects along with
chemical bonding of the novel intermediate ternary phases RE5[FesCys] (RE =Y, Dy, Ho,
Er), RE5¢4[FexCo] (RE =Y, Gd, Tb, Dy), Las ¢7[T(Cz)3] (T = Fe, Ru) and Sm;[Cr,C3]
are described. All experimental and theoretical results obtained within this work are then
summarized in Section 8. Additional details on crystal structures, such as interatomic dis-
tances, anisotropic atomic displacement parameters and bond angles are listed in Section 9

(Appendix).



2 Literature survey

2.1 Overview of the binary subsystems of ternary systems RE-T-C (T = Cr, Fe, Ru)

The knowledge about related binary compounds is essential for the exploratory synthesis of
novel ternary carbides. In contrast to the ternary rare-earth transition metal carbides, the
binary phases of these systems have been well studied. However, a few systematic investi-
gations of the ternary systems RE-T—-C (T = Cr, Fe, Ru) are already reported, which will be
discussed in Section 2.2.

A certain amount of binary compounds were present as minority phases in most of the
samples under investigation. Poor knowledge about binary compounds could lead to misinter-
pretations of chemical and physical properties of the new ternary phases. In the next section,
a short overview on phase diagrams, crystal structures and chemical/physical properties of
the binary phases of the systems, RE-C, T-C and RE-T is given. The binary phase diagrams
Cr—C and Fe—C are discussed in separate sections. The RE—C and RE-T systems contain a
large number of stable and metastable binary compounds with a variety of structure types.
Not every structure type is found for each RE element and the respective phase equilibria
differ from one system to another. Thus, phase diagrams RE—C and RE-T are not discussed

in this work, since it is hard to find representative data in literature.

2.1.1 RE-C (RE = rare-earth metals)

In the binary systems RE—C, more than 80 compounds, adopting 15 different structure types,
were reported. The structural chemistry of binary rare-earth carbides is well investigated
and intensive studies on the physical, especially the thermoelectrical properties of these com-
pounds have been carried out. The reported binary rare-earth carbides, their crystal structure
types and their properties are summarized in Table 2.1 and will be discussed in detail in this
section.

A critical evaluation of the systems RE—C revealed the existence of two related structures
B-RE;C and o-RE,C, each having a wide homogeneity range at high temperatures [44].
The unit cell constants of B-RE3C and o-RE,C are given in Table 9.1 in the appendix. The
high temperature phase of the tri-rare-earth carbides, 3-RE3;C or (RE3C) crystallize with a C
deficient NaCl-type structure, S.G. Fm3m (225), commonly known as Fe4N-type and exist
with RE = Y and Sm-Lu. The RE atoms are arranged in a cubic close packed structure
with the carbon atoms distributed randomly over the octahedral sites. B phase can also exist
at room temperature in a metastable state. The low temperature phase a-RE,C crystallizes
in the anti-CdCl, structure type, S.G. R3m (166), with RE = Y, Gd-Er, Yb. Depending
on the rc/rgg ratio, which is between 0.41 and 0.59 in ccp structures (Hiagg’s rule), these

structure types do not form in the case of the early rare-earth elements. The crystal structure is
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Table 2.1: Summary of binary rare-earth carbides.

Compound’  RE Str. type, S.G. Cspecies  d(C—C)/pm  Properties?, References

RE;C (B) Y, Sm-Lu FesN, Fm3m C - High temp. modification.
Wide homogeneity range.
Gd-Tm — PM. FM orde-
ring. Sm — VVP. Metallic.
[44, 45]

RE,C () Y, Gd-Er, Yb anti-CdCl,, R3m C - Low temp. modification.
Wide homogeneity range.
Metallic. [44, 45]

RE4C3 Y, Tb-Lu ScyCs, 143d C - HT-HP phases. [44]

RE;Cy4 Ho-Lu Sc3Cy, P4/mnc C, Gy, Cy 125,134 Ho-Yb — PM. Lu — Pauli
PM. Ho and Er — AF or-
dering. [44, 46, 47]

RE>C5 Y, La-Yb Pu,Cs, 143d C, ~ 127 Wide homogeneity range.
PM. Pr, Nd, Tb-Ho — AF
ordering. Bad metals. Y,
La phases SCs. [44, 47—
49]

REC; (@) Y, La—Lu CaCy, I4/mmm C, 127-129 Low temp. modification.
PM except o-SmC;. Ce-
Sm — AF ordering. Me-
tals. Y, La, Lu phases SCs.
[44, 45, 48-50]

REC, (B) Y,La-Tm,Lu  KCN, Fm3m C, 127-138 High temp. modification.
PM. Ce-Sm — AF orde-
ring. Metals. [44, 45, 50]

RE,Cy (@) Y, Ho Y.Cy, P2y /n C,C; 127-138 Low temp. modification.
PM. Semiconductors. [51]

RE4Cq (B) Ho-Tm, Lu LusCy, P2y /c C,GC; 130-135 High temp. modification.
PM. Magnetic order below
20 K. [52]

RE,C5 Y, Gd-Ho Y4Cs, Pbam C,C 134 [53]

T Note: information about graphite intercalation compounds and fullerides are not included in this table
# PM: Paramagnetic, Pauli PM: Pauli paramagnetic, FM: Ferromagnetic, AF: Antiferromagnetic, VVP: Van
Vleck Paramagnetic, SCs: Superconductors, HT-HP: High temperature - High pressure

composed of hexagonal layers stacked along the ¢ axis in sequence AcBLICaAUIBbCU] where
A, B, C are RE layers, a, b, c are carbon layers and [] are vacant layers (Figure 2.1). The
crystal structure can be viewed as a cubic close packing of RE atoms alternately interleaved

by filled and vacant carbon layers [45].

Some authors call these carbides nonstoichiometric monocarbides or hypocarbides (mea-
ning under-carbide) [44], because microprobe analyses suggests homogeneity ranges from 4
to 2.5 RE per C atom (YCy 5 to YCo 4). The hypocarbides of RE = Gd—Tm show paramagne-
tic behavior and order ferromagnetically at low temperatures except for the Sm compound,
which shows Van Vleck paramagnetism. All hypocarbides are metals and they can be descri-

bed as methanides.
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Figure 2.1: Sequence of close packed layers in the crystal structure of a) f-RE3C and b) a-RE,C.

The compounds RE4C3z with RE =Y, Tb—Lu were prepared by high temperature—high
pressure methods. They are isotypic with Sc4C3, S.G. 143d (220), and contain monoatomic

carbon species. The unit cell parameters and volume are listed in 7able 9.2.

The Sc3Cy4 (or earlier cited as Scy5C g [47]) structure type (P4/mnc (128)) forms with RE
= Ho-Lu and was reported by Jeitschko et al. [46]. Unit cell parameters and volumes of the
isotypic compounds RE3Cy4 are summarized in Table 9.3. They are prepared by arc melting
of mixtures of the elements in Ar atmosphere. The crystal structure contains Cz, C, and
monoatomic carbon species. This fact is supported by analyzing the gaseous products formed
by hydrolysis experiments. The C—C bond lengths for the Cs unit are ca. 134 pm, rather
indicating a double bond, and each unit is located in a distorted bicapped quadratic antiprism
(CN = 10) of RE atoms. The C—C distance for the C, unit is 125.3 pm, which is closer to
the triple bond length in ethyne of 120.3 pm. Both, isolated carbon atoms and the C; units
occupy octahedral holes. The magnetic susceptibilities of the isotypic Ho—Yb compounds
obey the Curie-Weiss law while Lu3Cy is a Pauli paramagnet. The Ho and Er compounds
order antiferromagnetically at low temperatures, whereas, Tm and Yb compounds do not

order down to 2 K. All RE;C4 compounds are reported to be moisture sensitive.

The sesquicarbides RE,C3 are synthesized by high temperature-high pressure methods.
The phases with RE = La—Ho are stable while RE =Y, Er—Yb are metastable at ambient
pressure. The unit cell parameters and unit cell volumes of the isotypic RE,C3 phases are
summarized in Table 9.4. The existence of a homogeneity range is observed for all RE,C3
phases, except for Ce,C3, and extends to the metal rich side. The rare-earth sesquicarbides
crystallize in the bce PuyCs structure type, S.G. I143d (220), which can be regarded as a va-
riation of the anti Th3P4 structure with carbon pairs replacing Th and rare earth replacing P,

namely RE4(C;)3, however with a higher coordination number for RE. No phase transition
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was observed down to low temperatures. The C—C distances in all these isotypic compounds
are slightly elongated (ca. 127 pm) compared to that of ethyne. There is a general agreement
in the literature that CoH, and H, are the primary gaseous reaction products by hydrolysis of
RE,>C3, which can therefore be classified as acetylides. It was argued that the instability of
the PuyCs structure type, which starts with Er,Cs in the Lu,Cs series, occurs when the non-
bonding C—C distance becomes shorter than the van der Waals contact of 320 pm [44]. The
paramagnetic scattering in these compounds gave effective magnetic moments in agreement
with pure trivalent metal atoms, except for Ce. The Pr, Nd, Tb—Ho phases all exhibit antifer-
romagnetic ordering at low temperatures while Y, La and Lu members are superconducting

over their entire homogeneity range [44, 48]. The rare-earth sesquicarbides are bad metals.

The golden yellow rare-earth dicarbides REC, with RE =Y, La—Lu are prepared from the
elements by high temperature reaction or by carbothermic reduction of metal oxides. They
possess the tetragonal CaC, structure type, S.G. I4/mmm (139), at room temperature (Q-
modification) [45, 50]. The unit cell parameters and unit cell volumes of the isotypic REC,
phases are summarized in Table 9.5. The structure can be described as a distorted NaCl
structure type composed of Ca atoms and C, units. The C—C distances, 127 pm to 129 pm, in
the C, group are considerably larger than the 120 pm for the C—C triple bond in ionic alkaline
earth dicarbides. The a-phase transforms at high temperatures into a  modification, with
face centered cubic KCN structure type, S.G. Fm3m (225), which is observed for all RE,C
compounds, except for Yb. A Curie-Weiss law was observed by all REC,, except ot-SmCs,
well above 80 K. The RE = Ce-Sm, Tb—Er compounds become antiferromagnetic at low
temperatures. The U values are compatible with respective RE?* ions. The tetragonal
dicarbides with RE =Y, La—Er show metallic conductivity, whereas TmC, behaves more
like a semimetal. The Y, La and Lu compounds possess superconducting properties at low
temperatures. The compounds REC; are oxidized in air during heating to form the respective
sesquioxides. They show catalytic activity for the para-H, <> ortho-H; conversion. The
overall hydrolysis reaction of lanthanide dicarbides takes place according to the following

equation, similar to the sesquicarbides:

REC>+3H>0 — RE(OH )3+ CyH, + 1/2H, 2.1

The rare-earth dicarbides are decomposed by inorganic acids and bases as well. Another
feature of the rare-earth dicarbides is the formation of mixed dicarbides, RE|_,RE’,C, [44].

Slightly more metal-rich RE carbides are formed at a nominal composition RE4C7. They
have two different modifications with closely related crystal structures. The low temperature
phase (@ modification) is known for RE =Y, Ho and crystallizes in S.G. P2;/n (14) [51],
whereas the high temperature modification (8 phase) is reported for RE = Ho—Tm, Lu and
their crystal structures were refined in S.G. P2;/c (14) [52]. The unit cell parameters and

unit cell volumes of the a- and B-phases are given in Table 9.6 (appendix). Both structures
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contain two different carbon species: C*~ and linear C3*~. The monoatomic carbon atoms
occupy the octahedral voids formed by rare-earth atoms. The RE octahedra form infinite
puckered sheets which can be regarded as NaCl-type sheets. These sheets are separated by
C3 units. The two structures can be viewed as stacking variants. In the 3 phase the stacking
sequence is ABABAB... while it is AABBAABB... in the o modification, where A and B
represent the 2D infinite slabs running perpendicular to ¢ and b of the unit cells of the 8 and
o modifications, respectively. The distances d(C—C) range from 126.8 pm to 137.7 pm and
130 pm to 135 pm in the & and B modifications, respectively. The temperature-dependent
magnetic susceptibilities of a-, f-Ho4C7 and B-Er4sC7 follow a Curie-Weiss law while the Y
and Lu compounds are Pauli-paramagnets. The compounds show semiconducting behavior.
The hydrolysis of the Lu compound mainly yields methane and propine.

Another type of binary carbides is represented by RE4Cs (RE =Y, Gd-Ho) [53], which
was synthesized by arc melting of mixtures of the elements. The unit cell parameters and
unit cell volumes of the compounds RE4C7 are given in Table 9.7 (appendix). The crystal
structure of RE4Cs, oP18, S.G. Pbam (55), contains 2 RE and 3 C positions. One-fifth of
the carbon atoms are isolated whereas the other carbon atoms form C, dimers. The authors
proposed a charge balanced formula, (REFH)4(Co*),C*. The hydrolysis of RE4Cs results
in a great variety of hydrocarbons [53].

Beside these types of binary carbides, the rare-earth elements form graphite intercalation
compounds (GICs) RECg [44] and fullerides — RE;Cgy, RE3Cqq etc. [54, 55]. The GICs
form by regular incorporation of additional atoms or compounds between the carbon layers
of the graphite structure. They can be synthesized by reaction of graphite with metal vapor at
temperatures below 873 K. The structure is described in the hexagonal S.G. P63 /mmc (194),
with metal atoms on 24 and carbon on 12i sites, where the intercalated atoms are located
above every third graphite hexagon in one layer. The intercalated phases show paramagnetic
susceptibility and magnetic order at low temperatures. Many attempts to incorporate a wide
variety of atoms or molecules into fullerenes have been made since the discovery of super-
conductivity in K3Cgg [56]. The rare-earth fullerides, e.g., Yb,Cg, are formed by exposing a
film of empty fullerene molecules to a flux of Yb in ultrahigh vacuum. The thin-film electrical

resistivity measurement indicate that Yb,Cgg is a superconductor.

212 T -C(T =Cr,Fe, Ru)
Cr-C

The binary phase diagram of the Cr—C, system is well investigated [57] and three binary
phases, namely Cr;C3, Cr3C; and Cry3Cg are reported. Cr3C; and Cry3Cq form peritectically
whereas the Cr;C3 melts congruently, and all phases show homogeneity ranges up to several
at.% (Figure 2.2) [58]. Technical applications of the chromium carbides include bearings,

seals, valve seats and orifices. Chromium carbides are used as thermal spray materials for
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protecting the underlying metal surface, and as additives to corrosion-resistant and wear-
resistant materials. The reported chromium carbides and their modifications, their structure

types, and their solidification behavior are given in Table 2.2.
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Figure 2.2: The binary phase diagram of the system Cr—C (50 to 100 at%). The local environments of
the carbon atoms in the respective carbides are also shown. Redrawn from Pauling file [58].

The so-called 7-carbide Cry3Cg [59] 1s formed during heat treatment of many iron- and
chromium-based alloys containing carbon. It can adversely affect the mechanical properties
of such technologically important materials as ferritic and austenitic stainless steels. It can
be prepared by high temperature synthesis methods, but preparation of single phase chro-
mium carbide powders is a real challenge; they exhibit poor sinterability. Recently, Hirota et
al. [60] succeeded to synthesize almost single-phase material by the pulsed electric-current
pressure sintering method and the mechanical properties have been evaluated. Cry3Cg crys-
tallizes in the face-centered cubic lattice, cF92, S.G. Fm3m (225), (a = 1065.0(2) pm, V
= 1207.95(2) -10° pm?) [61]. The structure may be viewed as a network of edge-sharing,
non-interpenetrating Friauf polyhedra [62]. The Cr coordination around the carbon atom is a
square anti-prism (CN = 8), with the carbon atom displaced slightly from the center. Electro-
nic structure calculations of Cr,3Cg show that it is a metal with low magnetization associated
with the Cr sites [63].

According to the phase diagram Cr;C3 shows the widest homogeneity range among the
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binary chromium carbides [58]. Some references reveal that Cr;C3 exists in two different
modifications, orthorhombic and hexagonal. However, in the phase diagrams reported up
to now the information about HT-LT phase transition of Cr;Cs is not included. As it was
reported in [64—66], above 1200 °C, the orthorhombic structure of MnyCs-type (S.G. Pmcn
(62), a = 701.49(12) pm, b = 1215.3(2) pm, ¢ = 453.20(4) pm, V = 386.36(3) -10% pm?) is
formed, while the hexagonal modification with RuyBs-type (S.G. P63mc (186), a = 1401(2)
pm, ¢ = 453(1) pm, V = 770.03(7) 100 pm3), is stabilized below this temperature. First-
principles calculations show that the hexagonal phase is energetically more stable than the
orthorhombic one at 0 K, in agreement with the existence of the hexagonal phase at low
temperatures. Furthermore, the Debye temperature of the orthorhombic phase is lower than
that of the hexagonal one, indicating the stabilization of the orthorhombic phase at high tem-
peratures by vibrational entropy [67]. The compound is synthesized by solid-state reaction
of Cr/C mixtures or reduction of methane [68] and by the electric-current pressure sintering
method [60]. In the hexagonal modification, the chromium atoms are forming octahedral
and trigonal bipyramidal channels, running parallel to the c¢ axis, oriented such that trigonal
prismatic voids are formed between both types of columns available for accommodation of
carbon atoms. Here, all the octahedral columns have the same orientation. Thus, the three
prismatic voids positioned on the same half of the trigonal bipyramids are occupied and/or
rectified. In the high temperature phase with Mn;Cs-structure type, the confacial octahedral
channels adopt two different orientations allowing for two crystallographically different car-
bon coordinations [69]. In this case, carbon fills two voids adjacent to one half and one void
adjacent to the second half of the trigonal bipyramids. Cr;Cs is non-magnetic and shows
metallic behavior [70, 71].

Cr3C; has the highest melting-point among the binary chromium carbides (7, = 1800 °C)
and exhibits high-temperature oxidation resistance, good chemical stability and high hard-
ness. Therefore, its electrical, thermal and mechanical properties have been investigated
from the viewpoint of high-temperature materials. Cr3C, powder has been prepared by se-
veral methods: i) high temperature synthesis method [64], ii) solid-state reaction of Cr/C
mixture under reductive atmosphere and iii) the electric-current pressure sintering method
[60]. Cr3C, crystallizes orthorhombic, S.G. Pnma (62), a = 553.99(6) pm, b = 283.27(4)
pm, ¢ = 1149.4(1) pm, V = 180.4(3) -10° pm>. The chromium atoms form edge and face sha-
ring bicapped trigonal prisms occupied by isolated carbon atoms. The temperature dependent
magnetic susceptibility of CrzC; follows the Curie-Weiss law, and the total density of states

reveals a metallic character [64].

In addition to the stable chromium carbides, Inoue and Masumoto [72] have obtained
metastable Cr3C with Fe;C-type structure (a = 458(1) pm, b = 512(1) pm, ¢ = 680.0(1) pm,
V = 159.46(3) -10% pm?®) by rapid quenching. Liu and Cheng [73] observed a metastable
phase CrC (a = 403 pm, V = 65.45 -10% pm?) with rocksalt-type structure using carbon-ion
implantation. CrC was found to be stable only up to ~ 250 °C. In contrast, Cr3C remains
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unchanged until the temperature exceeds ~ 700 °C. First principles calculations reveal that
Cr3C is a stable phase while CrC has a positive formation enthalpy and is thus unstable with

respect to phase separation into pure Cr and C at 0 K [67].

Table 2.2: Summary of binary chromium carbides

Compound’  Str. type, S.G.  Reaction type Properties, References

Cry3Cs Cr3Co, Fm3m peritectic metallic, low magnetization [58, 60—63]
CryCs Mn;C3, Pmcn congruent high temp. phase, non magnetic, metallic. [58, 60,
64-71]
Ru;Bj3, P63mc low temp. phase, non magnetic, metallic. [58, 60,
64-71]
Cr3C, Cr3Cy, Pnma peritectic metallic, paramagnetic. [60, 64]

T Note: information about CrC and Cr3C are not included in this table

Fe-C

The binary system Fe—C is one of the technologically most important systems, and has a wide
range of applications, in direction of steel production. Most of the important mechanical
properties of high-strength steels develop during heat treatments that produce specific forms
and distributions of carbide precipitates in austenitic or ferritic solid solution matrices [74].
Due to the existence of several metastable phases in this system, stable and metastable phase
diagrams are reported. Because of its technological importance, the metastable Fe—C phase
diagram in between Fe and Fe;C is briefly discussed in this section (Figure 2.3).

The vast majority of steels rely on just two allotropes of iron: 1) ¢-iron, body-centered
cubic (bcc), solid solutions named ferrite, and 2) y-iron, face-centered cubic (fcc), austenite.
At ambient pressure, ferrite is stable at temperatures up to 911 °C, when it transforms into
austenite. It reverts to high-temperature ferrite, labeled as d-iron, at 1392 °C. §-ferrite re-
mains stable until it melts at 1536 °C. Ferrite (a-iron) can dissolve up to 0.12 at.% (0.028
wt.%) C at 723 °C, while austenite (y-iron) can dissolve 8.7 at.% (2.06 wt.%) C at 1147
°C (point E in Figure 2.3). The hardening of carbon steels, as well as many alloy steels, is
based on this difference in the solubility of carbon in ¢-iron and y-iron. Various microstruc-
tures can be produced in steel alloys depending on the carbon content and the heat treatment.
As a consequence of these different microstructures, the mechanical properties are changed.
The eutectoid reaction y-iron — o-iron + Fe3C (cementite) forms the pearlite microstructure
(point S). The eutectic structure (eutectic point C) of the Fe—C system is called ledeburite I,
constituting of austenite and cementite. At 723 °C ledeburite II, composed of primary ce-
mentite with recrystallized secondary cementite and of pearlite, is formed. So called bainite,
another type of microstructure, consist of aggregates of plates of ferrite, separated by un-
transformed austenite, cementite or martensite [76]. Rapid cooling of austenite results in the

formation of martensite (a body centered tetragonal phase).
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Figure 2.3: The Fe-rich part of the metastable Fe—C phase diagram. Drawn by the program Pandat
[75].

In the Fe—C system, several binary phases such as 68-Fe3;C (cementite), the metastable
Hégg- or x carbide, FesC, (in older references also named as iron percarbide [74]), €-Fe3C,
€- and n-Fe,C and Fe;C3 [74, 77] are known. The existing stable and metastable iron car-
bides and their polymorphous modifications, the respective structure types, the environment

of the carbon atoms, Fe—C distances and selected properties are summarized in Table 2.3.

The yx-carbide or Higg carbide (FesC,) may form during the low temperature carburi-
zation of iron, iron oxide, or iron nitrides [74]. The crystal structure was determined from
powder X-ray diffraction data by Rietveld methods [78] and adopts the MnsC, structure type,
S.G. C2/c (15), a = 1156.3(1) pm, b = 457.3(1) pm, ¢ = 505.8(1) pm, B = 97.44°. In this
compound, each carbon atom is coordinated by 6 Fe atoms arranged in a trigonal prismatic
manner. If one considers the network of iron-atom coordination polyhedra around the carbon
atoms in cementite, one sees that they occur in single walls (each composed of a Fe—C—Fe
sandwich) isolated from each other along [010]. In FesC; iron-atom coordination polyhedra

around the carbon atoms occur in double-layered walls, each composed of an Fe—C—Fe—C—
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Fe sandwich. One can also describe the arrangement of Fe atoms as pleated layers similar
to cementite. The interatomic distances in FesC, range from d(Fe-Fe) = 247.1 pm to 278.3
pm and d(Fe—C) = 169.6 pm to 201.2 pm [78]. The total density of states shows that the -
carbide is a metal with a calculated mean magnetic moment of 1.71 ug/Fe [79] which is close
to the measured value of 1.78 up/Fe [80]. Due to its relatively high saturation magnetization
(about 100 e.m.u./g) x-FesC, is a candidate for magnetic materials, which can be used for
high quality video and cassette tapes [81].

Cementite is the most important metastable phase in the Fe—C system and is an essential
constituent for hardening of many commercial steels. It can be synthesized or separated in
different ways: 1) high temperature synthesis from the elements followed by high temperature
heat treatment at 800 °C, ii) heating of the Higg carbide in N, atmosphere or iii) separation

from annealed carbon steel by anodic oxidation of the matrix.
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Figure 2.4: The pleated layers of Fes;C viewed along [100]. The carbon atoms are arranged in different
manner on the A and B pleated layers [82].

Single crystals can be grown by the Bridgman technique using graphite crucibles. The crys-
tal structure was solved in S.G. Pnma (62), oP16, (a = 508.96(5) pm, b = 674.43(7) pm, ¢ =
452.48(5) pm) [82]. As proposed by Fasiska [82], the arrangement of the Fe atoms of the ce-
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mentite structure is best described by starting with the hexagonal close-packed arrangement.
This arrangement is then compressed in [1010] direction so that the basal hexagonal layers
fold at the lines of intersection of the (2110) planes to form regularly pleated layers stacked
perpendicular to [100]. Carbon atoms occupy 2/5 (1/3 along <010> and 1/2 along <001>)
of the all interstices that lie between the layers along the fold lines which are parallel to [001]
(Figure 2.4). In other words, carbon atoms are surrounded by 6 Fe atoms forming trigonal
prisms. It was concluded that the relative size of the interstitial non-metal atoms is the crucial
factor in producing pleated or flat metal atom layers. Small non metal atoms, such as N,
lead to flat layers (¢-Fe3N), large ones, such as B, stabilize pleated layers, and interstitials
of intermediate size, such as C, lead to both cementite and &-Fe3zC carbide [74, 82]. The
interatomic distances in cementite range from d(Fe-Fe) = 244.3 pm to 267.2 pm and vary
between those in a-Fe (248 pm), y-Fe (260 pm) and &-Fe (250 pm to 253 pm); d(Fe-C) =
195.98 pm to 201.11 pm [74, 83]. Electronic structure calculations showed that cementite is
a ferromagnetic metal with an average magnetic moment for the iron atoms of 1.95 ug [83].

Cementite is the only superconducting phase in the Fe—C system with 7¢ of 1.3 K [48].
e-Fe;C may be produced by low temperature (170 °C to 250 °C) carburization of Fe

or by tempering carbon-rich steels [74]. The composition of this phase seems to be variable
between Fe;C and Fe,C [74, 79]. However, later in reference [77] it was reported that €-Fe,C
is a novel phase in the Fe—C system that crystallizes in the hexagonal S.G. P6smmc (194), a
=275.4(1) pm, ¢ = 434.9(1) pm. €-Fe3C adopts the FesN-type structure, S.G. P6322 (182),
a=476.7(1) pm, ¢ = 435.4(1) pm, where the Fe atoms are forming hexagonal close-packed
layers. Carbon atoms are located in the octahedral interstices between the Fe atom layers in
e-FesC (Figure 2.5), while carbon has a trigonal prismatic coordination in cementite, Fe5C,,
and Fe;C;.

n-Fe,C e—Fe,C

Figure 2.5: hcp layers of Fe atoms in the crystal structure of 1-Fe,C and €-Fes;C. Carbon atoms
occupy the octahedral voids; the lower layer is shaded.
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There are as many octahedral voids as metal atoms. Both iron and carbon atoms form hexa-
gonal close packed layers [84] with distances d(Fe—C) = 192.6 pm and d(Fe-Fe) = 275.4
pm. The calculated electronic structure indicates that Fe3C exhibits a mixture of metallic,
covalent, and ionic bonding. The average magnetic moment of Fe3C is 1.497 up/Fe atom
[85].

n-Fe,C crystallizes in the CaCl,-type structure (S.G. Pnnm (58)), a = 470.4(1) pm, b =
431.8(1) pm, ¢ = 283.0(1) pm [79]. The Fe atoms again form a hcp arrangement containing
octahedral voids available for carbon atoms. Distances d(Fe—Fe) and d(Fe—C) range from
259 pm to 278 pm and 181.6 pm to 189.9 pm, respectively [74, 82, 83]. First-principles
total energy calculations show that €-Fe,C has no magnetic character while 1n-Fe,C has a
mean magnetic moment of 1.66 ug/Fe-atom [77, 79]. Both €-Fe3;C and &-Fe,C are metallic
carbides.

Fe;Cj is obtained by reacting of CO with Fe at 500 °C [86]. Two modifications with
closely related crystal structures have been reported for Fe;C3: one with a hexagonal structure
of Ru;Bj3-type, a = 688.2(1) pm, ¢ = 454.0(1) pm [87, 88] and an orthorhombic phase of
Mn;Cs-type, S.G. Pmcn (62), a = 687.9(1) pm, b = 1194.2(1) pm, ¢ = 454.0(1) pm [89, 90].
The interatomic distances in both modifications of Fe;C3 are very similar to those observed
in cementite and the Héagg carbide. The iron—carbon distances in hex-Fe;C3 range from 193
pm to 206 pm and in the orth-Fe;Cs from 181 pm to 222 pm [86]. Both Fe;Cs phases are
ferromagnetic metals containing magnetic Fe species with mean magnetic moments of 1.73
up/Fe-atom. Both materials have a high saturation magnetization and are also investigated

for application in magnetic recording media [81, 86].

Table 2.3: Summary of binary iron carbides

Comp. Str. type, S.G.  Coord. of C d(Fe-C)/pm up/Fe Properties

0-FesC Fe;C, Pnma trigonal prism 196 to 201 1.95 FM, metallic. SC. [48, 74,
82, 83]

e-Fe;C FesN, P6322 octahedral 193 1.5 Metallic, magnetic. [74,
71,79, 84, 85]

n-Fe,C CaCly,, Pnnm octahedral 182 to 190 1.66 Metallic, magnetic. [74,
71,79, 82, 83]

e-Fe,C FesN, P6322 octahedral 193 0 Metallic, non-magnetic.

(74,77, 79, 84, 85]
orth.-Fe;C3;  Mn;Cs, Pmcn  trigonal prism 181 to 222 1.74 FM, metallic. [81, 86-90]
hex.-Fe7;Cs  RuyBs, P63mc  trigonal prism 193 to 206 1.73 FM, metallic. [81, 86-90]
x-FesCo MnsCy, C2/c  trigonal prism 167 to 201 1.71 Metallic, magnetic. [74,
78-81]
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Ru-C

No phase diagram or crystal structure data are available for the system C—Ru in the metals
database [10], crystal structure database of inorganic compounds [11] and inorganic materials
database [58].

213 RE-T
RE - Fe systems

In the databases for intermetallic and inorganic compounds [10, 11, 58], more than 75 com-
pounds adopting 17 structure types are reported for the binary systems RE-Fe up to now.
The majority of them are Fe-rich compounds. Most of these compounds were produced by
high temperature synthesis followed by high temperature heat treatments [91, 92]. Because
of their interesting optical, electronic and magnetic properties and their structural variety, bi-
nary rare-earth iron phases were intensively studied by different authors. A lot of research
was done on the influence of doping and substitution with elements such as H, B, N and
C, RE or transition metals. For example the REFe, compounds are good hydrogen absor-
bers. Hydrogenation of REFe; or RE,Fe 7 alloys [93] and nitridation of Ce,Fe;7 and REFe;
change the magnetic properties dramatically [93-95]. The interstitial dissolution of H, C and
N can expand the lattice of Nd,Fe 7, leading to a significant increase of the Curie temperature
[96]. The Curie temperature of the mixed rare-earth intermetallic compounds Sm,_ ,Gd,Fe 7
is unusually high compared to SmyFe ;7 and GdyFe7 [97]. In addition, it is well known that
for compounds RE—Fe the Fe—Fe exchange interactions (a quantum mechanical effect which
increases or decreases the expectation value of the energy or distance between two or more
identical particles when their wave functions overlap) are dominant and essentially deter-
mine the value of T¢. The local environments of the Fe atoms are expected to influence the
magnetic exchange interactions and the local moments on the Fe atoms.

The RE elements together with iron (except La and Eu) form Laves phases with both
C15 (Fd3m (227)) and C14 (P63 /mmc (194)) structure. The unit cell parameters and unit
cell volumes of the rare-earth iron Laves phases are listed in Table 9.8. In the C15 type
the Fe atoms form a network of vertex-sharing tetrahedra, so that every Fe atom is linked
with 6 other Fe atoms. The RE atoms have the same arrangement as the carbon atoms in
diamond. RE atoms are coordinated by 4 RE + 12 Fe (CN = 16), while Fe atoms have 6 RE
+ 6 Fe (CN = 12) nearest neighbors, resulting in Frank-Kasper polyhedra around both atom
types. The interatomic distances d(RE—RE) in these compounds are significantly shorter (by
20-40 pm) compared to those in the respective pure metals and the binary carbides [10, 11]
whereas distances d(Fe—Fe) are similar compared with the Fe—Fe contacts in metallic iron,
as well as binary and ternary iron carbides [29, 74]. The Y, Ce, Nd and Sm compounds show
ferromagnetic behavior while the late rare-earth (Gd—Tm) compounds are ferrimagnetic. The

magnetic moment of iron atoms in the REFe, compounds is ~ 1.70 up, which is smaller
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compared to that of pure iron (2.2 up for a-Fe) [98-100].

The C14 rare-earth iron Laves phases were observed only at high pressure [101] and little
is known about these phases.

The intermetallic compounds RE;Fe 7 crystallize with the rhombohedral ThyZn 7 struc-
ture type (S.G. R3m (166)) for the light rare-earth elements, and with the hexagonal ThyNi;7
structure type (S.G. P63 /mmc (194)) for the heavy rare-earth atoms smaller than Dy. For Gd,
Tb and Y both structure types occur depending on the temperature. The unit cell parameters
and unit cell volumes of the RE,Fe|7 compounds are listed in Table 9.9. Both structures are
derivatives of the CaCus-type structure and can be constructed by replacement of one-third
of the rare-earth atoms in CaCus-type REFes by dumbbells of Fe atoms in two different orde-
ring modes. In the ThyZn7-type structure, the substitution leads to an ABCABC... stacking
sequence, whereas the stacking sequence in the ThoNiy7 structure type is ABAB... [102].
Thus, the phase transition from the ThyZn 7 structure type to the ThyNij7 structure type is a
polytypic transformation [97].

The crystal structures of REFey, R3m (166), have been described as intergrowth structures
of the CaCus and ThyZn;7 structures. The structure is composed of REFes layers alternating
with two RE,Fe;7 layers. To account for the rhombohedral symmetry, 1/3 RE and 4/3 Fe
atoms were statistically assigned to each of the substituted RE positions, and these were
then arranged in a RE,Fe 7 layering sequence [102]. The unit cell parameters and unit cell
volumes of the REFe; phases are listed in Table 9.10.

NdsFe7, a = 2021.4(8) pm, ¢ = 1232.9(8) pm, V = 4362.9(1)-10° pm3, is a stable phase
with potentially interesting magnetic properties. Unlike NdsFe;7, the isotypic SmsFe;7, a
= 2006.1(1) pm, ¢ = 1228.2(2) pm, V = 4180.6(1)-10° pm3, is found to be metastable and
hard magnetic. The crystal structure of REsFe|7; was refined in S.G. P63mcm (193) and
it contains 14 crystallographically distinct Fe sites and 7 RE positions with a wide variety
of environments. The unit cell contains 264 atoms and the very complex crystal structure
1s built up of layers which are the network/tessellation of triangles, pentagons, hexagons and
heptagons. The stacking of layers leads to the formation of antiprisms [103]. The compounds
order ferromagnetically with Curie temperatures above 500 K [104, 105].

The compounds REgFey3 (Fm3m (225)) are found for the late rare-earth elements, RE
=Y, Sm-Lu [10, 11]. These compounds are characterized by fcc structures containing 116
atoms per unit cell. There is one crystallographic rare-earth site and four iron positions. All
isotypic phases are ferromagnets (ErgFe,s3 is found to be ferrimagnetic [106]) with Curie
temperatures ~ 500 K [107]. The complex crystal structures of these compounds provide
plenty of sites available for interstitial hydrogen and accordingly, these compounds were
shown to have a strong affinity for hydrogen. Rhyne et al. observed that the absorption of
16 deuterium atoms per formula unit increases the Curie temperature of HogFe,3 by ~ 200
K and the absorption of the deuterium atoms leads to a structural phase transition from fcc

to bct (body centered tetragonal) [108]. The magnetic properties were investigated for the
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compositions REg(Fe;_Mny)3 [107, 109, 110], and, for instance, for the Y compounds it
was found that the intermediate ternary phases have dramatically reduced Curie temperatures
and magnetizations compared to the binaries [107]. Table 9.11 shows the unit cell parameters
and unit cell volumes of the isotypic compounds.

Compounds with CaCus-structure type, S.G. P6/mmm (191), are reported for Nd, Sm,
Gd and Ho [111-113]. Table 9.12 shows the unit cell parameters and unit cell volumes of the
isotypic REFes compounds. They are reported to be metastable and the structure type was
assigned on the basis of powder diffraction data. The crystal structure contains one rare-earth
atomic position and two iron sites. The iron atoms form edge sharing bipyramidal chains
running along the [001]. Around the sixfold axis these chains form channels occupied by
rare-earth atoms. Formation and magnetic properties of the metastable ternary compounds
Sm(Fe; _,Co,)s were studied in detail [112]. It was established that the formation and the
magnetization of Sm(Fe;_,Co,)s (0.6 < x < 1.0) strongly depends on the disc velocity of the
melt spinning device or, in other words, on the formation of a fine-crystalline microstructure.

The rare-earth elements Y and Sm—Tm form intermetallic compounds with PuNi3 struc-
ture type, S.G. R3m (166), with Fe, Co and Ni [10, 11, 110, 114]. The unit cell parameters and
unit cell volumes of the PuNi3-type rare-earth iron binary phases are given in 7Table 9.13. The
PuNis-type structure can be derived from the CaCus and MgCu, structures [115]. The struc-
ture is built up of alternating single layers of REFes and double layers of REFe,. The third
REFes-type layer, rather than being directly above the first, is displaced from it by 1/3, 2/3,
2/3; thus, REFe3 reveals a rhombohedral lattice. The reciprocal susceptibility of the Sm-Tm
compounds are described by the Néel law for ferrimagnets with Curie temperatures of 540
K to 650 K [116]. The hydrogenation behavior and its effect on magnetic properties of the
binary compounds as well as the magnetic anisotropy of Co-doped REFe3; compounds have
also been investigated [116, 117]. For instance, hydrogenation of ErFe; with 3.42 ug/f.u. at
21 kOe resulted in the formation of ErFesH3 5 with 2.05 up/f.u.

RE - Ru

In the crystal structure database of inorganic compounds [11] as well as in the metals database
[10], more than 180 entries can be found for the systems RE—Ru concerning phase diagram
studies and crystal structure determinations [10, 11, 58]. About 60 binary rare-earth ruthe-
nium compounds crystallizing with 10 different crystal structure types are communicated up
to now. No binary intermediate phase of Eu with Ru has been reported so far while in the
case of Yb only a C14 type Laves phase was found. This might be related to the high vapor
pressure of Eu and Yb which causes experimental difficulties. Even though Fe and Ru belong
to same group of the periodic table, the binary rare-earth ruthenium compounds crystallize
in completely different structure types, with the exception of C14 and C15 types, compared
to RE-Fe compounds. Due to the different solidification behavior and individual structure

types, a general discussion about the phase diagram of the RE—Ru systems is not given here.
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Only the crystal structures and the reported physical properties of the binary compounds in

the RE—Ru systems will be briefly reviewed.
Rare-earth elements form C14 (except La—Pr) and C15 (La—Gd) Laves phases together

with ruthenium. The unit cell parameters and unit cell volumes of the rare earth ruthenium
Laves phases are listed in Table 9.14. Pr—Gd form both C14 and C15 phases. It was propo-
sed that the MgZn; Laves phase occurs as a low temperature phase on the Nd rich side of the
phase diagram while the MgCu,-type is stable at the Ru rich side of the NdRu; at all tempera-
tures [118]. The Y, La, Ce and Lu ruthenium Laves phases are reported to be superconductors
with transition temperatures of 1.5 K, 1.6 K, 6.0 K and 0.9 K, respectively [48, 119]. Various
investigations were carried out on these phases in order to tune their structural, electronic
and magnetic properties. For instance, the superconducting transition temperatures of va-
rious compositions of the pseudo-binary LaRu;-CeRu; solid solutions were studied [119].
The partial replacement of Ce atoms by Tb (20 at.%) changed the superconducting transition
temperature to 2.6 K and, in addition, short range ferromagnetic ordering was observed at 1.5
K [120]. It was established that hydrogenation causes strong structural modification as well
as a decrease of the 4d(Ru)-5d(Ce,La) hybridization, which ultimately results in the loss of
superconductivity in hydrogenated C15 phases [121].

All rare-earth elements, except Ce and Yb, form MnsCs-type (C2/c (15)) compounds
with ruthenium [10, 11, 58, 118]. The unit cell parameters and unit cell volumes of the
Mn;C,-type rare-earth binaries are listed in 7able 9.15. The RE atoms occupy the Mn sites
and the Ru atoms accommodate the C positions in the crystal structure of the MnsC,-type,
resulting in the chemical formula REsRu;. The Ru atoms occupy the tricapped trigonal pris-
matic voids formed by RE atoms while the three independent RE atoms have 2x14 and 16
nearest neighbors forming Frank-Kasper polyhedra [122]. The Y compound is Pauli parama-
gnetic while the Gd and Dy compounds show paramagnetic behavior with effective magnetic
moments corresponding to free rare-earth ions, RE3* [123].

The rare-earth elements Y, La—Tm, Lu form compounds with cementite, 8-FesC structure
type together with ruthenium, where the RE atoms sit on the Fe sites and the Ru atoms on the
C sites. The unit cell parameters and unit cell volumes of cementite type phases in the RE-Ru
systems are listed in Table 9.16. Analyzing the interatomic distances in these compounds, one
can define the coordination number of Ru atoms to be 8 (cubic-antiprism) [10, 11, 58, 124].

A peculiar compound present only in the Ce—Ru binary system is CejgRug [122], which
represents its own structure type, (h7R150), R3m (166), a = 1364.5(2) pm, ¢ = 2274.2(3) pm,
V =3667.0(1)-10° pm?, containing 7 and 3 crystallographically independent RE and Fe posi-
tions, respectively. The coordination polyhedra around Ru are two tricapped trigonal prisms
and a square antiprism, all formed by Ce atoms. Anomalously short Ce—Ce (331.2 pm to
387.1 pm) and Ce—Ru (255.7 pm to 320.6 pm) distances were found in this structure, which
were assigned by the authors to the mixed valence state of Ce atoms. CejgRug shows para-

magnetic behavior with an effective magnetic moment of 1.84 ug, which is lower compared
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to that of the Ce>* (2.54 up) and suggests a mixed valence for Ce. The electrical resistivity
measurements show that the phase behaves as a Kondo system at low temperatures [125].

Another structure type which is found at present only in the Ce—Ru system is Ce4Rus,
which shows monoclinic symmetry, mS28, S.G. C2/m (12), a = 840.0(2) pm, b = 1383.7(4)
pm, ¢ = 598.5(2) pm, B = 117.90(2)°, V = 614.8(1)-10° pm? [126]. The atoms are distributed
on three Ce and two Ru sites. The crystal structure is characterized by columns of Ce anti-
prisms centered by Ru atoms running parallel to the [001]. Pairs of the remaining Ru atoms

are inserted in between the columns.

A similar columnar motif of square antiprisms is also present in the crystal structure of
Y 44Ruy5, 0P276, S.G. Pnna (52), which is observed in the systems RE-Ru (RE =Y, Sm-Er)
[10, 11, 58, 127]. In the Y44Ruys type, the square antiprisms form two different kinds of slabs
located at different positions along [010]. Short Ce—Ru distances of 275 pm were attributed
by the authors to the mixed valence state of the Ce species.

The Er3Ru,-type structure, P10, S.G. P63/m (176), for rare-earth binary compounds
were observed with Y, Dy—Tm and Lu [10, 11, 58, 128]. The unit cell parameters and unit cell
volumes of the ErsRu;-type compounds are given in Table 9.17. The structure contains two
Ru and one Er position. The arrangement of the atoms in this structure type is characterized
by a columnar arrangement of trigonal prisms formed by RE atoms around Ru. Along the
edges parallel to the [001], the channels build up octahedra of RE atoms. The octahedral
voids are occupied by additional Ru atoms forming chains. A very short Ru—Ru contact of
197 pm is found inside these channels. The trigonal prismatic arrangement of RE atoms is
also found in REsRu, compounds [118, 122].

In the course of phase diagram studies of the binary systems La—, Pr— and Nd-Ru, phases
with composition RE:Ru = 7:3 were observed. Due to the similarity of their X-ray powder
diffraction patterns the compounds were assumed to be isotypic with Sr7Pt3 (oP16, S.G.
Pnma (62)) and the lattice parameters were determined as follows: a = 742.2(1) pm, b =
2356.2(1) pm, ¢ = 673.2(1) pm, V = 1177.3(1)-10° pm? for La;Ru3; @ = 731.9(1) pm, b =
2296.1(1) pm, ¢ = 655.8(1) pm, V = 1102.1(1)-10% pm? for Pr;Ru3 and a = 730.3(1) pm,
b = 2283.0(1) pm, ¢ = 653.2(1) pm, V = 1089.1(1)-10° pm® for Nd;Rusz [129, 130]. The
crystal structure contains monocapped trigonal prisms as well as square antiprisms of rare-

earth atoms around Ru.

RE - Cr

According to the metals database [10], crystal structure database of inorganic compounds
[11] and inorganic materials database [58] there is no report on binary compounds in the
RE—Cr system.
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2.2 Overview of the ternary systems

221 RE-Cr-C

The phase equilibria of the ternary system Gd—Cr-C, for the isothermal section at 1173 K
were systematically investigated by Jeitschko et al. [20]. This system contains the ternary
compound Gd,Cr,C3, which is an isotype of Ho,Cr,Cs, as the only ternary phase (Figure
2.6). The ternary phase diagrams of other RE-Cr—C systems have not been studied and there

are no other ternary phases than those with the Ho,Cr, C3-type structure reported up to now.

C

Gd
Figure 2.6: Isothermal section of the ternary phase diagram Gd—Cr—C at 1173 K [20].

The isotypic compounds RE;CryC3 (RE =Y, Gd-Tm and Lu) were prepared by arc mel-
ting of mixtures of the elements in inert (Ar) atmosphere followed by heat treatment at 1173
K, followed by quenching in cold water. In the case of Yb,Cr,Cjz, the authors report that the
compound was synthesized by a metal flux method. A stoichiometric mixture of the elements
was mixed with Li (as a metallic solvent) and sealed in an iron tube. The sample was heated
to 1073 K and afterwards the Li matrix was dissolved in ethanol [131]. The crystal structure
of HoyCr,C3 was solved from single crystal diffraction data and refined in S.G. C2/m (12).
The unit cell parameters and unit cell volumes of the RE,Cr,C3 series are listed in Table 2.4
[20, 131, 132].

The crystal structure of HoyCr,Cs contains one Ho, one Cr and two C crystallographic
positions. The metal atoms form a body centered distorted cubic arrangement with highly
distorted octahedral voids. There are (6/2 =) 3 voids located at the faces and (12/4 =) 3
voids at the edges of the bcc cell. The octahedral voids at the faces and the neighboring
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Table 2.4: Unit cell parameters and unit cell volumes of the ternary phases RE;Cr,Cs.

RE,>Cr,C; a/pm b/pm ¢/ pm B/° V/10° pm?
Y,CrCs 1047.2(6) 339.2(2) 554.9(3) 106.3(1) 189.21(1)
SmyCryCs 1051.3(3) 347.1(1) 569.2(1) 105.6(1) 200.10(1)
Gd,Cr,C; 1044.5(2) 343.7(1) 562.5(2) 105.8(1) 194.32(1)
TbyCrrCs 1045.2(3) 340.3(1) 558.7(3) 105.9(1) 191.10(1)
Dy,Cr,C3 1047.2(2) 337.6(1) 556.4(1) 106.2(1) 188.97(1)
Ho,Cr,C3 1047.0(2) 336.5(1) 554.0(1) 106.3(1) 187.30(1)
EryCrpCs 1046.4(3) 335.6(1) 550.7(2) 106.5(1) 185.42(1)
Tm;yCryCs 1050.0(4) 333.0(1) 548.2(2) 106.6(1) 183.65(1)
Yb,CrrCs 1049.3(8) 330.7(3) 548.3(4) 107.0(1) 182.00(1)
LuyCrCs 1049.2(2) 330.2(1) 545.2(2) 107.0(1) 180.62(1)

octahedral voids at the edges can not be simultaneously occupied. However, the voids at
neighboring edges can be occupied at the same time. The structure exclusively contains
discrete carbon species, occupying the octahedral voids. In the Ho,Cr,Cs structure type
there are 24(=4 x 6) octahedral voids per unit cell and only one quarter of all octahedral voids
is filled with carbon atoms. The chromium atoms are coordinated by 4 C atoms forming
edge- and corner-sharing distorted tetrahedra resulting in 2D polyanionic layers 2 [(Cr,C3)%~]
(Figure 2.7). The interatomic distances in HopCryC3 as discussed in reference [20] are:
d(Ho—Ho) = 335.4 pm and 341.8 pm; d(Ho—Cr) = 310.2 pm, 314.2 pm and 344.7 pm; d(Ho—
C) =242.1 pm to 262.9 pm; d(Cr—Cr) = 263.7 pm and d(Cr—C) = 190.6 pm to 203.3 pm. As
reported in reference [131], the 2D infinite polyanionic chromium-carbon network does not

carry magnetic moments as shown by the Pauli paramagnetism of the Y and Lu compounds.

Figure 2.7: Ho,Cr,Cs: unit cell projection along [001]. The chromium atoms are forming zig-
zag chains running along [010]. The overall interconnection of coordination tetrahedron results in
2 6—

S[(Cr2C3)"" 1.
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The magnetic behavior of the other isotypic carbides follows a Curie-Weiss law and the
effective magnetic moments correspond to the respective free RE*3 ions. The experimental
moments for all members of the isotypic series are slightly smaller than the theoretical ones,
an observation which the authors ascribe to a crystal field effect. RE,Cr,Cs with RE = Tb—
Er show antiferromagnetic ordering at low temperatures, and below Ty, the susceptibility
becomes field dependent suggesting metamagnetic behavior. The magnetic phase transitions
of the Tb, Ho and Er compounds were also investigated [21]. Later, the chemical bonding
in the compounds with the Ho,Cr,C3 structure type were analyzed by orbital based COHP
[133] and topological analysis of ELF and electron density [134, 135]. By them the ternary

compounds were classified as rare-earth carbochromates (III) [9].

222 RE-Fe-C

A large amount of work has been done in these systems concerning the magnetic properties
and the magnetic and structural phase transitions, which are of great technological impor-
tance. Especially the alloys of RE- together with 3d metals (Co, Fe, Mn, Cr, or Cu) containing
carbon atoms are very stable magnets with high remanence and high coercive field strengths,
and they have already found applications in miniaturized equipments such as quartz watches,
headphones, loudspeakers, magnetic storages, etc. Most of the investigations cover their mi-
crostructures, properties and compositions, aiming at modifications of materials. A part of
these studies was devoted to the application of rare-earth metals in metallurgy and steel indus-
try and has already been reviewed [136, 137]. Rare-earth metals react easily with water and
light non-metallic elements (e. g. H, B, C, N, O, S) in molten steel, thus changing the proper-
ties of alloys and steel, such as strength, heat and vibration resistance, electrical conductivity
and magnetic transition temperatures. They can also be used to clean steel [138, 139]. For
example, RE elements in austenite segregate at grain boundaries, harden the steel and retard
the formation of martensite [140]. A study of the electronic structure and the chemical bon-
ding in such ternary phases is an important task nowadays for many research groups and this
will help to deeper understanding of the relationships between structure, chemical bonding
and properties.

During extended phase diagram studies of systems RE-Fe—C (RE =Y, Ce and Gd) the
following intermediate ternary phases have been reported: GdFeC, RE,;Fe;C3, RE4Fe Cy
(RE = Ce, Gd), GdFe,C,, GdsFeyoC, GdgFes3;C3, YFeC, and Y,Fe;C [139, 141, 142].
The ternary Gd-Fe—C compounds with an atomic ratio Gd : Fe =1 : 1 crystallize from the
melt, although GdFeC is the only phase with congruent melting behaviour. The remaining
Gd- and other RE—Fe—C compounds form peritectically. The chemical compositions of these
compounds were determined by electron probe microanalysis, and the Bravais lattice and
unit cell parameters were determined from X-ray powder diffraction data, which are listed in
Table 2.5. However, no structural information can be found in the literature up to now. The
crystal structures of RE,FeCy (RE =Y, Tb—Lu) [29], RE3 ¢7FeCg (RE = La—Nd, Sm) [30] and
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REFeC, (RE = Sm, Gd—Er, Lu ) [31] have been established and will be discussed in detail.

Table 2.5: Unit cell parameters and Bravais lattice types of intermediate ternary phases reported during
phase diagram studies in systems RE-Fe—C.

Phases Bravais lattice a/pm b/pm c/pm
YFeC, tP 1065.0(1) 860.0(1)
GdFeC, hP 912.0(1) 597.0(1)
Gd4FesCy tP 704.5(1) 1023.0(1)
GdyFe,Cs3 hP 838.8(1) 1026.0(1)
GdFe,C; oP 367.8(1) 299.5(1) 1450.0(1)
CesFesCy tP 722.0(1) 582.0(1)
Ce,Fe,Cs hP 864.7(1) 1053.0(1)

RE>FeC4 (RE =Y, Tb—Lu) [29] was reported to form by a peritectic reaction of REC,
with iron at 1173 K. The crystal structure was determined by both X-ray and neutron powder
diffraction data. RE,FeC4 crystallizes in the orthorhombic crystal system, S.G. Ibam (72)
with Z = 4, and represents a new structure type. The unit cell parameters and volumes of the
RE,>FeCy4 series are listed in Table 2.6 [29]. The crystal structure of RE,FeC,4 will be explai-
ned using Er,FeC, as a representative example (Figure 2.8). The iron atoms are tetrahedrally

coordinated by carbon atoms (Figure 2.8b) forming infinite chains running along [001].

Table 2.6: Unit cell parameters and unit cell volumes of ternary carbides RE,FeCy.

RE,FeCy a/pm b/pm c/pm V/106 pm?
Y,FeCy 752.9(2) 956.5(1) 504.1(1) 363.0(1)
TbyFeCy4 752.6(1) 964.4(1) 506.8(1) 367.8(1)
Dy,FeCy 751.4(1) 959.4(2) 505.1(1) 364.1(1)
Ho,FeC4 751.4(1) 949.4(1) 502.2(1) 358.3(1)
Er,FeCy 750.6(1) 942.6(2) 500.6(1) 354.2(1)
TmyFeCy 749.4(1) 936.7(1) 498.0(1) 349.5(1)
Yb,FeCy 748.0(1) 931.5(2) 495.8(1) 345.5(1)
LuyFeCy 749.4(1) 924.9(1) 495.1(1) 343.1(1)

As assumed by the authors, the arrangement of the carbon atoms is halfway between square
planar and tetrahedral coordination, with a pseudo 4 axis running parallel to the b axis of the
unit cell (Figure 2.8). This coordination is augmented by four RE atoms at 318 pm, which
in turn form distorted tetrahedra (Figure 2.8a). The carbon atoms form pairs with a bond
distance of 133.5 pm, which is almost the same as the double bond distance in olefines (134
pm). The C, units have five rare-earth and two iron nearest neighbors. The distance d(Fe—C)
= 196.8 pm is close to the Fe—C contacts found in other binary or ternary carbides [30, 86].
The most interesting feature of this structure type is the presence of —Fe—Fe— infinite chains
with d(Fe—Fe) = 250.3 pm (Figure 2.8b), which is close to the contacts found in binary iron
carbides (Section 2.1.2).
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Fe
a
-
Figure 2.8: The crystal structure of RE,FeC,4 exemplarily shown for Er,FeCy4. a) Unit cell projection

viewed along [001] and coordination of Fe atoms by C and Er atoms, b) polyanionic part of the
structure. Interatomic distances Fe—Fe, Fe—C and C-C are given in pm.

The physical properties were measured for the isotypic Y, Er and Tm compounds. All com-
pounds show good electrical conductivity. The temperature and magnetic field dependent
measurements show that the Er compound is paramagnetic with an effective magnetic mo-
ment corresponding to free Er** ions. Y,FeCy is essentially nonmagnetic. Mdssbauer studies
of the Y compound did not show magnetic splitting down to 4.2 K, indicating nonmagnetic
Fe species. The authors rationalized the chemical formula as Er3t,Fe?t(Cy™*),. Y,FeCy
becomes superconducting at 3.6 K, while LuyFeC4 does not show a transition to a supercon-
ducting state down to 1.8 K. The crystal structure of RE;FeCy is closely related to CaCs,
UCoC; and ThCr;Si;. It can be seen that the structures of the ternary compounds are derived
from that of CaC, by gradual insertion of transition metal atoms. All compounds RE,;FeCy4
are reported to be moisture and air sensitive and the hydrolysis products were identified as

C,Hg, CoHy and CHy and some higher hydrocarbons.

Jeitschko et al. [30] investigated the ternary system La—Fe—C and reported three ter-
nary phases: LayFe4C, LazFeCs and Las ¢7_FeCg. LayFe4C seems to be isotypic with
Nd;Fe4B. LasFeCs, with an unknown crystal structure, is formed after prolonged annea-
ling at 1073 K. The crystal structure of Las ¢7_,FeCg was determined by single crystal X-ray
diffraction and the powder diffraction data of the isotypic compounds were indexed. The
isotypic compounds RE3 g7 FeCg (RE = La—Nd, Sm) were synthesized by arc melting mix-
tures of the elements followed by heat treatment at 1073 K to 1273 K. The unit cell parameters
and unit cell volumes of the ternary RE3 ¢7_,FeCg-type phases are listed in Table 2.7 [30].
RE3 67_,FeCg crystallizes hexagonal in S.G. P63/m (176) with two rare-earth, one iron and
two carbon crystallographic sites.
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Table 2.7: Unit cell parameters and unit cell volumes of ternary phases representing the RE3 67— FeCg-
type structure.

RE3 67-,FeCe al/pm c/pm V/106 pm?
Lajz ¢7_FeCg 878.7(2) 535.1(1) 357.8(1)
Ces ¢7-xFeCgq 868.6(1) 530.9(1) 346.9(1)
Pr; 67_xFeCeg 863.4(2) 522.8(2) 337.5(1)
Nds 7 FeCg 858.5(2) 518.9(1) 331.2(1)
Smj g7 FeCg 849.7(2) 512.1(1) 320.2(1)

The structure of Lajz¢7_,FeCg is closely related to
Gd3;Mn,Cg [37]. The main difference is the occu-
pancy of the 2b site (0, 0, 0), which is occupied
by Mn in GdzMn;Cg. In the crystal structure of
RE5 67_FeCg this site was refined as a split position
which reflects the structural disorder of RE atoms wi-
thin the carbon channel. The structure contains car-
bon dumbbells with d(C-C) = 130 pm connected end-
on to the iron atoms to form trigonal planar Fe(C;);3
groups, which represent the anionic part of the struc-

ture (Figure 2.9). The Fe(C,)3 groups are surroun-
ded by rare-earth ions in a tri-capped trigonal pris- Figure 2.9: The Fe(Cy); anionic unit in
matic manner. No Fe—Fe contacts are present in this the crystal structure of RE3 ¢7-.FeCe.
structure. The distances d(La—C) range from 262 pm
to 297 pm, which compares well with those found in binary rare earth carbides (Section
2.1.1). The distances d(La—Fe) range from 321.6 pm to 358.6 pm corresponding to the La—Fe
contacts in the crystal structure of LayFe4C [143]. Comparing the La—Fe distances, the au-
thors stated that there are only marginal La—Fe contacts in Laj3 g7_,FeCg. The distance d(Fe—
C) = 182 pm is rather short compared to the Fe—C distances found in Er,FeC4 (196.8 pm) and
LasFe4C (205 pm). Interestingly, the bond order of Fe—C was reported as 1. Lasz g7_,FeCg
shows Pauli paramagnetism and metallic conductivity. It was concluded that the iron atoms in
Lasz ¢7_,FeCg do not carry localized magnetic moments. No indication for superconductivity

was observed down to 3 K. The isotypic phases are easily decomposed in air or moisture.

Another structure type reported for ternary RE-Fe—C phases is the CeNiC,-type, S.G.
Amm?2 (38). Compounds with this structure type are obtained with RE = Sm, Gd—Er, Lu. The
unit cell parameters and unit cell volumes of the CeNiC,-type rare-earth iron carbides are
listed in Table 2.8 [31]. The compounds were prepared by arc melting, followed by an an-
nealing procedure at 1173 K. The crystal structure of DyNiC, was solved from single crystal
X-ray diffraction data. A series of RE-Fe—C compounds was assigned to be isotypic with

DyNiC; (CeNiC;-type) and the lattice parameters were determined from powder diffraction
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patterns.

Table 2.8: Unit cell parameters and unit cell volumes of the isotypic ternary carbides REFeC;.

REFeC, a/pm b /pm c/pm V/10° pm?
SmFeC, 376.1(1) 457.2(2) 601.0(2) 103.3(1)
GdFeC, 369.0(1) 455.9(2) 600.7(2) 101.1(1)
TbFeC, 363.7(1) 455.8(1) 599.7(1) 99.4(1)
DyFeC, 359.7(1) 455.3(1) 599.3(2) 98.2(1)
HoFeC, 356.1(1) 454.8(3) 598.2(3) 96.9(1)
ErFeC, 353.1(2) 454.3(2) 598.0(3) 95.9(1)
LuFeC, 345.0(3) 452.8(2) 596.5(1) 93.2(1)

The large lanthanoid atoms form a distorted hexagonal primitive lattice, while the transition
metal atoms and carbon pairs fill the trigonal prismatic voids of this lattice. The structure
can be derived from the hexagonal AlB; structure and can be viewed as a layered structure
with planar 2 [(FeC2)* ] polyanionic layers stacked in the sequence ...AAA... with the RE
atoms in between these layers. REFeC, contains C; units end-on connected to two Fe atoms
and side-on to one Fe atom, and thus, occupy the center of the triangle formed by Fe atoms.
The rare-earth atoms are surrounded by 8 carbon atoms forming square prisms. The Fe
atoms are coordinated by 4 carbon atoms forming distorted square planar units. The atomic
arrangement in the crystal structure of REFeC; and the coordination polyhedra around the
Fe atoms are shown in Figure 2.10. The distance d(C—C) in DyNiC; of 137 pm, which can

L. @rc@rco C

Figure 2.10: The crystal structure of REFeC, viewed along [100]. The 2D planar polyanionic part of
the structure is Z[(FeC»)>~].

be expected for the isotypic Fe compounds as well, is close to the length of the C—C double

bond in olefines. Simple electron counting rules can be used to assign the oxidation state
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of the Fe atoms. Assuming RE3t and C,*~, the oxidation state of Fe would become I in
agreement with the tendency to form low oxidation states in carbometalates. The series of
isotypic compounds were predicted to show metallic conductivity.

A large amount of work has been devoted to the synthesis of rare-earth iron ternary in-
terstitial carbides because of their outstanding magnetic properties. In the metals database
[10], 220 entries can be found that are related to the synthesis, crystal structure, magnetic
properties and absorption of hydrogen in these compounds. Most of the interstitial ternary
carbides crystallize in the Nd,Fe 4B-type (P4,mnm (136)), the ThyNi7- (P63/mmc (194))
or the ThyZn;7-type (R3m (166)) structures. These three structure types are closely related
to the CaCus-type. In these interstitial carbides, the metal matrix of the intermetallic com-
pounds remains the same. The carbon atoms occupy trigonal prismatic voids formed by 6 Fe
atoms in the Nd;Fe;4B-type and octahedral voids build up from (2 RE + 4 Fe) atoms in the
Th,yNij7- or ThyZny7-type structures. With increasing carbon content the crystal structure of
RE,Fe7C, changes from the hexagonal Th,Ni;7 to the rhombohedral ThyZn;7-type structure
[144].

223 RE-Ru-C

In these systems 33 ternary phases adopting 6 structure types were reported up to now [10, 11,
58]. The structure types are: Las g7_FeCg [30, 145], Gd3Ru,Cs5 [32], CaTiOs (perovskite)
[146, 147], GdARuC; [33], ErjRu>Cy; [34] and ErjgRu;9Ci9 [35]. Only for the system Ce—
Ru—C informations on phase diagram studies can be found in the database [146]. It should
be noted that the structure types found in the systems RE-Ru—C are completely different,
except Las g7_,FeCg which is common in both the Fe and the Ru systems, compared to those
reported in the systems RE-Fe—C. All compounds reported in the systems RE—-Ru—C were
synthesized by arc-melting, followed by high temperature annealing. The cooling rate has a
clear influence on the formation of different phases: GdRuC, was detected only with rapid
quenching of the melt, while the competing phase GdjgRu;9C19 was formed by slow cooling.

During an exploratory synthesis of Gd3Mn;Cg-type compounds [37] in the RE-T-C (T
= Mn, Fe, Ru) systems, the isotypic compounds RE3 77Cg (T = Fe, Ru), with Las ¢7_,FeCg
structure type, were found [30]. The lattice parameters of the isotypic ruthenium compounds,
determined from their X-ray powder diffraction patterns, are listed in the left part of Table
2.9.

Rare-earth ruthenium carbides are found to crystallize with the perovskite-type structure,
RERu3C, S.G. Pm3m (221), for RE = Ce, Dy - Lu [146, 147]. CeRu3C forms peritectically,
whereas in the case of ytterides except Dy, RERu3;C was already present in as-cast samples.
The unit cell parameters and unit cell volumes of the perovskite type RERuzC compounds
are given on the right hand side of the Table 2.9. Various authors tried to develop empirical
rules for the formation of perovskite-type phases RERu3C. For instance, Haschke et al. [148]

attempted to quantify the criteria in terms of the ratio of the radii of transition metals and
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Table 2.9: Unit cell parameters and unit cell volumes of RE3 g7 FeCg-type compounds (left) and
perovskite type (RERu3C) compounds (right).

RE; 67 RuCg a/pm c/pm V/10° pm3 RERu;C a/pm V/10° pm3

Lase_.RuCe  887.1(1)  536.1(1) 366.7(1) CeRusC  415.2(1) 71.58(1)
Cesq_.RuCs  877.8(2)  528.3(1) 352.5(1) DyRusC  412.4(6) 70.14(1)
Prs.67_RuCg 870.9(1)  524.9(1) 344.7(1) HoRusC  412.4(3) 70.14(1)
Nds¢_.RuCs  869.9(1)  521.8(1) 342.0(1) ErRusC  411.7(2) 69.78(1)
Smye_RuCe  862.7(1)  514.7(1) 331.7(1) TmRu;C  411.5(1) 69.66(1)

YbRusC  411.1(1) 69.48(1)

LuRusC  410.6(2) 69.22(1)

carbon (r¢/rr). Stadelmaier reported that the r¢/rr ratio should not exceed 0.62, as derived
by considering octahedral coordination of carbon [149]. As noted in reference [146] some
of the RERu3C phases, e.g. URu3C;_,, can be regarded as a solid solutions of carbon in the
binary compound URu3. Other phases, however, such as CeRu3C, form without the existence
of a corresponding binary phase. This shows that carbon not only needs to fit in the octahedral
voids, but also exerts influence on the formation of RERu3C-type compounds. Single crystal
X-ray diffraction studies of ThRu3C showed that carbon occupies the octahedral holes formed
by Ru atoms only [147]. Different authors confirm that there exist certain homogeneity ranges
in perovskite-type RERu3C phases, which can be immediately noticed by comparing the
lattice parameters of the Dy and Ho compounds (7able 2.9).

GdRuC,, S.G. Cmcm (63), a = 436.5(1) pm, b = 927.7(1) pm, ¢ = 520.2(1) pm, V =
210.7(1)-10° pm?, represents another structure type found in the systems RE-Ru—C [33]. Up
to now, only the prototype GdRuC, is known. The Gd atoms form a distorted hexagonal close
packed arrangement (same as the As atoms in NiAs) with ruthenium atoms filling the octa-
hedral voids (as Ni atoms in NiAs). The carbon atoms form dumbbells, which accommodate
slightly distorted trigonal bipyramidal holes formed by Gd atoms. Together with ruthenium
atoms, the carbon pairs form two-dimensional polyanionic layers 2 [(RuCy)* ] (Figure 2.11).
The Ru atoms are tetrahedrally coordinated by C, pairs (d(Ru-C) = 213.8(4) pm) and, if
the short Ru—Ru contacts (d(Ru—Ru) = 260.1(1) pm) are considered to be a part of the first
coordination shell, this results in an octahedral coordination formed by 4 C and 2 Ru atoms.
Infinite linear chains formed by 7" atoms are also found in ternary rare-earth iron carbides such
as RE,FeCy [29]. The C—C distance (137.9(6) pm) is slightly longer than the double bond
distance in olefines. The carbon atoms occupy trigonal prismatic voids formed by 4 Gd + 2
Ru. The distances d(Gd—C) = 259.8(4) pm, 260.5(4) pm and 283.4(2) pm are similar to those
in GdsMn,Cg (d(Gd—C) = 263.4(1) pm). In addition, the ruthenium atoms were reported to
obey the 18-electron rule; 8 e~ (4 C) + 6 e~ (2 Ru) + 4 ¢ (2 lone pair). By assigning the
Ru-C bonding electrons to C, thus fulfilling the octet rule for carbon, the Ru atoms form a so-
called d” system. The magnetic susceptibility shows Curie-Weiss behavior with an effective

magnetic moment corresponding to free Gd** ions. Assuming C>*~, the chemical formula
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Figure 2.11: The crystal structure of GARuC, contains polyanionic layers 2 [(RuC,)3"], in which the
ruthenium atoms are tetrahedrally coordinated by C, units, and Gd atoms being sandwiched between
the layers.

can be written as Gd*3 [Ru1+(C2)4*]. The compound orders ferromagnetically below T¢ =
45(3) K and is stable against air and moisture.

The RE3Ru;Cs-type compounds, S.G. P63/m (176), were reported with RE =Y, Gd—
Er [32]. Gd3zRu;Cs and Tb3Ru,Cs already exist in as-cast samples while the others were
formed after high temperature annealing only. The crystal structure of this isotypic series
will be discussed using Gd3Ru;,Cs as an example. The lattice parameters of all the isotypic

compounds, determined from their X-ray powder diffraction patterns, are listed in Table 2.10.

Table 2.10: Unit cell parameters and unit cell volumes of the isotypic carbides RE3Ru,Cs.

RE3Ru;Cs a/pm c/pm V/10° pm?
Y3Ru,Cs 1138.4(3) 498.9(1) 559.9(1)
Gd3;Ru,Cs' 1147.3(4) 502.4(2) 572.7(1)
Tb3Ru,Cs' 1143.4(5) 503.4(1) 569.9(1)
Dy3;Ru;Cs 1139.6(3) 500.7(1) 563.2(1)
HosRu,Cs 1136.5(2) 498.4(1) 557.5(1)
Er;Ru;Cs 1133.8(4) 495.3(2) 551.4(1)

T depending on the composition of the starting materials and the annealing temperatures the lattice parame-
ters of these compounds may differ [32]. Here, those lattice parameters are presented which follow the
lanthanoid contraction rule.

The crystal structure contains several partially occupied atomic positions, and is, thus, stron-
gly disordered. Two of the carbon atoms form pairs with d(C-C) = 132.6(9) pm and the

other two carbon atoms are isolated. The C; units as well as the discrete carbon species
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accommodate octahedral voids formed by metal atoms. The most interesting feature of the
crystal structure is the presence of trigonal planar Ruj clusters with d(Ru—Ru) = 296.2(1)
pm. The Rujs cluster is stabilized by 3 C, units and 4 monoatomic carbon species re-
sulting in a Ru3Cjg unit (Figure 2.12a). All atoms within this cluster are coplanar ex-
cept the only partially occupied monoatomic C species situated above or below the clus-
ter. A physically reasonable chain model with linear Ru3 units (d(Ru—Ru) = 252 pm) was
proposed for the partially occupied Ru sites occupying the octahedral channels formed by
the Gd atoms. The chemical bonding in RE3Ru;Cs was rationalized using the 18e™-rule
which is widely used for organometallic compounds. Figure 2.12 shows a drawing from
reference [32] showing the valence electron distribution in the trigonal RuzCyg cluster (Fi-
gure 2.12a) as well as in linear Ruj3 units (Figure 2.12b) presented on the basis of the Le-
wis formalism. Assigning the Ru—C bonding electrons to the C atoms the cluster can be
represented with the following formula: {Ru5+3(C2)4*3C4*4}13*. Presuming that there
is no Ru—C bonding for partially occupied Ru atoms and assigning the RE-Ru bonding
electrons to Ru atoms, the linear Rus units could have (18-) or (14-) formal charges. In
this respect, the overall formula results in (RE3)8>1(Rug33)*~ [(RU3C10)0.5]6'57 for Ruz '8~
and (RE3)%90F (Rug 33)!10~ [(RU3C10)0.5]6'5_ for Rus'4~, which already accounts for RE-RE
bondings. The electrical conductivity of the isotypic Tb compound was measured and shows
metallic behavior. The magnetic susceptibility of the RE = Gd—Ho compounds follow the
Curie-Weiss law and show very soft ferromagnetism. The effective magnetic moments well
agree with the theoretical values of respective RE>* ions. The powders are stable in air.
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Figure 2.12: Electron counts for the representative units in the crystal structure of RE3Ru,Cs a) tri-
gonal RusCjg cluster and valence electron distribution using the Lewis formalism, b) Chain model
consisting of linear Rus units. The open circle with number 2 in the center represents the partially
occupied Ru atom (Ru2). The linear units carry large negative charges [32].

Another structure type of ternary compounds obtained in this system is presented by
RE7Ru,Cy; (RE = Dy-Tm) [34]. The Er and Tm phases are already observed in as-cast

samples while the Dy and Ho compounds were formed after heat treatment. Single crystals
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of Er;Ru,Cy, grown in a high frequency furnace, were used for structure determination by
X-ray diffraction. In the single crystal diffraction patterns of Er;Ru,C;; weak superstructure
reflections were observed. The unit cell parameters of both, the sub- and the supercell are the
same and are listed in Table 2.11. The structure of the subcell was refined in S.G. Amma (63),
whereas in case of a superstructure the symmetry was reduced to the klassengleiche subgroup
Pnma (62).

Table 2.11: Lattice parameters and unit cell volumes of the isotypic carbides RE7Ru,C;. The lattice
parameters correspond to the Amma and Pnma settings of the subcell and the superstructure, respecti-
vely.

RE7Ru,Cy a/pm b/ pm c/pm V/106 pm?
Dy;Ru,Cy; 1973.2(3) 352.2(1) 1659.5(3) 1153.0(1)
Ho7Ru,Cy 1961.8(4) 349.3(1) 1655.9(4) 1135.0(1)
Er;Ru,Cpy 1950.6(2) 346.0(1) 1650.3(2) 1114.0(1)
Tm7Ru,Cy 1937.8(4) 343.7(1) 1643.7(3) 1095.0(1)

The striking feature of this structure type is the presence of two different isolated anions:
[Ru(C3)4] and [Ru(C,)C]. The left part of the Figure 2.13 shows the planar 4-fold coordi-
nation around the Ru atom in the [Ru(C;)4] anionic part of the structure by C, pairs with
distances of 198.6 pm and 264 pm. The latter distance indicates an only marginal Ru—C
bonding. In the [Ru(C;)C] polyanion, the Ru atom is in trigonal planar coordination by two
monoatomic carbon species and one C, unit. These groups are linked to each other via the
monoatomic C species resulting in one-dimensional infinite chains - L[Ru(C,)C] (right part
of Figure 2.13). The interatomic distances in the subcell are: d(Er—Er) = 334.6(1) pm to
370.3(1) pm, d(Er—Ru) = 302.6(1) pm to 339.5(1) pm, d(Er—C) = 234.0(1) pm to 274.0(1)
pm, d(Ru—C) = 196.2(2) pm to 264.0(1) pm and d(C-C) = 127.1(2) pm, 133.7(1) pm. The
weak Ru—C interaction, with d(Ru—C) = 264 pm, may cause the superstructure. In the super-
structure one of the weak Ru—C bonds is opened (291 pm) and the other one gets stronger
(237 pm). The authors call this situation an unusual Jahn-Teller distortion. As a result, the
[Ru(Cy)4] anionic part of the subcell breaks up to [Ru(C;)3] besides a C, unit in the su-
perstructure. The magnetic susceptibility of Er;Ru;Cy; shows paramagnetic behavior with
complex field-dependent antiferromagnetic ordering at low temperatures. The effective ma-
gnetic moment corresponds to free Er’* ions and non-magnetic complex anions. The isotypic
compounds are not sensitive against air and moisture .

The compounds of composition REjgRugC9 (RE =Y, Gd-Lu) were synthesized by
arc melting of mixtures of the elements followed by annealing at 1173 K [35]. Similar to
RE7Ru;Cq, the Guinier X-ray powder diffraction patterns were showing only subcell reflec-
tions while single crystal diffraction data revealed two different superstructures, with mo-
noclinic or orthorhombic symmetry. Both sub- and superstructures were solved by use of

an Er;gRu;oCy9 single crystal. The lattice parameters obtained from Guinier X-ray powder
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Figure 2.13: The two different, discrete
polyanions in the crystal structure of
EryRuyCqq, [Ru(Cy)4] (on the left) and
[Ru(C,)C] (on the right). All interato-
mic distances are shown on picture. The
Ru—-C bond with d(Ru-C) = 264 pm
is designated by dashed lines indicating
only a marginal Ru—C bonding. [Ru(C,),] [Ru(C,)C]

diffraction data are listed in 7able 2.12. The substructure of ErjgRu;(C;9 was refined in the
orthorhombic S.G. Amm?2 (38). The Er atoms in the subcell are situated in trigonal prisms
of Ru atoms with d(Er—Ru) vary from 287.3(1) pm to 328.1(1) pm. The Er—C contacts vary
from d(Er—C) = 256(2) pm to 283(2) pm. The Ru atoms are located almost at the center
of trigonal prisms formed by Er atoms and form trigonal planar Rus clusters, which were
also observed in the crystal structure of RE3Ru,Cs [32]. The distances d(Ru—Ru) vary from
272.0(1) pm to 281.9(1) pm and are very close to the metallic radius of Ru atoms with CN
12. The cluster-forming Ru atoms are coordinated by 6 C; units and isolated carbon atoms as
well. These C; units serve as bridging ligands between the Rus cluster and the remaining Ru
atom which is bonded to 2 C, units in a side-on and one C, unit in an end-on manner resul-
ting in Ru(Cy)3 5 groups. The Ru—C and C-C contacts reveal interatomic distances d(Ru-C)
from 203(2) pm to 233(2) pm with d(C—C) = 136(4) pm and 138(4) pm, respectively. The Ru
and C atoms form two dimensional polyanionic 2 [Ru;0Co] layers linked to each other by C
and/or C; units. The Er atoms are charge-balancing these polyanionic layers by sandwiching

between them. Ordering of the C and C; units causes different superstructures.

Table 2.12: Lattice parameters and unit cell volumes of the subcell of the isotypic carbides
REloRU10C19.

REgRu;oCjg al/pm b/pm c/pm V/10° pm3
Y1oRu;oCig 365.3(1) 1869.7(1) 730.1(1) 498.6(1)
GdgoRu9C9 374.0(1) 1868.4(4) 730.2(2) 510.2(7)
TbioRuy19Cio 371.7(6) 1870.1(6) 729.7(6) 507.3(1)
DyioRu0Ci9 366.8(2) 1868.5(2) 729.2(1) 499.8(4)
HoigRu;¢Cio 362.9(1) 1863.9(3) 728.5(2) 492.8(2)
ErigRu;¢oCio 360.6(1) 1863.2(2) 728.6(1) 489.5(1)
Tm;oRu;9Cio 358.5(1) 1858.6(2) 728.1(1) 485.1(1)
YbigRu9Cg 357.9(1) 1851.6(9) 728.4(1) 482.7(3)
Lu;oRu;9Cio 354.8(2) 1854.6(8) 727.0(4) 478.4(3)

The isotypic phases show metallic behavior, and no superconducting transition was observed
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down to 2 K. The susceptibility of LujgRu;gCi9 shows Pauli-paramagnetism indicating non
magnetic Ru species in the structure. The other carbides show Curie-Weiss behavior with
magnetic ordering temperatures all below 35 K and magnetic moments corresponding to free
RE?* ions. The ionic formula was rationalized by means of the 18¢™ rule: (RE>* )3t
[((Ru3)50+(Ru4)0(C24_)9C4_)3O_], which gives a formal charge of 1.67+ per Ru atom. The
phases are not sensitive against air but react with HCl(aq), by formation of CH4, C;H4 and
C,Hg supporting the double bonding character of the C—C.

All informations given on ternary rare-earth chromium, iron and ruthenium carbides are

summarized in Table 2.13.
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Table 2.13: Survey of ternary compounds reported in the ternary systems RE-T—-C (T = Cr, Fe, Ru).

Compound Symmetry C species d(C-O)/pm Complex anion Properties

RE»Cr,C3 C2/m C - 2[(Critcy)5] Paramagnetic RE>*. Metallic. AF ordering at
low temperature. Air and moisture sensitive.

RE,FeCy Ibam C, 133.5 LIFe™(Cy)2)0 ] Metallic. Y,FeCy is SC at 3.6 K. Paramagne-
tic RE3*. AF ordering at low temperature.
Air and moisture sensitive.

RE5 ¢7FeCg P63/m C, 129.8 [(Fe'(Cy)3)!27] Metallic. Non-magnetic iron. Air and mois-
ture sensitive.

REFeC, Amm?2 C, ca.137 2[(Fe'Cy)* ] Metallic. Air and moisture sensitive.

RE3 ¢7RuCq P63/m C ca. 130 [(Ru!(C2)3)!?7]

GdRuC, Cmcm C, ca.138 2 [(RU'Cy)* ] Paramagnetic Gd**t. FM at 45 K. Metallic.
Not sensitive against air and moisture.

RE;Ru,C5 P63/m C G 132.6 [(RuyCs)°~] Paramagnetic RE3t, Very soft FM. Metallic.
Stable in air.

RE-Ru,Cq; Amma C,C 127.1, 133.7 ,EWEONK:?:ONVQVE\w Paramagnetic RE3*. AF at low temperatures.
Metallic. Stable in air.

REpRu9Cqg Amm?2 C G 136.0, 138.0 EWSV%IAWE%AON&J@O»JSJ Paramagnetic RE3*. Magnetic ordering be-

low 35 K. Metallic. Stable in air but reacts
with HCl(aq).

FM: Ferromagnetic, AF: Antiferromagnetic
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3 Preparation and methods of characterization

The formation of ternary carbides of rare-earth transition metals requires high temperatures
due to the high melting points and low diffusion rates of the starting materials. Thus, for
the synthesis of the ternary phases techniques such as arc melting, high frequency induction
melting and high temperature reaction were mainly used. Since the formation rate of the ter-
nary phases in these systems is controlled by solid state diffusion, subsequent heat treatment
was required to obtain phase pure materials. SPS (Spark Plasma Sintering) and metal flux
methods were used in special cases for synthesis and sintering purposes. Most intermediate
ternary carbides are air and moisture sensitive, and so are the starting materials. Therefore, all
preparations and sample handling were carried out in argon filled glove boxes (MBraun). A
broad spectrum of methods, such as chemical analyses, diffraction techniques, spectroscopic
methods and theoretical calculations were applied for sample characterization. This chapter

gives an overview of the characterization techniques and methods used in this work.

3.1 High temperature synthesis

3.1.1 Arc melting

An arc melting furnace (CENTORR vacuum industries 5S/A38042-A) with water cooling
system, copper hearth and non-consumable tungsten electrode is fully integrated inside an
argon filled glove box. In order to purify the atmosphere in the recipient, a titanium ingot was
melted prior to melting the samples. A cold pressed pellet of the reaction mixture was placed
on a copper hearth and subsequently transferred to the furnace. The starting material is melted
by an electric arc created between a tungsten electrode and the copper hearth. The specimen
was melted several times in order to ensure compositional homogeneity. The electric current
was adjusted between 16 A and 32 A, considering the vapor pressure of the starting materials.
Weight losses of ~ 1-2 % were considered to be acceptable. The arc melting furnace was
also used for weld-sealing of Nb, Mo and Ta ampoules. X-ray powder diffraction was carried
out on as-cast samples, which usually comprise various different phases. The arc melted
samples were weld-sealed in Nb, Mo or Ta ampoules, subsequently encapsulated in fused
silica tubes and heat treated at different temperatures (1173 K to 1573 K) using chamber
furnaces (Nabertherm). After annealing, the samples were quenched in ice-water and further

characterized.

3.1.2 High temperature reaction

For syntheses involving elements with high vapor pressure, such as Sm and Yb, the starting

materials were cold-pressed into pellets, weld-sealed in Mo or Ta ampoules and transferred
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into a furnace. The synthesis was carried out in a horizontal corundum tube furnace (Lora
1800, HTM Reetz GmbH, Berlin, Germany) under continuous argon flow. An exemplary
temperature program is shown in Figure 3.1.

The reaction temperature was cho-
1673 K-1723 K

N 2h
rare-earth elements and the transition d)wj

sen between the melting points of the
metal. The starting mixture was hea- niss >
ted with a constant rate (ca. 4 K/min) 300K N300 K
to the reaction temperature and kept at Figure 3.1: A typical temperature program for high tem-
this temperature for 72 hours to ensure Perature reactions.

homogeneity of the reaction mixture.

Then, the sample was slowly cooled to 1173 K to accomplish seed formation, diffusion,
and crystal growth. The reaction products were analyzed by X-ray powder diffraction me-
thods. Single crystals of the respective targeted phases frequently grew on the surface of the
sample and could be easily separated for crystal structure determinations. In order to obtain
single phase materials, the samples were further annealed at different temperatures (1173 K
to 1473 K) using chamber furnaces (Nabertherm) for the long term heat treatments. Grinding
of the samples and annealing at different temperatures were repeated until nearly single phase

materials were obtained.

3.1.3 High frequency induction furnace

A high frequency furnace (TIG 5/300, Hiittinger, Germany) fully integrated inside an argon
filled glove box was used for either synthesis or annealing purposes. The furnace was connec-
ted to both, gas and vacuum lines, which gives the possibility to conduct the reactions along
with annealing under vacuum as well as in argon atmosphere at temperatures up to 1473 K.
Cold-pressed pellets from the elements or prereacted samples were weld-sealed in metal cru-
cibles (Nb, Mo, Ta) and placed on top of an inverted corundum crucible at the bottom of the
quartz glass tube. The latter was closed with a quartz glass cap connected to vacuum and
gas lines. The quartz glass tube was positioned such that the crucible containing the sample
is centered within the copper coil without contacting the quartz glass tube. Before and after
reactions the system was evacuated and flushed with argon. During the experiments, the tem-
perature of the metal crucible was continuously controlled by an IR pyrometer (Dr. George

Maurer; Kohlberg, Germany) with a detection range between 973 K and 1873 K.

3.2 Synthesis from metallic flux and melt centrifugation

Liquid metals or metallic fluxes are commonly used for the synthesis of new compounds
and the growth of single crystals of known phases. The metal should have the following

characteristics to be an applicable flux: 7) it should form a melt at reasonably low temperatures



3.3 Spark Plasma Sintering (SPS) 41

so that normal heating equipments and containers can be used, ii) the metal should have a
large difference between its melting point and the boiling point, iii) it should be possible
to separate the metal from the products, by chemical dissolution, filtration, or if necessary,
mechanical removal, and iv) the metal flux should not form highly stable binary compounds
with any of the reactants [150]. In addition, no solubility of the flux in the growing crystal.

Pre-melted alloys or mixtures

of the starting materials with stoi- Sialiees stonl container
chiometric atomic ratio were pres-
sed into pellets and placed in Ta | Quartz wool insulation
crucibles fitted with a Ta-sieve to- : /_%

gether with the flux metal in the

L

| Quartz glass ampoule
volume ratio 1 : 3 and then put

Ta I 1
into fused evacuated quartz glass ampoule (2 10mm)

tubes. The sealed quartz glass tube —Reaction product (solid)

together with quartz wool insula-

tion was then put into cylindrical Tasieve

container made of stainless steel. Melt
This assembly was heated to 1373 v
K for 6 hours and kept at this tem-

perature for 24 hours. Afterwards, Figure 3.2: Schematic representation of the equipment used

the system was cooled to 873 K for reactions and crystal growth supported by the flux me-
for 100 hours and quenched in cold thod.
water. In order to separate the flux
from the grown crystal the sample was placed into a steel container and heated to 873 K.
After keeping at 873 K for 2 hours the steel container was turned around and transferred into
a high-temperature centrifuge [151, 152]. By this, the metal flux-melt was forced through the

Ta-sieve (Figure 3.2).

3.3 Spark Plasma Sintering (SPS)

In the SPS process high energy, low voltage current pulses momentarily generate a spark
plasma and high local temperatures up to ten thousand degrees between the particles resul-
ting in optimum thermal and electrolytic diffusion of the components [153]. SPS sintering
temperatures range between 1273 K and 2773 K. In this work, the SPS method was used for
annealing the arc melted multiphase samples in order to obtain phase pure material. The ear-
lier synthesized multiphase materials were ground and sieved with a 20 um sieve, followed
by transfer into graphite dies with a diameter of 8 mm. They were then placed in the reaction
chamber of an SPS system based on a SPS Dr. Sinter 515 machine, which is integrated in

an argon glove box [154]. The pulse sequence was 12 pulses (each 3.3 ms) followed by a
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pause (6.6 ms), which is the standard operating regime. Temperature control during the SPS

process was carried out using a K-type thermocouple.

3.4 Starting materials

Table 3.1 gives an overview of the elements and materials used in this work.

Table 3.1: Chemicals and materials used for synthesis and crucible/ampoule materials.

Chemicals Company Comment Purity
La AMES pieces 99.99%
Sm AMES pieces 99.99%
Gd DR. LAMPRECHT pieces 99.9%
Tb DR. LAMPRECHT pieces 99.9%
Dy AMES pieces 99.99%
Ho AMES pieces 99.99%
Er AMES pieces 99.99%
Yb AMES pieces 99.99%
Y AMES pieces 99.99%
Cr ALDRICH powder 99.99%
Fe ALFA-AESAR pieces 99.99%
Ru ALFA-AESAR powder 99.99%
Graphitic Carbon CHEMPUR powder 99.9%
Nb-crucible PLANSEE © 8mm tube 99.9%
Mo-crucible PLANSEE © 12mm tube 99.9%
Ta-crucible PLANSEE © 8mm tube 99.9%
Quartz glass HERAEUS QUARZSCHMELZE tube

3.5 X-ray diffraction

3.5.1 Powder X-ray diffraction

Powder X-ray diffraction (PXRD) was used as a primary tool for phase identification by
comparing the experimental powder patterns with the data from crystallographic databases
(PDF or ICSD) or with simulated diffraction patterns of known compounds using the program
package WINXPOW [155]. The crushed and finely ground polycrystalline materials were
placed between vaseline-coated mylar foils on a flat sample holder. Diffraction patterns were
recorded on a Huber-Guinier-camera G670, equipped with a Ge (111) monochromator (Cu
Ko radiation, A = 154.059 pm) or Quartz (1011) monochromator (Co K¢, radiation, A =
178.896 pm) in transmission geometry in the range 4° < 26 < 90°. Powder X-ray diffraction
was also applied for the precise determination of the unit cell parameters. The unit cell
parameters were determined at room temperature using LaBg as internal standard (SRM660a,
a =415.6916 pm, 295.5 K) and refined by least squares refinements of the Bragg reflection
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positions using the PPLP [156] and WinCSD [157-159] programs. Powder XRD was also
used for crystal structure determinations and refinements of single phase materials, for which
good quality single crystals could not be obtained. For the Rietveld refinements the programs
GSAS [160] and JANA 2006 [161] were used.

3.5.2 Single crystal X-ray diffraction

Single crystals were mounted on glass fibers and sealed in Lindemann glass capillaries (©
0.2 mm). Intensity data were collected at room temperature on one of the following dif-
fractometers: i) Rigaku AFC7 diffractometer with Mercury CCD detector and graphite-
monochromatized Mo Ko (A = 71.069 pm) radiation, ii) image plate diffractometer IPDS-
2 (Stoe Cie, Darmstadt, Germany) with Mo Ka; (A = 71.069 pm) radiation; iii) Rigaku
AFCS diffractometer equipped with curved R-axis rapid imaging plate detector and graphite-
monochromatized Ag Ka (A = 56.088 pm) radiation, and iv) image plate diffractometer MAR
345dtb with Mo Ka (A = 71.069 pm) radiation. The data reduction including corrections for
Lorentz and polarisation factor were carried out using the programs CRYSTALCLEAR [162],
X-AREA [163] or EVALI15 [164] depending on the type of diffractometer. Absorption cor-
rections were performed by multi-scan and/or numerical methods. The crystal structures were
solved by either direct methods SHELXS97 or Patterson synthesis and then refined using the
program package and SHELXL.97 [165]. Modulated and composite structures were solved
by a charge-flipping algorithm using the program SUPERFLIP [166], which is implemented in
JANA 2006 [161]. For standardizing crystallographic data the programm STRUCTURE TIDY
[167], implemented in the PLATON software [168] package, was used. The structure models
were assessed by convergence of the R-values (R1; wR2 and GooF), indicating the fit of the

structure model to the observed data. R1 is given by:

Rl — Lk [Fol — | Fel 3.1)
Y | Fol
Weighted wR2 is based on F? and defined as:
WRD — \/thz w(Fy — F2)? (3.2)
L w(Fg)?
Weighting is done according to (for SHELXL.97):
1
YT G2 (E2) + (wl P2+ w2 P 3-3)
where (R4 FY)
P= % (3.4)

Another important factor for assessment of a structure model is given by the goodness of
fit GooF.
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F2—F2)2

GOOF:S: \/thlw( 1% C ) (3.5)
n—p

where 7 is the number of independent reflections and p is the total number of refined parame-

ters. For a very good structure model, GooF is close to 1.

3.5.3 Superspace approaches

Incommensurately modulated structures, composite structures and quasicrystals constitute
the category of aperiodic crystals. Modulated structures are derived from the 3D periodic
structures, where the atoms, groups of atoms or molecules are shifted or rotated with respect
to their neighbors in a such a way that the 3D translational symmetry is broken. To restore
the periodicity, the concept of higher dimensional superspace was developed by De Wollff,
Janssen and Janner [169—175]. They proposed that the shifts in modulated structures are not
arbitrary, but follow distinct rules: within these distortions, additional periodicity is present
which can be mathematically described by so-called atomic modulation functions (AMF)
(Equation 3.7). Thus, modulation can be considered as a periodic deformation of the original
crystal structure. When the periodicity of the modulation is in phase with the periodicity of
the average structure, the modulation is called commensurate modulation or superstructure.
In this case, translational periodicity can be preserved by enlarging the unit cell of the average
structure. When the periodicity of the modulation and the average structure are related by
an irrational number they can be in phase accidentally once, but there is no translational
symmetry between points where the short and the long period are in phase, and this kind of
modulated crystal structures are called incommensurate or aperiodic. Due to the periodic
character of the modulation, additional weak reflections appear in the diffraction pattern.
These peaks are called satellite reflections of the main reflections, which belong to the average
structure, and appear at equal distances +q from all main reflections. The vector q is called
modulation wave vector. The stronger the modulation, the stronger the intensity of satellite
reflections [176]. The modulation wave vector ( can be defined with respect to the reciprocal

lattice of the 3D periodic structure (average structure) as presented in equation 3.6.

3
q= Zo;--a}k (3.6)
i=1

where one of the 6; must be an irrational number for incommensurately modulated crystals.
The atomic modulation functions (u(x4)) describe the atomic parameters along a fourth su-
perspace coordinate, 4. It is defined as x4 = 7 + q-r°, where r° is the average position of the
atoms and t is the phase of the modulation. One can distinguish i) occupational, ii) displa-
cive and iii) thermal modulations. The modulation functions can be harmonic (continuous)

or non-harmonic (discontinuous). The harmonic modulation can be expressed by truncated
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Fourier series, of the following form (Equation 3.7):
m
u(ty) = Y A”sin(%y) +B" cos(y) (3.7)
n=1

where A" = (A", A7, A}) and B" = (B', B3, B}) are the six independent coefficients for each
harmonic component of the modulation [177, 178]. In case of discontinuous modulations,
special functions such as Crenel [179] or saw-tooth (combination of positional and occupa-
tional modulation) functions [180] are used.

Incommensurate composite structures are based on two interpenetrating periodic struc-
tures, or subsystems, that are mutually incommensurate. The three basis vectors of the re-
ciprocal lattice and the modulation wave vector of each of the subsystems are derived from
the set of (3+d) reciprocal lattice basis vectors by so-called W-matrices. The W-matrices are
(3+d) < (3+d) square matrices with integer components [178].

For solving and refining modulated and incommensurate composite structures as well
as for calculation of the ¢ — plots (which shows variation of a certain geometric parameter
with modulation phase ¢ and provides all values for this parameter occurring anywhere in
the three-dimensional crystal structure [176]) as well as the Fourier maps the program JANA
2006 [161] and for structure visualizations the program DIAMOND [181] were used.

3.6 Metallographic investigations

Metallographic examinations were done on bulk specimen of about 5 mm diameter. As the
materials are air and moisture sensitive, they were handled and prepared in a glove box. A
piece of the specimen was embedded in two-component epoxy resin and ground using fixed
abrasive papers (SiC, grit sizes 40, 24 and 15 um). The ground samples were polished in
four steps using a slurry of 6, 3, 1 and 1/4 um diamond powders with n-hexane as lubricant
on polishing cloth (MD-Dur, Struers). After each step, the specimens were cleaned with a
rubber cleaning tool. The microstructures were examined by optical microscopy (Axioplan
2, Zeiss) using bright field, dark field, differential interference contrast (DIC) and polarised
light.

3.7 X-ray spectroscopic analysis

3.7.1 Scanning electron microscopy and energy / wavelength dispersive X-ray analysis

A focused high-energy electron beam interacts with the atoms of a material and several si-
gnals are produced containing information about the sample’s surface topography and com-
position. The types of signals produced by a scanning electron microscopy (SEM) include
secondary electrons (SE), back-scattered electrons (BSE), characteristic X-rays, light (catho-

doluminescence), specimen current and transmitted electrons (in the case of thin samples).
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Microstructure and composition of the material under investigation were examined using a
Philips XL 30 SEM with an integrated energy-dispersive X-ray (EDX) spectrometer. The
characteristic X-ray signals were analyzed using the software package EDAX Genesis. The
EDX analyses in this work were performed without using standards. The standardless EDX is
in general only reliable for elements with Z > 10, which means that the carbon content can not
be determined quantitatively. Quantitative analyses were done using a wavelength-dispersive
X-ray (WDX) spectrometer (Cameca SX 100) using the pure elements as standards. In this
work, the C content was calculated from WDX results by the difference method, i.e. X(C) =
1 - ¥ X;(metal), (sum over RE and T metal).

3.7.2 X-ray absorption spectroscopy (XAS)

When X-rays hit a sample, the oscillating elec-
tric field of the electromagnetic radiation in-
teracts with the electrons bound in an atom.
Either the radiation will be scattered by these
electrons, or absorbed and excite the electrons.
At certain energies, the absorption increases
drastically and gives rise to an absorption edge
corresponding to the binding energy of elec-
trons in the K, L, M, etc., shell of the absorbing
element. This absorption process is exploited
in XAS. XAS gives details about the electro-
nic structure of an element, such as density
of unoccupied states and oxidation state. In
this work, the Fe K-threshold of the samples

Figure 3.3: Beryllium cells used for the XAS
measurements of air and moisture sensitive po-
lycrystalline samples.

was measured at the synchrotron beamline E4
at HASYLAB/DESY in Hamburg. Airtight
stainless steel containers were charged with
air/moisture sensitive polycrystalline materials, diluted with B4C powder in the volume ra-
tio 1 : 3, sealed by indium metal wire gaskets and afterwards closed by Be windows of 0.5
mm thickness (Figure 3.3). The monochromatic (Si(111) double-crystal monochromator)
X-ray passes through the sample and a reference material, which is used for calibration of
the energy scale. The intensity of the X-ray is measured with gas-filled ionization chambers
in front of and behind the sample and behind the reference material. The absorption of the
sample and the reference material follows the Lambert-Beer law. The weights of the sample
and reference materials were calculated using the program XAFSMASS [182], depending on
the energy of the absorption edge of the element under investigation, in order to have opti-
mal absorption. The spectra were evaluated by use of the programs ATHENA and ARTEMIS
[183].



3.8 Méssbauer spectroscopy 47

3.8 Mossbauer spectroscopy

Maossbauer spectroscopy is based on the recoilless nuclear y-ray resonance absorption refer-
red to as Mossbauer Effect. Nuclei in atoms undergo a variety of energy level transitions,
often associated with the emission or absorption of a y-ray. These energy levels are influen-
ced by their environment, both electronic and magnetic, which can split these energy levels.
The interaction between the nucleus and its environment is called hyperfine interaction. Ho-
wever, there are two major obstacles to observe the resonance: 1) the hyperfine interactions
are extremely small and 2) the recoil of the nucleus [184, 185].

Let’s consider a very simple model, in which the vibrational state of the crystal is des-
cribed by a single frequency @, the so-called Einstein frequency. It is instructive to consider
the two limiting cases, in which the mean recoil energy is either larger or smaller than the

transition energy of the Einstein oscillator [186]:

AE >h-o casel (3.8)
AE <h-w case2 3.9

In case 1, the probability of a nuclear transition taking place without any oscillator transition
- that is, the probability of a recoilless process - is correspondingly small. The situation is
entirely different in case 2. Here it is immediately evident that a nuclear transition which is
accompanied by an oscillator transition occurs relatively seldom, leading under these circum-

stances to a high probability for recoilless processes Figure 3.4 [187].
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Figure 3.4: Mossbauer spectrum of resonance absorption.

Resonance only occurs when the transition energy of the emitting and absorbing nucleus
match exactly. The effect is isotope specific. The relative number of recoil-free events is
strongly dependent upon the y-ray energy and so the Mossbauer Effect is only detected in
isotopes with very low lying excited nuclear states. In addition, the resolution is dependent
upon the lifetime of the excited state. These two factors limit the number of isotopes that

can be used successfully for Mossbauer spectroscopy. The most common is °’Fe, which has
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both a sufficiently low energy and long-lived excited state. As the environment of the nuclei
in a system under investigation will almost certainly be different from that of the source, the
hyperfine interactions between the nucleus and its environment will change the energy of
the nuclear transition. To detect this, the energy of probing y-rays must be changed. This
is commonly achieved by oscillating a radioactive source with a velocity of a few mm/s and
recording the spectrum in discrete velocity steps. The energy levels in the absorbing nuclei are
influenced by their environment in three main ways: i) Isomer Shift, ii) Quadrupole Splitting
and iii) Magnetic Splitting. These three interactions depend on the oxidation state, local
environment and local magnetic properties of the nuclei and alone or in combination are the
primary characteristics of Mdssbauer spectra.

For the measurements, very finely ground air/moisture sensitive samples (< 20um),
containing 5-10 mg of Fe, were put into an air tight polyethylene (PE) sample holder with
O-ring gaskets and set screw. Mdossbauer spectroscopic measurements were made using a
conventional microcomputer controlled spectrometer (Halder) in sinusoidal mode and in ver-
tical transmission arrangement. Measurements were performed with an area density of 5
mg/cm? iron using a 3’ Co/Rh radiation source. The transmitted intensities were stored in a
1024 multichannel analyzer (Halder). The velocity range was + 4 mm/s and isomer shifts
are reported relative to a-Fe. The Mossbauer spectrum was folded to 510 channels and fit-
ted with the Recoil Mdssbauer analysis software [188] using Lorentzian lineshapes. Spectra
were decomposed into subspectra with following parameters: isomer-shift (IS) (mm/s), half
width I" of the lines (mm/s), quadrupole splitting QS (mm/s), internal magnetic field H(T),
and area A(%) of the individual subspectra. The convergence of the iteration and the y2-value

of the final fit served as an indication of the quality of the refinement (Equation 3.10).

c _Yi,obs)2 . 1
Y? N-K

i,obs

v Yiea

=) — (3.10)
i=1

Here Y; cqic and Y; o are calculated and observed intensities per channel i, respectively; N
is the total number of measured intensities and K is the number of refined parameters. The
measurements as well as data fitting were performed in Prof. K. D. Becker’s laboratory at
Technical University of Braunschweig. Before and after the Mdssbauer spectroscopic mea-
surements the compounds were analyzed by XRD to ensure the stability of the compounds

against y-rays and to check the tightness of the sample holder.

3.9 Thermal analysis

Thermal analysis comprises a group of techniques where the properties of materials are stu-
died as they change with temperature. In this work we used differential thermal analysis
(DTA) and differential scanning calorimetry (DSC). A DTA diagram is a curve of the tem-

perature difference between a sample and a reference material plotted against time or tem-
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perature, whereas a DSC curve indicates the heat flux versus time or temperature. The mea-
surements were carried out in argon atmosphere (Netzsch STA 409 EP). A Ta-crucible was
charged with about 50-100 mg of the ground sample and weld-sealed in a glove box. The
sample was heated to 1773 K and cooled to room temperature with constant heating and
cooling rate of 5 K/min. Heating and cooling cycles were repeated three times in order to
clearly identify the thermal effects. The thermal effects on DTA/DSC curves contain infor-
mation about chemical or physical changes of the sample, i.e., melting, decomposition, phase
transitions, recrystallization and so on. The measured data were evaluated by the program
PROTEUS 4.0 BETA (Netzsch-Geritebau) implemented in the NETZSCH software package
[189].

3.10 ICP-OES and combustion technique

The chemical composition of the starting materials as well as of the synthesized materials
were quantitatively analyzed by ICP-OES (Inductively Coupled Plasma Optical Emission
Spectrometry). About 10-50 mg of the materials were dissolved in aqua regia (1 Viuno,)
: 3 Viacr) and injected into the argon plasma chamber of the ICP-OES apparatus (Vista
RL, Varian, Darmstadt). The ICP-OES method allows to conduct multi-element analyses by
detecting their characteristic optical emission lines. For determination of the non-metallic
components the combustion method (C and N) or the hot gas extraction method (O, Leco
CHLN-932) were used. For this, the samples are encapsulated in a tin capsule and combusted
or pyrolyzed in an oxygen stream together with an accelerator to determine the content of
carbon and nitrogen. The gases CO; or NO, pass through a hot copper metal wire mesh where
NO is reduced to N; and excess O is removed. CO, is detected by infrared absorption while
N is detected by measuring the heat conductivity. By use of the carrier gas hot extraction,
the sample is molten in a graphite crucible under a helium flow. Carbon is dissolved from
the crucible and reacts with the oxygen in the sample to form CO and sometimes partly CO,.

Both gases are detected by infrared absorption.

3.11 Physical property measurements

3.11.1 Magnetic susceptibility

Bulk pieces of the polycrystalline samples of about 40-100 mg mass were sealed in pre-
calibrated quartz tubes (diameter = 4 mm, wall thickness = 1 mm) under 400 mbar He-
atmosphere. The magnetic susceptibility was measured on a SQUID magnetometer (MPMS
XL-7, Quantum Design). The magnetometer contains a high-precision temperature control
system that allows measurements between 1.8 K to 400 K with an accuracy of 0.01 K (valid
at low temperatures). A superconducting magnet provides magnetic fields up to B.; =7 T,
with a field accuracy of 10 uT (for small fields).
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3.11.2 Electrical resistivity

The dc (direct-current) electrical resistance of the samples was determined by a conventional
four-point setup on roughly bar-shaped pieces. The measurements were carried out in tempe-
rature ranges between 4 K and 320 K. All handling of the samples were carried out under inert
gas. The equipments using the four-point method are based on the following principle: two
outer contacts comprise a two-wire current source that circulates current through the sample;
two inner contacts provide a two-wire voltage measurement circuit that measures the voltage
drop across the sample. The value of resistance is computed from the measured values of

current and voltage according to Ohm’s law.

3.12 Chemical bonding analysis

3.12.1 Density functional theory (DFT)

Modern quantum chemistry relies on two distinct domains of theoretical approaches, the
ab-initio Hartree-Fock Self-Consistent-Field (HF-SCF) method (and its extensions) and the
density functional theory (DFT). In the last decades DFT was developed as the mainstream
in quantum chemistry of solids, which had been introduced in the mid-1960s by Hohenberg,
Kohn and Sham [190]. The fundamental quantity of DFT is the electron density, from which
according to Hohenberg and Kohn all of the ground state properties of a system may be
derived. DFT can account for correlation effects. Furthermore, Kohn and Sham formulated
mathematical solutions for density functional problems in many-body systems by solving a

set of Schrodinger equations of the form:

Hys¥,(7) = %;(7) (3.11)
IqKS — Tp _’_VH +ch+Vgx[ (3.12)
Elp] =Ty + Vi + Vi (3.13)

where the F[p] defines the electron part only, and the problem can only be solved iteratively
using the self-consistent field (SCF) method until input and output electron densities differ by
less than a selected convergence criterion. Coupling of the electron density p with the ground
state properties of a system, such as energy, is the most important idea of DFT. In a crystal,
the Kohn-Sham equations can be solved independently for each k-point once the density has
been calculated. Therefore, the size of the secular determinant only depends on the number
of basis functions in the unit cell. However, to obtain accurate densities and wave functions,

the calculations have to be carried out for a sufficiently large number of k-points.
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3.12.2 LMTO-ASA method

The LMTO-ASA (linear muffin-tin orbital — atomic sphere approximation) method is widely
used for DFT electronic structure calculations in solid state chemistry and physics, when a
fast yet accurate calculation of the band structure and related properties is more important
than an accurate total energy [191]. For this method the electrostatic potential of a crystal
is approximated by a so-called muffin-tin potential which is spherically symmetric within
a sphere with definite radius ry;r centered around each nucleus (MT sphere), and constant
outside the spheres. The basis functions are the atom-centered muffin-tin orbitals (MTO)
that have a different functional form inside and outside the spheres, but are continuous and
differentiable at ry;7. The MTOs represent a minimum basis set and are obtained by solving
the Schrodinger equation within the MT spheres. In the ASA, the domains of the atoms are
replaced by spheres of equal volume, the so-called Wigner-Seitz spheres, which are touching
each other or overlapping up to ca. 10%. The spaces between these MT spheres are filled by
so called empty spheres, which are wave functions without nuclei. The calculations presented
in this thesis were carried out using the program TB-LMTO47 on an IBM RS/6000 running
AIX and on PCs running Linux. The ASA sphere radii and positions of empty spheres were
determined automatically according to the method described in [191, 192]. Starting from
atomic Hartree potentials, the calculations were iterated to self-consistency. For integrations

in k-space, the tetrahedron method was used.

3.12.3 Crystal orbital Hamilton population (COHP) method

The crystal orbital Hamilton population (COHP) method was developed as an indicator for
chemical bonding in solids and molecules by analyzing the orbital interactions in momen-
tum space within density-functional electronic structure calculations [133]. The COHP was
calculated in this work on the basis of LMTO-ASA calculations using a supplement to the
TB-LMTO47 program [191]. COHP indicates whether an orbital interaction is bonding,
nonbonding or antibonding within an energy range. Bonding states are characterized by a
positive overlap integral, but a negative Hamiltonian matrix element, thus negative COHP
values corresponds to bonding states. By integrating COHP values of the interactions up
to the Fermi level, ICOHP(EF), the bond strength can be quantitatively characterized: the
ICOHP represents the contribution of a given two-center interaction to the band-structure

energy.

3.12.4 Electron localization function (ELF) and Electron localizability indicator (ELI)

In addition to COHP analysis, the electron localizability indicator (ELI) was used for chemi-
cal bonding analysis of the investigated compounds [134, 135]. Topological analysis of ELI
allows the chemical bonding analysis of solids in real space by looking for local maxima and

the zero-flux surfaces of its gradient field. The ELI is defined in terms of a novel space par-
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titioning scheme and has the following advantages compared to the well-established electron
localization function (ELF), i) ELI does not require scaling by a reference system which has
to be chosen somewhat arbitrary; ii) ELI can be defined at a correlated level of theory; iii) a
variant of ELI, called ELI-D, allows for charge decomposition analysis, i.e., the contributions
of individual (atomic or molecular) orbitals to ELI can be calculated. In the case of ELI-D,
the space is divided into so-called microcells each of which containing the same, infinitesimal
fraction of a same-spin electron pair. ELI(r) is then proportional to the charge contained in a
microcell at position r [8].

The analysis of the ELF or ELI topology can be coupled with Bader’s quantum theory of
atoms in molecules (QTAIM) [193], which is based on the topological analysis of the charge
density. According to his definition, a QTAIM atom comprises a volume that: i) contains a
nucleus and 7) is limited by zero-flux surfaces of the electron density gradient. This volume is
frequently called atomic basin. Two kinds of information that can be extracted from QTAIM
analysis are the volume of an atom and the charge of an atom.

QTAIM analysis is coupled with ELF/ELI analysis as follows. The zero-flux surface of
the ELF/ELI gradient is used to define basins, which may represent a bond, a lone pair, or
an inner shell of an atom, and the electron density is then integrated within this basin [194].
This combination allows to assign the number of electrons that participate in an individual
bond in the ELF/ELI picture.
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4 RE15[F98C25] (RE = Y, Dy, HO, El’)
4.1 Synthesis and phase analysis

A series of isotypic compounds RE|5[FesC,s] was synthesized from mixtures of Y, Dy, Ho or
Er (Ames, 99.99%), Fe (Alfa Aesar, 99.99%) and graphitic carbon (Chempur, 99.9%) in the
molar ratio RE : Fe : C=15: 8 : 25. The cold-pressed pellets were arc-melted several times
to improve the homogeneity of the samples. For heat treatment the samples were put into Ta
ampoules, which were sealed by arc-welding. The Ta-ampoules containing the samples were
then sealed in evacuated fused silica ampoules, annealed at five different temperatures for
21 days (between 1173 K and 1573 K with steps of 100 K) in a horizontal tube furnace and
finally quenched in water. The optimal annealing temperature, with highest yield of the main
phase, was determined to be 1173 K for the Y, Ho and Er phases while nearly single phase
Dy 5[FesCss] was obtained only at 1573 K. The grey reaction products were obtained with
good crystallinity. All the compounds were already formed in the as-cast samples as the ma-
jority phase. In the case of the Y and Dy compounds, the formation of the RE5[FegCys] type
compounds seems to depend on the cooling rate. Slow cooling of Dy;5[FegC,s] containing
samples results in the formation of another ternary phase, Dys g4[Fe2Co] (see Section 5.1),
whereas Y5 ¢4[FeoCo] was always present as a minority phase in all Ys[FegCys] containing
samples annealed between 973 K and 1573 K. In order to prepare single phase Y 5[FegCos]
and Y5 g4[Fe2Co] materials, systematic investigations of the Y-Fe—C ternary phase diagram
should be conducted.

Powder X-ray diffraction patterns were recorded on a Huber-Guinier camera G670 in the
range 10° < 20 < 85° with a step width of 0.005° using monochromatic Co Ko radiation
(A =178.896(1) pm). LaB¢ was used as an internal standard (SRM660a, a = 415.6916 pm).
The lattice parameters, determined by least-squares refinement of the peak positions obtained
from powder diffraction patterns using the program WinCSD [157-159] are listed in Table
4.1. The unit cell parameters of RE|s[FegC,s] phases follow the lanthanoid contraction rule.
In all samples, a tiny amount of metallic Fe (< 5% of max. intensity) and a few very weak
reflections (< 5% vol.) originating from an unidentified minority phase (Figure 4.1) were
always present.

The thermal behavior of the nearly single phase Dy;5[FegC,5] sample was examined by
DTA (Section 3.9). The bulk material (85 mg) was sealed in a Ta-crucible by arc-melting. The
samples were heated to 1723 K with a heating rate of 10 K/min, which is the operating limit
of the device in an Ar-filled glove box, and cooled down to room temperature with a cooling
rate of 10 K/min. The DTA measurements were performed on two different specimens, with
one and three heating/cooling cycles, respectively. Figure 4.2 shows the first heating/cooling
cycle of the DTA investigation.
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Figure 4.1: Experimental and calculated powder X-ray diffraction patterns for compounds
RE|5[FegCys]. The peaks corresponding to o-Fe are marked by solid green triangles, the Bragg peak
positions of Y5 ¢4[FeoCo] phase are marked with red vertical bars and the dark-red arrows represent
the peaks of an unidentified impurity/trace phase, respectively.
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A strong endothermic effect, ~ 0.4 uV/mg, with the peak maximum at 1682 K is ob-
served during heating process (plus a small additional effect at ~ 1640 K). After the DTA
measurement the sample looked as if it was molten. X-ray phase analysis after the first cycle
reveals the presence of Dy 5[FegCss], Dys. ¢4[Fe2Col, Dy>Cs, ax-Fe and TaC. Thus, the en-
dothermic effect at 1682 K corresponds to the peritectic decomposition of Dy;s[FegCys].
XRD also shows that the sample had reacted with the Ta-crucible at higher temperatures,
thus additional effects were observed during cooling and repeated heating which could not
be assigned. This means that Dy;s[FegCys] is stable up to ~1640 K and for single crystal
growth samples should be annealed below this temperature. A similar thermal behavior can
be expected for isotypic compounds.

Based on the DTA results, single

crystals of all isotypic phases, ex- 1 : : '

cept Y5[FegCys], were successfully 047 %l

grown by a high temperature heat 0.2 4

treatment procedure (Section 3.1.2). 5 0_0_'

As-cast samples of the Ho and & 4

Er compounds were sealed in Ta- ?}_ o

ampoules and heated to 1823 K, E -0_4_- T

gently cooled down to 1173 K with Q -06—- )
a cooling rate of about 4 K/min

and further cooled to room tempe- -0.8 .
rature within 3 hours. After heat 1 _0; _
treatment prismatic crystals, suitable
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for single crystal diffraction studies Temperature (K)

were grown.  Single crystals of
D FeaC Juri Figure 4.2: DTA curves (heating and cooling) of nearly
yis[FegCas] were grown during a single phase Dy s[FegCas].

30 days annealing process at 1573 K.

Table 4.1: Unit cell parameters and the Bravais lattice types of compounds RE5[FesCss] (RE =Y, Dy,
Ho and Er).

Compound Bravais lattice al/pm c/pm V/106 pm?
Y 5[FesCos] hP 1194.92(4) 513.83(3) 636.37(5)
Dy 5[FegCas] hP 1192.63(2) 514.36(2) 633.59(3)
Ho5[FegCss] hP 1189.11(7) 511.26(5) 626.06(8)
Ers[FegCys] hP 1185.29(4) 508.46(4) 618.64(1)

In order to obtain single phase materials for physical property measurements, the SPS me-
thod was used for sintering of the pre-reacted samples as described in Section 3.3. The
sintering procedure was carried out at 923 K, 1123 K, 1423 K and 1523 K for 1 hour for
the Dy;s[FegC,s] samples. Up to the sintering temperature of 1423 K, the X-ray phase ana-
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lysis did not reveal any significant change while after treatment at 1523 K the main phase
Dy 5[FegCs5] decomposed to DyC, and a-Fe. Some additional X-ray reflections were ob-
served which belong to an unknown phase. Thus, in order to achieve the optimal conditions
further investigations should be carried out.

The atomic ratio of the elements of Dy;s[FegCys] was semi-quantitatively determined
by metallographic examination combined with WDX analyses as described in Section 3.7.1
on polished samples (Section 3.6). WDX (Cameca SX 100) analyses using metallic Fe and
DyF; as standards by analyzing 10 different points revealed an averaged composition of the
majority phase (98 vol.%) corresponding to the atomic ratio of Dy : Fe : C=30.0(4) : 16.4(3)
:53.6 = 15.0: 8.2 : 26.8; the carbon content was determined by the difference method. The
EDX analysis on a single crystal of the isotypic phase ErjsFegCys resulted in the atomic
ratio Er : Fe = 65.4(6) : 34.6(9) ~ 15.09 : 8.0 (Figure 4.3). No perceptible homogeneity
range was observed by using variable carbon contents (4 10 at.%) during preparation. The

RE5[FegCys] phases are stable in air and moisture.

4.2 Crystal structure determination

Prismatic shaped single crystals where isolated from bulk RE5[FesC,5] (RE = Dy, Ho and
Er) under liquid paraffin in an Ar-filled glove box. Crystals with sizes of about 50 x 50 x
100 um were mounted on glass fibres and sealed in Lindemann glass capillaries of © 0.2 mm
diameter. Single crystal diffraction investigations were carried out on a Rigaku AFC8 diffrac-
tometer equipped with curved R-axis rapid imaging plate detector and graphite monochro-
matized Ag Kot (A = 56.088 pm) radiation for Er;5[FegCys5]. An image plate diffractometer
IPDS-2 (Stoe Cie, Darmstadt, Germany) with Mo Ka (A = 71.069 pm) radiation was used
for data collection of Ho5[FegCs,s] and a Rigaku AFC7 diffractometer with Mercury CCD
detector and graphite monochromatized Mo Ka (A = 71.069 pm) radiation for Dy;5[FegCss].
All measurements were performed at ambient temperature. Crystallographic data and further
details of data collection and crystal structure refinements are listed in Table 4.3.

The structure solution and refinement procedure will exemplarily be discussed for
Eris[FegCys]. Figure 4.3 shows a BSE image of a single crystal of Er;5[FegCj5] and a dif-
fraction pattern for the hk2-layer. The diffraction pattern appeared to be trigonal but the space
group could not be unambiguously determined since no systematic absences were observed
after processing the data; the extinction symbol is P- - -. Thus, the R;,;; values of the merged
data set were carefully analyzed. Excluding triclinic symmetry, the Laue classes 3m (hex.)
and 3 (hex.) had the lowest R;,; value of 0.03 whereas the apparent Laue group 6/m and
6/mmm showed R;;,; values of 0.08. The mean value for Sheldrick’s criterion |E2 - 1| of 0.681
is much lower than the expected value of 0.736 for the non-centrosymmetric case. These
facts indicate that the specimen under investigation was merohedrally twinned [195]. In the

next step, as recommended in reference [195], the R;,;; values for candidate space groups with
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Figure 4.3: Back scattered electron (BSE) image of a Er;s[FesC,s] single crystal and its diffraction
pattern (reconstructed Laue image, hk2-layer).

extinction symbol P- - - were analyzed (Table 4.2).

Table 4.2: Possible space groups with extinction symbol P- - - for Laue classes 3m, 3, 6/m and 6/mmm.

H-M symbol No. Laue class Ry H-M symbol No. Laue class R

P3ml 164 3m 0.051 P6/mmm 191 6/mmm 0.081
P3ml 156 3m 0.051 P62m 189 6/mmm 0.081
P321 150 3m 0.051  P6m2 187 6/mmm 0.081
P3 147 3 0.046  P622 177 6/mmm 0.081
P3 143 3 0.046  P6mm 183 6/mmm 0.081
P31m 162 3m 0.088  P6 174 6/m 0.079
P31m 157 3m 0.088  P6 168 6/m 0.079
P312 149 3m 0.088  P6/m 175 6/m 0.079

On the basis of these R;,; values one can conclude that the true Laue symmetry is 3m or
3 and the possible space groups are the ones with R;,; < 0.051. The three space groups be-
longing to Laue class 3m were chosen and the crystal structure was solved by direct methods
using the program package WinGX [196]. A structure model with reasonable CFOM (com-
bined figure of merit) of 0.03 was found in space group P321 (150). The structure refinement
using this model with anisotropic ADPs of the metal atoms converged to residuals of R1 =
0.11 and wR2 = 0.29. The possible merohedral twin matrix and the mass fractions of the
twin components were determined using the programm TWINROTMAT implemented in the
program package PLATON [168]. The basic idea behind the algorithm in TWINROTMAT is to
statistically analyze the possible twin axes using the reflections with F,;; > F .. All crys-
tals under investigation were twinned with the same twin law, 010 100 001. After applying
the twin law, for example in the case of Erj5[FegCys], the refinement converged to residuals
R1=0.02 and wR2 = 0.03 for 6330 unique reflections and 78 variables with residual electron

density of ~2e™ / As, indicating a good fit of the observed electron density. An examination
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for missing symmetries did not suggest a new space group for the structure. The atomic dis-
placement parameters for the metal atoms were refined in anisotropic approximation. Only

for Er;s[FegCys] the carbon atoms were anisotropically refined.

Table 4.3: Crystallographic data and details on data collection and structure refinements for com-
pounds RE15[FesCss] (RE = Dy, Ho, Er).

Chemical formula, Z Dys[FesCss], 1 Ho;5[FegCys], 1 Erq5[FegCss], 1
Crystal system trigonal
Space group P321 (no. 150)
Temperature [K] 295
Radiation, A [pm] Mo Ko, 71.069 Ag Ka, 56.088
. . 010 100 001
Twin matrix 2100 0-10 00-1 010 100 001
Twin fractions 0.20:0.45:0.16 0.57:043 0.67:0.33
Formula mass [g-mol '] 3184.55 3220.71 3255.66
a [pm] 1192.63(3) 1190.38(3) 1186.02(2)
b [pm] 514.36(2) 510.80(1) 508.85(1)
V [pm?-10%] 633.59(3) 626.83(2) 619.87(2)
Pealc [g-cm?] 8.346 8.533 8.722
Crystal size [um?] 50 x 50 x 100 40 x 50 x 90 20 x 20 x 80
Tonins Tnax 0.5897, 1.0 0.585, 1.0 0.5897, 1.0
Rins. 0.0296 0.046 0.0255
O-range [°] 1.97 - 32.20 1.98 —43.38 1.97 - 32.20
Scan 0, ®
9<h<L16 23 <h <23 28 <h <29
hkl-range 17<k<10 23<k<23 29 <k <29
1<I1<T 9<I<4 A1 <I<12
Extinction coefficient y @) 0.000585(3) 0.000777(2) 0.003875(5)
Absorption correction Multiscan
Absorption coefficient, u [mm~'] 48.01 51.163 29.214
Unique reflections / parameters 1345765 3029 /73 6330/78
R(F,)/ wR(F 2) | GooF (all data) ~ 0.026/0.052/1.13 0.022/0.041/1.02 0.016/0.031/1.12
max. / min. Ap [&/ (10°- pm?)] 2.36/-2.46 3.23/-2.44 3.70/-4.04
wl /w2 ® 0.0202 /0.6651 0.0173/2.299 0.0091 / 0.6248

l Supplementary data are available from the FIZ, D-76344 Eggenstein-Leopoldshafen, Germany, e-mail
crysdata@FIZ-karlsruhe.de, by quoting the depository number CSD-420018, CSD-421364 and CSD-
421467

@ F, is multiplied by k[1 + 0.001 - x F2 -A3 / sin(26)] /4

® R=¥(|F, | - [E. |) /X |F, |, wR = (Ew(F2 - F2)2/(Ew(F2)*)"/? with
w = 1/[c*(F2) + (wl - P)? + w2 - P] with P = (F2+ 2F?)/3

As P321 is a non-centrosymmetric space group, the presence of racemic twinning was

confirmed too. Only in the case of Dy;s[FegC,s] the Flack parameter was significant, and
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was taken into account during the refinement. The atoms are distributed on 3 RE, 3 Fe and
5 C positions and the atomic sites are fully occupied within the standard deviations except
one carbon site 2¢ (C5), which corresponds to the monoatomic carbon species in the crystal
structure. Exemplarily, atomic coordinates in the asymmetric unit, equivalent atomic displa-
cement parameters and site occupancies of the Wyckoff positions for Er5[FegC»s] are given
in Table 4.4. The anisotropic displacement parameters of the atoms and atomic coordinates
for all isotypic RE|5[FegCys] compounds are listed in Table 9.18 and Table 9.19, respectively.
After several refinements checking the correlation between occupancy and atomic displace-
ment parameters the occupancy parameter for the C5 site was fixed to 50%. However, the
ordering of C5 atoms is possible in the translationengleiche subgroup P3 (143). By the trans-
formation of index 2, P321 2 P3, the 2c site in space group P321 splits into 2x la sites in
P3 (143) with the same unit cell. The refinement in P3 yields the same half occupancy for
these carbon sites. Therefore, there is no reason to reduce the symmetry to P3 for the refi-
nement. However, the lower symmetry space group was chosen as an ordered model for the
crystal structure description and for electronic structure calculations, since it allows remo-
ving one of two carbon atoms at a 1a site. Investigations of a series of samples with varying
carbon content (during preparation) by powder X-ray diffraction analysis did not evidence
any homogeneity range. Furthermore, no weak reflections indicating a superstructure could

be observed.

Table 4.4: Er5[FegCys]: Fractional atomic coordinates, equivalent isotropic displacement parameters
[10* pm?] and site occupancies; estimated standard deviations are given in parentheses.

Atom Site Occ. X y z Ueg.

Erl 6g 1 0.2885(1) 0.4046(1) 0.2535(1) 0.0047(1)
Er2 6g 1 0.5118(1) 0.1445(1) 0.2454(1) 0.0048(1)
Er3 3f 1 0.1689(1) 0 1/2 0.0069(1)
Fel 3e 1 0.2488(1) 0 0 0.0083(1)
Fe2 3e 1 0.8682(1) 0 0 0.0055(1)
Fe3 2d 1 1/3 2/3 0.2615(2) 0.0050(1)
C1 6g 1 0.0776(2) 0.3962(2) 0.2426(6) 0.0075(2)
C2 6g 1 0.1643(2) 0.5244(2) 0.2597(5) 0.0054(2)
C3 6g 1 0.2995(2) 0.1895(2) 0.1933(5) 0.0086(3)
C4 6g 1 0.4197(2) 0.2973(2) 0.2395(5) 0.0057(2)
C5 2¢ 0.5 0 0 0.240(2) 0.0068(8)

4.3 Crystal chemistry

The crystal structures of the isotypic series RE|5[FegCos] represents a new structure type with
Pearson symbol #P48 and will be described exemplarily for Er5[FegCys].

The striking feature of this crystal structure is a planar group of six Fe atoms in form
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of a slightly distorted triangle with the Fe atoms taking positions at the vertices and at the
midpoints of the triangle. Such planar Feg-structural units have not been observed in carbides
so far. Each Feg-cluster is surrounded only by carbon atoms within the nearest neighbor
distances to the Fe atoms; twelve C,-pairs are end-on connected to the Fe atoms at the vertices
and at the midpoints of the triangle and one monatomic C carbon ligand caps this Feg-cluster

from top or bottom, forming an even bigger cluster unit [Feg(C)(C3)6(C2)q /2] (Figure 4.4).
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Figure 4.4: Planar Feg-clusters surrounded by twelve C,-pairs, six of them serving as bridging ligands
to trigonal planar [Fe(C;)3]-units. A monoatomic carbon ligand takes a position either above or below
the Fe2 triangle.

Each cluster has six nearest neighbor clusters in the ab-plane at a distance of ~ 1190
pm (between the centers of the clusters) and is connected to neighboring clusters via trigonal
planar Fe3(C,)s groups, thereby forming infinite 2D layers. Figure 4.5a shows the layer-
motifs viewed along [010]. The primitive stacking of the polyanionic layers can easily be
recognized. Er cations are positioned between the layers. The arrangement of Er atoms can
also be described in the following way: 9 Er atoms (Erl, Er2) build up a trigonal tricapped
prism embedding a Fe3(C,)s trigonal planar group. The prisms share their common basal

faces to form one dimensional chains running along [001] (Figure 4.5b).
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[FesCys]: a) Primitive stacking of layers

Figure 4.5: Crystal structure of Erys
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Figure 4.6: Crystal structure of Er;5[FegCys]: Feg-clusters lying on a common (001) plane (grey), and interconnected via trigonal planar [Fe(C;)3]-units.
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Tricapped trigonal prismatic columnar chains containing Fe3(C,)3 groups in the crystal
structure of Er5[FegC,s] are also present in the crystal structure of Las g7[Fe(C2)3] (Section
6.2.2) as well as in nitridoferrates like Ba3[FeN3] [197]. In these crystal structures the chains
are formed around the 6- or 3-fold axes running along [001]. In Las ¢7[Fe(C,)3] the chains
share common edges caused by a 63 symmetry element and form a host framework structure
(Figure 6.5), whereas in Er;5[FegC;s], due to the point group symmetry (321), these building
blocks are isolated from each other and form a honey-comb like arrangement (Figure 4.5b).
Inside the honey-comb arrangement the Er3 atoms form trigonal prismatic chains containing
the Feg-clusters. Er3 atoms together with the Fe2 atoms form octahedral channels running
[001], which are stuffed by monoatomic carbon species. Because of the space-consuming
ligands surrounding the clusters and their linking via isolated structural units, the distance
between neighboring clusters within polyanionic layer becomes very large. The connection
of clusters is visualized in Figure 4.6. The clusters on the (001) plane are connected to each
other by Fe3(C;); groups which are located above and below the plane. Six out of twelve
C, units serve as bridging ligands between the Feg-clusters and the Fe3(Cz)3/, groups. The
random distribution of the monoatomic carbon ligands is indicated in Figure 4.6 by their

positions above or below the Feg cluster-plane.

The structural relationship between the Feg cluster unit in this ternary compound and bi-
nary iron carbides can be considered in the following way. In the crystal structure of y-Fe
or the binary iron carbides €-Fe3;C and n-Fe,C, infinite hexagonal nets are formed by the
Fe atoms as shown in Figure 4.7, all having comparable Fe—Fe distances. The short Fe—Fe
distances in the crystal structure of REs5[FegCys] (d(Fel-Fe2) = 255.7 pm and d(Fe2—Fe2)
= 270.9 pm) are just between the respective distances in y-Fe (242.5 pm), €-Fe3;C (275.4
pm) and n-Fe,;C (260.6 pm and 277.8 pm) (Figure 4.7). Comparing the Fe-Fe interato-
mic distances, the planar Feg triangular units can be regarded as homonuclear Feg clusters.
From a structural point of view, the planar isolated Feg-clusters in the crystal structure of
RE5[FegC»s] can be regarded as fragments of the binary iron carbides or elemental iron. In-
deed, it is possible to define the trigonal unit cell of RE5[FegCys], with the Feg clusters at the
vertices of the unit cell, also on the hexagonal lattice of y-Fe. Figure 4.8 shows a comparison
of the arrangement of the Fe atoms in the hexagonal lattice of y-Fe with the arrangement of
Feg clusters in RE|5[FegCss]. The trigonal unit cell resulting for y-Fe reveals an only slightly
elongated lattice parameter (a ~ 1199 pm) compared with RE5[FegC;s]. The amazing thing
is that the arrangement (distance and orientation) of the Feg units in the crystal structure of
Y-Fe and REs[FegCys] are almost matching. One may assume that the replacement of the
Fe atoms in the crystal structure of y-Fe (which do not participate in the formation of the Feg
units) by RE and carbon atoms results in the formation of the RE5[FegC,s] crystal structure.
In addition, only very few examples of more or less isolated Fe—Fe bonds have been repor-
ted. The crystal structure of ErpFeCy [29] contains one dimensional iron chains with Fe—Fe

distances of 250 pm. Fe, dimers with bond lengths between 269 pm and 314 pm have been
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reported in metal organic compounds [198-202].

n-Fe,C e-Fe,C

Figure 4.7: Structural fragments in the crystal structures of RE5[FegCss], v-Fe, n-Fe,C and &-Fe;C.
The Feg cluster can be formally considered as part of the crystal structure of iron and binary carbides.

Coordination polyhedra and interatomic distances are described below, in more detail.
The crystal structure of Er5[FegC,s] contains three crystallographically different Er atoms,
two of them occupying the general position 6g and another one on the position of a two-
fold axis, thus having a multiplicity of three (3f site). The coordination of all atom types on
the different crystallographic sites in the crystal structure of Er5[FegCos] is shown with the
respective interatomic distances in Figure 4.9. Both Erl and Er2 atoms have three Fe nearest
neighbors at an average distance of 306.9 pm and 317.9 pm, respectively. These distances are
similar to the Er—Fe contacts in ErpFeCy (d(Er-Fe) =317 pm) [29] and in binary intermetallic
phases such as ErFe, (d(Er-Fe) = 310 pm) [101] and ErgFes3 (d(Er-Fe) = 305 pm) [203].
Because the sum of the covalent radii of Er and Fe atoms equals 297 pm [165], the Er—Fe
contacts at distances higher than 300 pm can be considered as only marginal contacts having a
low contribution to the effective coordination number (ECoN) of Erl and Er2 [204]. Besides

Fe atoms, the Erl and Er2 atoms each have eight Er nearest neighbors at average distances of
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Fe, clusters in
RE15[F98025]

Figure 4.8: Comparison of the structural arrangements of Fe atoms in the hexagonal structure of y-Fe
(top) with the arrangement of Feg clusters in the crystal structure of RE|5[FegCys] (bottom).

356.6 pm and 363.6 pm, respectively. Similar distances are observed in the crystal structure
of ErpFeCy (d(Er—Er) = 343 to 372 pm) and in CeNiC,-type ErFeC, (d(Er-Er) = 353 to 375
pm) [31]. In addition, the Er2 atoms have two more Er—Er contacts at distances of 387.9
pm and 394.0 pm which are more than 40 pm longer than the covalent diameter of Er atoms
(346 pm) [165]. These contacts can probably be excluded from the first coordination shell
(Figure 4.9a). Thus, the coordination number of Erl and Er2 by metal atoms can be counted
as 11. The coordination shells of Erl and Er2 atoms are completed by eight carbon atoms at
distance between 245.5 to 263.6 pm and 240.6 to 286.5 pm, respectively (Figure 4.9b).
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Figure 4.9: Coordination shells of all atomic types in the crystal structure of Ery5[FegCys5]. Coordina-
tion around a) Er atoms, ¢) Fe atoms and e) carbon atoms by metal atoms. Nearest carbon neighbors
for b) Er atoms, and d) the Fe atoms, respectively.
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Similar distances can be also found in Er,FeCy4, ErFeC, or in binary carbides such as ErC,
(d(Er—C) = 240 to 264 pm) [205]. As differing in site symmetry, the Er3 atoms differ from

the other Er atoms in their coordination as well.

Er3 is coordinated by six Fe atoms (2 x 271.5 pm and 4 x 313.0 pm) and 6 Er atoms
(2 X 339.5 pm, 2 x 347.0 pm and 2 x 376.6 pm) resulting in the coordination number 12
(Figure 4.9a). In Pearson’s Crystal Database [11], the shortest Er—Fe distances of 280.5 pm
is found in the intermetallic phase Er,Fe 7 [206]. This means that the short Er—Fe contacts of
271.5 pm in the crystal structure of Er;5[FegCys] could indicate a bonding interaction which
will be analyzed using the COHP method in Section 4.5. The Er3 atoms are in contact with
six carbon atoms arranged in a distorted octahedral manner (Figure 4.9b) with interatomic
distances between 240.1 pm and 271.1 pm. These values are almost in the same range of
distances d(Er—C) as observed in ErpFeCy4 (236.1 pm to 287.2 pm) [29].

The Fel and Fe3 sites both are eight-fold metal coordinated while Fe2 has ten metal
neighbors, (2 Fe2 + 6 Er), (8 Er) and (2 Fel + 2 Fe2 + 6 Er), respectively (Figure 4.9c).
There are two different Fe—Fe distances (255.7 pm and 270.9 pm) which are slightly longer
than the distances found in y-Fe (245.5 pm) [207] and comparable with those found in binary
iron carbides such as €-Fe3C (275.4 pm) [84], and n-Fe,C (260.6 pm and 277.8 pm) [79] or
Er,FeCy4 (250.3 pm). This indicates that there are considerable Fe—Fe bonding interactions in
the compounds RE5[FegCss], as also confirmed by electronic structure calculations (Section
4.5). The Fel bind to monodentate C, ligands which are arranged in a distorted tetrahedral
manner (Figure 4.9d) with Fe—C distances of 195.4 pm and 224.2 pm. The position of the
Fel atom in this tetrahedron is strongly shifted towards the Fe2 and Er3 atoms, indicating
considerable metal-metal interactions. If one accounts for the partial occupancy of the C5
position, the Fe2 atom has two monodentate C, ligands and one isolated carbon species at
distances 198.4 pm and 200.7 pm and, thus, a non-coplanar trigonal carbon coordination,
which is also observed in U;NiC3 [31]. The Fe3 atoms are coordinated by three C; units
forming distorted trigonal planar Fe3(C;)3 groups with d(Fe—-C) = 186.7 pm. All iron atoms
in the crystal structure occupy special positions: Fel and Fe2 are sitting on the two-fold
axes while Fe3 atom has the site symmetry 3.. . The Fe—C interatomic distances are very
close to the sum of the covalent radii of Fe and C atoms (201 pm) similar to the respective
distances observed in binary iron carbides, £-Fe3;C (193 pm) and 1 -Fe,C (182 to 190 pm),
and in ternary compounds such as Las g7[Fe(Cy)3] (182 pm) and ErpFeCy (197 pm). The
coordination number of the three crystallographically independent Fe atoms with respect to

the carbon ligands is 4, 3 and 3.

Four of the crystallographically five different carbon atoms form C, pairs, with C-C
distances of d(C1-C2) = 134.7 pm and d(C3-C4) = 137.8 pm, while the remaining one is a
monoatomic carbon (C5). The C—C distances are slightly longer than the C—C double bond
found in olefins (134 pm). Each of the C, pairs have 2 Fe and 6 Er neighbors, whereas the

monoatomic carbon atoms occupy voids of the octahedral channels, running along [001], and
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formed by Fe2 and Er3 atoms. There are 2 (= 8x1/4) octahedral voids per unit cell from
which every second is occupied by the monoatomic carbon atoms (C5). Thus, the chemical
formula including vacancies (LJ) can be written as Ery5[FegC,5]LI. It should be noted that the
accommodation of monoatomic carbon atoms in the octahedral voids of a structure is also
preferred in binary iron carbides with hexagonal close packed layers, such as e-Fe3C and 1-
Fe,C (see Section 2.1.2), and in rare-earth carbometalates [9]. The general tendency observed
in binary carbides is the following: when the metal atoms are arranged in a cubic close
packing (ccp), the filling of octahedral voids is essentially higher compared to a hexagonal
close packed (hcp) arrangement. This may also explain the half or one sided occupation of
C5 atoms (with respect to the planar Fe2 triangle) in the crystal structure of Er;s[FegCos].
The distribution of the vacancies and monoatomic carbon atoms was investigated by means
of total energy calculations using various superstructure models and is discussed in Section
4.4. The isotypic phases RE5[FegCss] represent the first example of compounds in ternary

systems RE-Fe—C with mixed ligands (C,, and monoatomic carbon atoms).

4.4 Phase stability

DFT calculations were carried out on Y-Fe—C model structures, Y;5[FegsC»s], using the
VASP code [208, 209]. The 5s, 5p, 5d, and 6s orbitals for Y, the 4s, 4p and 3d orbitals
for Fe, and the 2s and 2p orbitals for C were treated as valence orbitals. All calculations were
scalar relativistic with the plane wave cut-off energy set to 400 eV. For all model structures,
the atomic positions and lattice parameters were relaxed until the maximal force acting on
each atom was less than 0.05 eV/A. Several structure models were considered by doubling
the unit cell along the a-axis: alternating occupation of the monoatomic carbon atom on
the 2c site; alternating spin direction of the Feg-clusters; altering the stacking sequences of
Feg-cluster along [001] from AA ... to ABAB. .., by shifting the Feg-cluster together with the
associated Y and C atoms by ¢/2. Remarkably, the total energies for placing carbon above or
below the Feg-cluster were identical within 0.5 meV per atom (below the level of significance
of the calculations). Also, the spin-polarized calculations reveal that magnetic phases with
an ordered moment of about 6 up/f.u. are energetically favorable, lowering the total energy
by about 0.2 eV/f.u. with respect to the non-magnetic one. The results further indicate the
preference of one-sided occupation of the monoatomic carbon above or below the Feg-cluster
compared to a two-sided occupancy. This strongly supports the results of the crystal structure
refinements. Shifting of Feg-clusters is unfavorable due to strong coupling along the c-axis,

and is consistent with the observed primitive stacking of the polyanionic layers.

4.5 Electronic structure and chemical bonding analysis

The electronic band structure was calculated for Y;5[FegC,5] with the structure model in

space group P3 (143), which allows one-sided occupation of monoatomic carbon above
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or below the Feg-clusters. Electronic structure calculations were performed using the self-
consistent scalar relativistic TB-LMTO-ASA method [210] within the local (spin) density
approximation (L(S)DA) [211] to the DFT. Complementary chemical bonding analysis with
the focus on metal-metal interactions was performed employing the COHP method [133]
on the one hand, and the electron localizability indicator (ELI-D) [134, 135] as well as the
QTAIM (Quantum Theory of Atoms in Molecules) method [193] on the other hand.

The total DOS show metallic character with 212 states/eV at the Fermi level Er. Both,
non-spin polarized and spin polarized calculations, were carried out and the converged total
energy was lower in the magnetic case. The spin-polarized calculation with ferromagnetic or-
dering yields a total magnetic moment of about 5 ug/f.u., which is consistent with the magne-
tic moments obtained from total energy calculations using the VASP code. In spin-polarized
calculations, the o and B spin channels become inequivalent, which results in different po-
pulations of & and B spin channels. The DOS curves of the minority (o) and majority ()
spin channels are rather similar, which means spin polarization has no significant effect on
the shape of the DOS but merely cause shifts in energy. Figure 4.10 shows the total and
the partial DOS curves for both - and f3-spin channels. The energy shift results in a larger
population of the majority B-channel, corresponding to three electrons in total. The states
of lowest energy between -15 eV and -13 eV (range A) and the narrow peak at around -10.5
eV (range B) originate from the 2s orbitals of C, pairs and the monoatomic carbon atoms,
respectively. The next two regions between -9 eV and -3 eV (ranges C and D) are dominated
by C 2p orbitals with considerable Y 4d and Fe 3d contributions. The part below the Er
(between -2.8 eV up to Ef, range E) is derived from Fe 3d states, and Y 4d contributions.

The COHP indicates strong covalent Fe—C and C—C bonds as well as considerable Fe-Fe
interactions, which are all exhausted below Er (Figure 4.11). The averaged ICOHP value of
-0.935 eV/Y-C bond is approximately one half of that of the Fe—C bonds (-2.078 eV/Fe—C
bond) and bonding states are still available above Er. The averaged Y-Y and Y-Fe interac-
tions are the weakest ones in the crystal structure with ICOHP values of -0.154 eV/bond and
-0.276 eV/bond, respectively. In contrast, Fe—Fe interactions are considerably stronger and
the ICOHP values amount -0.602 eV/bond. In most cases (Y=Y, Y-C, Y=Fe), the @ and 3 spin
channels contribute similarly to the COHP; the differences between their ICOHP values range
from 0.001 to 0.01 eV/bond. Exceptions are the Fe—Fe and Fe—C bonds with a difference >
0.6 eV/bond. The strong antibonding Fe—Fe peak is below Ef for the 8 spin channel, whereas
this peak is above the Fermi level for the o channel. By spin polarized splitting, the presence
of an antibonding peak at Er is avoided, which explains the enhanced stability of the magne-
tic structure [212]. For Y;5[FegC»ys], the ratios of ICOHP(metal-C) / ICOHP(metal-metal)
~ 3 and ICOHP(Fe—C) > ICOHP(Y-C) are closely related to the respective values observed
for carbometalates [9]. The isotypic series of compounds RE|5[FegC,s5] justifies the criteria
of a bonding situation for a complex anionic structure except for the ligand type, which is

a monoatomic C in the original concept [9]. Thus, according to the bonding situation, the
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compound represents a rare-earth carbo-dicarboferrate [39].
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Figure 4.10: Total and projected DOS for the majority () and minority (o) spin channels of
Y 5[FegCys]. The total DOS of the valence electrons displays five different structures denoted A,
B, C, D and E ranges.
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Figure 4.11: COHP diagrams of selected interatomic interactions for the majority and minority spin
channels of Y5[FegCsys]. The energy shift in the B-channel with respect to the a-channel is highligh-
ted with red ellipses.
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Electron counting on Y5[FegC,5] was performed in the following way. The charge of the
C, units in Y 5[FegCys] directly influences the assignment of the oxidation state for the Fe
atoms. The partial DOS of the six C, units in the primitive unit cell together with their COHP
diagrams are depicted in Figure 4.12 (only for the o channel). The five regions from A to E
on the DOS can be assigned to oy, 0,, 0, T and ©* states, respectively. The o, 6,, 0, and
7 states are fully filled and the 7* states (E-region) in the vicinity of Fermi level are partially
filled. From the integrated DOS we can count 59 e~ in the regions from A to D and 11 e~
in the * state, which results in 70 e~ up to Er. In an isolated C,2~ unit (isoelectronic to
N») no antibonding 7* orbitals are occupied, while in an isolated Cy*™ (isoelectronic to O,)
half of the antibonding 7 orbitals are occupied. In both molecules the o), orbitals, are fully
occupied, yielding formal bond orders of 3 and 2 for C,>~ and C,*~, respectively [38]. In
terms of a simple ionic picture, e.g., CaC, (Ca%t(Cy)?7), the filled bonding 7 states and the
empty antibonding 7* and o, states induce a short C-C bond distance of ~ 120 pm.
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Figure 4.12: Partial DOS and COHP diagrams for the C; units of Y5[FegCys] (in the ot-channel). The
types of the two center interactions are shown on the respective peak maxima (right). COHP clearly
reveal a partially filled 7, states near the Er indicating the C,* character of the C; units.

With increasing number of electrons in the C, unit, e.g., in UC, (U*+(C,)*7), the C—C bond
distance increases to ~ 135 pm because the antibonding 7* states are gradually filled [213].
The C—-C distances in the crystal structure of Y5[FegC»s] are ~135 pm and ~138 pm. On
the basis of these considerations and the electron number from IDOS (70 e™) the C; units in
the crystal structure of RE5[FegC,s] have definitely no C»2~ but rather a C,*~ character (6
x Co*” (6fo?0,mnt) =60 ;6 x Cr*™ (070;20,n*n*2) =72 ). A similar situation was
observed for La;0s4Cgy with mixed carbon ligands, however, it was stated that the satisfactory

classification of C, is impossible due to the lack of an established classification scheme [38].
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To charge balance the chemical formula of REs[FegC,s], simple electron counting rules
based on ionic concepts can be used with the following strategy: the polymeric complex
anion carries a total charge of 45- counting the RE species (in agreement with susceptibility
data; see Section 4.6) as RE?* (resulting in RE |5 = 45+). Further assumptions concerning
the charges of the mono- and diatomic carbon ligands are based on the crystal-chemical
concept of carbometalates [9] as well as on experimental values of C—C distances in the C;-
pairs. For the present compounds these data allow to count the monoatomic carbon as C*~,
and the diatomic species as C,*. The iron clusters (Fel, Fe2) in the crystal structure are
interconnected by Fe3 in trigonal-planar coordination by C,-pairs. Trigonal-planar [Fe(C;)3]
groups are also observed in the crystal structure of RE3 ¢7[Fe(Cz)3] (Section 2.2.2 and 6.2.2)
contains Fe!™ species. Altogether, the (ionic) chemical formula of the cluster compounds can
be written as (RE>T);5[(Feg)* T (Fe!1),(C2*7)12,C*~ 1%, resulting in a mean valence state of
the six iron atoms of the cluster unit of 0.83+ (= (5+) / 6), which, in general, would be
consistent with homoatomic bonding interactions within the clusters.

Another point which should be discussed for the RE|5[FegC»s] phases is the metal-metal
interactions. Further aspects of metal-metal bonding can be extracted from the topological
analysis of ELI-D and the electron density. The Feg-cluster bonding is characterized by a
number of local maxima of ELI-D in the valence shells (i.e., 4" shell) of the Fel and Fe2
atoms. Owing to the high, but unsymmetrical coordination of the Fe atoms (Figure 4.13a)
there is no clear-cut distinction between intra-cluster and external bonding basins. As a cha-
racteristic, all of these basins possess attractors located inside the Fe atomic basins of the
electron density, i.e., within the QTAIM [193] Fel and Fe2 atoms. As an adequate proce-
dure, all of these Feg-cluster ELI-D basins were united into one cluster superbasin. The lone
pair type basins of the carbon ligands establishing dative bonds to the Fe atoms are clearly
separated from the cluster superbasin. The Feg-cluster superbasin is depicted in grey color in
Figure 4.13b. The red color marks the separated Fe 3rd shell ELI-D basins, which are com-
pletely located inside the corresponding QTAIM Fe atom and which are touching the cluster
superbasin (Figure 4.13b). From integration of the electron density within the ELI-D cluster
superbasin a sizable electronic population of 8.2e™ is obtained. Integration of the spin density
within the ELI-D basins reveals only a small degree of spin polarization (0.1e™) within the
cluster superbasin. As to be expected, the highest spin polarization is found in the 3rd shell
regions of the Fe atoms of the cluster (3.9¢™ in total). All these results give rise to the no-
tion of a covalently bonded, magnetic Feg-cluster stabilized by dative ligand-to-metal bonds.
However, this is not yet the complete picture. Recent investigations of novel organometallic
complexes with unsupported RE-T bonds (e.g. Cpo Y-ReCp, [214]) and exemplary analysis
of RE-T interactions in La;0s4Co [38], revealed the presence of polar covalent RE-T inter-
actions. The picture is that of a dative bond between an electron-rich 7" and a coordinatively
unsaturated RE atom involving a T ”lone pair” created by the specific arrangement of strongly

interacting electron-donor ligands.
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Figure 4.13: Y 5[FegCys]: a) Feg-cluster and nearest neighbors, b) Feg-cluster superbasin of ELI-D
(grey) and Fe 3rd shell basins (red), ¢) Feg-cluster superbasin of ELI-D intersected by QTAIM atoms:
red parts belong to Fe, green parts to Y atoms.
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The present case can be considered as an extension of this picture. The Fe atoms are rather
electron-rich with effective QTAIM charges of -0.1 and +0.2 for Fel and Fe2 cluster atoms,
respectively. They are not only strongly interacting with the carbon ligands but also among
each other, which gives rise to a sizable number of electrons (1.37e™ per cluster Fe atom) in
the valence region of the 3d T metal. The formation of electron localizability maxima in the
valence region of a 7" element forming a pure d-d covalent interaction in a 7>-dimer has been
already exemplarily demonstrated [215]. Here, the Feg cluster superbasin also contains such
regions. The whole superbasin serves as an electron donor region for the attached RE atoms.
The polarity of the interactions can be investigated applying the method of ELI-D/QTAIM
basin intersection in analogy to the corresponding ELF/QTAIM intersection procedure [194].
The intersection of the ELI-D cluster superbasin with the QTAIM atomic basins of Fe and Y
is shown in Figure 4.13c, with most volume parts of the superbasin belonging to the QTAIM
Fe atoms (red color) and only a minor part (green color) to the Y atoms. Integration of the
electron density in the intersection parts reveals that 7.2e™ (88%) out of the total 8.2e™~ belong
to the Feg cluster atoms and only 11% to the attached Y atoms. The largest populations for
the Y atom intersections are found above and below the Feg-cluster plane, corresponding to
the shortest Fe—Y contacts (d(Fel-Y3) = 274 pm). Although this distance is the same above
and below the plane, the intersections are not. The reason is the missing monoatomic carbon
ligand below the plane leading to more extended superbasin regions on the opposed side of
the bond and to twice as large populations of the intersecting Y regions. From this point of
view the only one-sided coordination of the Feg-cluster by monoatomic carbon enhances the

Fe—Y bonding compared to a two-sided coordination.

4.6 Magnetic susceptibility

Magnetic susceptibility measurements were performed on a SQUID magnetometer (MPMS
XL-7, Quantum Design) in the temperature range of 7 = 1.8 K to 400 K and in magnetic
fields u,H =10 mT to 7 T as described in Section 3.11.1.

The magnetic susceptibilities ¥ = M/H for u,H > 1 T were corrected for ferromagnetic
impurities with T¢ >> 400 K (Fe-metal) by the Honda-Owen method. The corrected inverse
magnetic susceptibility of RE5[FegC,s] (RE = Dy, Ho, Er) phases are plotted in Figure 4.14.
For T > 100 K the corrected data ycorr(7) are well described by the Curie-Weiss law with
effective magnetic moments Uegr = 10.0 up / Dy-atom (8p = +12 K), Uesr = 10.7 up / Ho-atom
(6p = +51 K), and Uesr = 9.7 up / Er-atom (0p = +64 K), respectively, in agreement with the
values expected for the ground multiplets of the trivalent RE ions. Broad anomalies in 7' <
20 K originate probably from the magnetic ordering of the RE moments. In Y5[FegCss] the
Y3+ jon carries no magnetic moment, but, as in the samples of the other isotypic phases, the
high-field susceptibility data show the presence of metallic Fe. From powder XRD it is known

that the sample contains ~ 5 wt.% metallic Fe. Thus, assigning all ferromagnetism to the Fe
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Figure 4.14: Corrected inverse magnetic susceptibility of RE5[FesCjs] (RE = Dy, Ho, Er) (top) and
magnetization curve of Ys5[FegCys] at different magnetic fields (bottom).

metal impurities (saturated specific magnetization M, =222 emu g~ !) results in a Fe-content

of about 4.6 wt.% and a small intrinsic paramagnetic susceptibility Ycorr for Y s[FegCos].

The temperature dependence of the corrected susceptibility Ycorr Of Y15[FegCys] resembles a
Curie-Weiss law and a fit results in U = 641 up/f.u. A broad shoulder visible at ~ 30 K in

Xcorr(T) might be interpreted as a ferromagnetic ordering transition. In this case the ordered
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magnetization would be 0.8 pp/f.u. Because the free YT ion is non-magnetic, this magnetic
moment could be assigned to the local ordering of magnetic Fe atoms. In order to determine
the local magnetic behavior of Fe atoms, Mdssbauer spectroscopy was carried out at liquid

He temperatures (see Section 4.8).

4.7 Electrical resistivity

The electrical resistivity p(7T) measured on compact pieces of the sample shows a metal-like
temperature dependence above 50 K (Figure 4.15). The resistivities at 300 K are 0.33 mQcm,
0.63 mQcm, 0.65 mQcm and 0.48 mQcm for Y 5[FegCss], Dyi5[FegCss], Hojs[FegCosl,
and Er;5[FegCss], respectively. Only for Dy;s[FegCys] a broad hump at 25 K and a strong
decrease of p(T) below this temperature clearly indicates the magnetic ordering of the Dy3*
species. The p(T) curves of the Y, Ho, and Er compounds show minima around 38 K, 31 K,
and 38 K, respectively, rising slightly towards 4 K. The origin of this common behavior is
unknown, but the temperature of the minimum in p(7) (Y 5[FesC,s]) roughly coincides with
the hump observed in the corrected magnetic susceptibility. These features might be due to

magnetic ordering of the Feg-clusters.
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Figure 4.15: Electrical resistivity p(T) of the isotypic phases REs[FesCys] (RE = Dy, Ho, Er).

4.8 Mossbauer spectroscopic studies

Mossbauer spectroscopy was carried out on Y ;s5[FegCys] and Dy 5[FegC»s] at room and low

temperatures down to 5 K, as shown in Figure 4.16 and 4.17, respectively. The samples
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were prepared and measured according to the procedure described in Section 3.8. Because
Dy 5[FegCys] contains heavy Dy atoms the intensity of the transmitted y-rays is weaker com-
pared to Y5[FegCss].
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Figure 4.16: The Mossbauer spectrum of Dy 5[FegCys5] measured at temperatures between 10 K and
290 K. The measured spectra (dots) are fitted (black) with three subspectrum (red, green and blue)
between 290 K and 50 K.
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Considering the shape and the relative intensity of the peaks, the observed spectrum was
best fitted with three quadrupole doublets. This shows the existence of three crystallographi-
cally different iron species, Fel, Fe2 and Fe3, which is in agreement with the results from the
crystal structure refinement. According to the crystal structure, the atomic ratio of iron atoms
is Fel : Fe2 : Fe3 =3 : 3 : 2, which is directly proportional to the intensity (integrated area)
of the peaks. Based on the above information on signal intensities, the following strategy
was chosen to identify the corresponding left and right part of the quadrupole doublets: first
the spectrum was fitted with six Lorentzian distribution functions and then two peaks with
similar intensities were taken as one pair. The hyperfine parameters obtained from the fit are
listed in 7able 4.5. In this way one pair of lines with lowest intensity (area) was assigned to
Fe3 (blue subspectrum in Figure 4.16, 290 K).

Table 4.5: Fitted hyperfine parameters of Dy;5[FesCjs]: Temperature [K], Isomer shift (IS) [mm/s]
relative to o-Fe, half width (I72) [mm/s], quadrupole splitting (AEp) [mm/s], hyperfine field H[T],
and relative area (A) [%] of the subspectra, estimated standard deviations are given in brackets.

T Subspectra Species IS ¥ AEg H 172 A
1 (red) Fel 0.257(7) 0.468(13) 0.128(13) 32(3)
290 2 (green) Fe2 0.029(8) 0.647(17) 0.162(15) 43(5)
3 (blue) Fe3 -0.031(9) 1.239(20) 0.131(16) 25(3)
1 (red) Fel 0.391(12) 0.453(25) 0.134(22) 29(5)
70 2 (green) Fe2 0.154(12) 0.634(23) 0.175(22) 48(7)
3 (blue) Fe3 0.070(14) 1.266(30) 0.131(24) 22(4)
1 (red) Fel 0.371(30) 0.465(82) 0.247(38) 33(11)
51 2 (green) Fe2 0.166(39) 0.681(59) 0.260(45) 42(14)
3 (blue) Fe3 0.086(8) 1.262(20) 0.144(18) 25(4)
1 (red) Fel 0.371 -0.319(20) 1.66(18) 0.264(11) 42(4)
41 2 (green) Fe2 0.166 0.409(43) 2.04 0.236(55) 23(7)
3 (blue) Fe3 0.067 -0.617(11) 0.29(2) 0.199(35) 35(6)
1 (red) Fel 0.331(50) -0.302(34) 5.15(30) 0.2050 21.8
30 2 (green) Fe2 0.289(23) 0.134(30) 5.77(18) 0.189 244
3 (blue) Fe3 0.136(15) -0.523(18) 1.32(16) 0.253(30) 54(23)
1 (red) Fel 0.330(80) -0.371(88) 5.69(71) 0.233(73) 25(11)
20 2 (green) Fe2 0.275(32) 0.255(45) 6.03(15) 0.188(42) 33(9)
3 (blue) Fe3 0.136(46) -0.616(46) 1.50(24) 0.231(70) 43(18)
1 (red) Fel 0.369 -0.329(18) 4.88(13) 0.183(23) 32.7
10 2 (green) Fe2 0.283 0.271(27) 6.04(12) 0.233(22) 43.1
3 (blue) Fe3 0.650 -0.685(25) 2.14 0.174(22) 241

T Note: the numbers given without e.s.d. were fixed during the fit

In order to assign the remaining two doublets (red and green) to Fel and Fe2, quantum
mechanical calculations were carried out on Y5[FegC,5] compound avoiding strong correla-
tions of f-electrons. For the calculations we used a full potential linearized augmented plane
waves (FLAPW) method implemented in the program package WIEN2k [216]. Due to the
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partial occupancy of the C5 site (Section 4.3) the calculations were done in space group P3
(143), where the Fe3 site splits into two independent iron positions, Fe3a and Fe3b. The

calculated hyperfine parameters are listed in Table 4.6.

Table 4.6: Calculated electric field gradient V, [V/m?], asymmetry parameter 1, quadrupole splitting
(AEp) [mm/s], hyperfine field H[T] and electron density at the Fe nucleus p(0) [au—3] for Y;5[FegCas].

Site V.. n AEg H p(0)
Fel 3.5-10%! 0.58 0.614 10.7 15308.96
Fe2 -3.5-10%! 0.93 0.661 10.0 15309.20
Fe3a 4.8-10%! 0.00 0.800 2.0 15309.51
Fe3b 5.6-10% 0.00 0.933 1.9 15309.63

Experimentally observed and calculated values for quadrupole splittings are in reasonable
agreement. However, the spin state and local symmetry of the Fe atoms in Dy;5[FegC,s] can
not be determined by quadrupole splitting values, because of the lack of systematic MOss-
bauer spectroscopic studies of carbides. The isomer shift is given by the distance of the
barycenter of the quadrupole doublet from the zero Doppler velocity [217]. It directly de-
pends on the s electron density at the nucleus of the absorber atom (as sum of contributions
from all s-electron shells), p(0), but maybe influenced indirectly via shielding/screening ef-
fects of p, d and f electrons [184]. This means that with increasing number of d electrons,
or in other words with decreasing valence state of Fe, the electron density at the nucleus of
Fe will decrease. Consequently, the Mossbauer spectrum of a Fe atom with lower oxidation
state will show more positive isomer shift compared to one with a higher oxidation state. In
this respect, the subspectra 1 (red) with IS = 0.257 at 290 K can be assigned to Fel and the
subspectra 2 (green) with IS = 0.029 to Fe2, respectively. Thus, the valence states of Fe atoms
in Dyq5[FegCys] have the following decreasing sequence: Fe3 > Fe2 > Fel (see Table 4.5).

The spectra of Dy;s[FegCys] can be fitted with three doublet subspectra at temperatures
290 K, 70 K and 51 K. Due to the temperature dependence of the second order Doppler
shift, the centers of the spectra are shifted with temperature. Below 51 K, the spectra start
to broaden and the shapes of the spectra change compared to the spectra taken at higher
temperatures. This indicates the presence of a magnetic hyperfine interaction with fields
ranging between 1 and 7 T for the individual subspectra (see Table 4.5). A consistent fit to
all low temperature spectra is not yet available. The reason is probably a distribution of fields
and/or the presence of angles between magnetic hyperfine fields and electric field gradients
at the different sites.

In order to clarify the origin of the internal magnetic field, we have recorded spectra of
Y 5[FegCys] down to 5 K (Figure 4.17). The hyperfine parameters for Y 5[FegCys] are given
in Table 4.7. These spectra can also be fitted with three quadrupole doublets in accordance

with the Dy compound. However in addition there is a strong contribution from a sextet with
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hyperfine parameters typical for a-Fe. Furthermore, there is still a yet weaker sextet with a

slightly smaller hyperfine field which is probably induced by an iron containing intermetallic

compound.
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Figure 4.17: The M&ssbauer spectrum of Y 5[FegCys] measured at temperatures between 5 K and
290 K. Due to the presence of trace phase signals the fit is not shown.



82 4. RE,5[FesCas] (RE =Y, Dy, Ho, Er)

Table 4.7: Fitted hyperfine parameters of Y;s[FesCys]: Temperature [K], Isomer shift (IS) [mm/s]
relative to o-Fe, half width (I72) [mm/s], quadrupole splitting (AEp) [mm/s], hyperfine field H[T],
and relative area (A) [%] of the subspectra, estimated standard deviations are given in brackets.

T Subspectra’  Species IS # AEg H I72 A
1 Fel 0.319(2) 0.588(6) - 0.108(6) 12(1)
290 2 Fe2 0.050(4) 0.652(6) - 0.209(6) 38(1)
3 Fe3 -0.078(3) 1.150(6) - 0.120(6) 14(5)
S1 a-Fe -0.013(3) 33.01(2) 0.169(4) 35(7)
1 Fel 0.088(2) 1.280(4) 0.127(4) 15.7(6)
70 2 Fe2 0.381(2) 0.456(4) 0.103(4) 12.3(5)
3 Fe3 0.157(3) 0.626(5) 0.195(5) 35.009)
S1 o-Fe 0.106(3) 33.64(3) 0.160(5) 37.009)
1 Fel 0.801(3) 1.289(6) 0.145(5) 16.2(7)
30 2 Fe2 0.379(3) 0.460(5) 0.122(5) 13.2(6)
3 Fe3 0.147(3) 0.632(6) 0.204(6) 34(1)
S1 o-Fe 0.101(2) 33.96(2) 0.171(4) 31.9(6)
S2 M 0.142(2) 32.00(2) 0.249(32) 4.9
1 Fel 0.083(3) 1.289(6) 0.134(6) 16.1(8)
20 2 Fe2 0.381(3) 0.448(6) 0.110(5) 12.3(7)
3 Fe3 0.152 0.631(7) 0.203(7) 35(1)
S1 o-Fe 0.103(3) 0.005(3) 33.95(2) 0.168(5) 33(1)
S2 M 0.184(32) 31.3(3) 0.18(6) 3(1)
1 Fel 0.48(16) 1.66(30) 0.275(53)  10.5(2)
10 2 Fe2 0.390(38) 0.429(67) 0.142(33)  6.6(24)
3 Fe3 0.167 0.57(26) 0.242(87)  19(16)
4 0.100(9) 1.356(89) 0.346(34)  32(16)
S1 o-Fe 0.1081 0.0044(62) 33.95 0.170(1) 30(1)
S2 M 0.238(41) 0.029(40) 31.77(36)  0.106(61) 2.0(1)
1 Fel 0.105(12) -1.54(2) 3.22(8) 0.155(11) 6.4(2)
5 2 Fe2 0.3252(60) -0.411 4.28(4) 0.194 17.4(2)
3 Fe3 0.1558(56) 0.522 6.1 0.271(5) 27.3(3)
4 0.058(7) -1.160(1) 1.47(5) 0.221(7) 16.0(2)
S1 a-Fe 0.100(2) 0.009(5) 33.94(2) 0.172(2) 30.0(3)
S2 M 0.20(3) -0.116(51) 31.62) 0.160(1) 2.8(1)

T'S1: sextet 1 related to a-Fe, S2: sextet 2 related to a trace compound containing Fe, IM: iron intermetallic
* Note: the numbers given without e.s.d. were fixed during the fit.

The spectra down to about 20 K reveal little changes (i.e., the sites associated with the
doublets stay non-magnetic). However, the spectral shapes at 10 K and 5 K are clearly dit-
ferent indicating the onset of a magnetic hyperfine fields at these sites. Only the spectra at
10 K and 5 K are fitted with four subspectra and two sextets (Table 4.7). The appearance
of a fourth subspectrum is probably related with the magnetic ordering of Fe atoms, giving
rise to a magnetic structure of the compound. That presumption should be checked by low
temperature Neutron diffraction experiments in the future.

In conclusion, both compounds reveal magnetic hyperfine fields at iron: for the Dy com-
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pound below 51 K, for the Y compound below 20 K. The higher onset temperature in the Dy
case could be explained by Dy induced effects. The magnetic hyperfine fields of only a few
Tesla could correspond to an ordered magnetic moments at iron atoms in the order of only
some tenths of ug, which is in agreement with magnetization measurement results (Section
4.6). Since Y carries no magnetic moment, the magnetic ordering found in the Y 5[FegC»s] at
low temperatures provides convincing evidence for magnetic coupling between iron species.

Calculated and experimental values for the average quadrupole splittings AEy match mar-
ginally, while the hyperfine field values are clearly divergent (see Table 4.5 to 4.7). This might
be explained by the structure model and by the magnetic ordering type used for calculation.
Thus, further detailed studies should clarify whether a low temperature magnetic structure

exists and what kind of magnetic ordering occurs.

4.9 X-ray absorption spectroscopic studies

The Fe K-threshold of the compounds RE5[FegC,5] was measured at the synchrotron beam-
line E4 at HASYLAB/DESY in Hamburg. We have focused on the XANES (X-ray absorp-
tion near edge structure) part of the X-ray absorption spectra due to its sensitivity on oxidation
states. The samples were prepared and measured according to the procedure described in Sec-
tion 3.7.2. The standard procedure is to compare the absorption edge of the sample with the
reference materials and to assign the oxidation state of the absorbing atom with respect to the
references. Due to the polarizibility, various ligands show different ligand field effects on the
central atom/transition metal. As a consequence, the X-ray absorption edge of the transition
metal will have some energy shift, even if the oxidation state of the transition metal is the
same. Thus, in order to get reliable results, the reference material should contain same kind
of ligand similar to the sample under investigation. Unfortunately, the binary and ternary iron
carbides were rarely investigated by XAS. Due to the lack of reference materials for the car-
bide systems, we have chosen metallic iron as a standard. The high purity iron powder was
prepared in the same way as other samples for the XAS measurement. Figure 4.18 shows the
XAS spectra of the isotypic compounds RE5[FegCys] (RE =Y, Dy, Ho, Er).

The energy scale was calibrated using the spectrum of metallic Fe and the obtained energy
shift was applied to the other spectra. The background was corrected for both, pre-edge
and post-edge regions, and finally the spectra were normalized to one. All XAS spectra
exhibit a similar shape indicating the isotypism of the investigated compounds. The XANES
spectra reveal pre-edge peaks. Similar to nitrides [218], the pre-edge peak is observed as
a shoulder of the main absorption edge. From the crystal structure refinements we know
that Fe has three different atomic environments: distorted tetrahedral, non-coplanar trigonal
and trigonal planar. The lack of centrosymmetry in these coordinations could explain the
appearance of the pre-edge peak. On the other hand, the RE;s[FegC,s5] compounds show

metallic behavior, which means that there is some d-p hybridization at the Fermi level. This
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Figure 4.18: Normalized XAS spectra of the isotypic phases RE5[FegCys] (RE =Y, Dy, Ho, Er) and
of pure Fe as a reference material.

would allow a forbidden 1s — 3d transition, which can be assigned to the pre-edge peak
[218-220]. Meitzner et al. [221] studied the XAS spectra of 5d metals and concluded that
the white line intensity of the K-edge absorption depends on the number of free 5d states. If
we assume that this statement is also true for 3d metals, the XAS spectrum of RE|5[FegCss]
shows that the Fe atom has less free 3d states, thus indicating a low valence state for Fe.
As described in reference [218], the main absorption edge is defined at about 0.6 of the full
edge jump. Thus, we determined the Fe K-edge threshold (7112 eV), reflecting the 1s — 4p
transition, of REs[FegCys] at 0.6 of the normalized K-edge. All RE|5[FesC,5] compounds
showed a positive energy shift with respect to the Fe-powder reference and their values are
listed in Table 4.8.

Table 4.8: X-ray absorption threshold of Fe K-edge and energy shift (AE) of Fe observed for the
isotypic phases RE5[FegCys] (RE =Y, Dy, Ho, Er).

Compound Energy at 0.6 (eV) AE (eV)
Fe 7112.0

Y15F68C25 T7121.7 9.7
Dyl5F63C25 7122.7 10.7
H015F68C25 7122.5 10.5
EI‘15F68C25 7122.3 10.3

For the Dy, Ho and Er compounds the energy shift values are the same within the accuracy
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of the measurements, which is about 0.5 eV. The significant difference for Y ;5[FegC,s] might
be related with the presence of a minority phase, Y5 ¢4[Fe2Co]. Since the oxidation state of
Fe in metallic iron is zero, the positive energy shift of the Fe K-edges suggests a positive

oxidation state of Fe in the compounds RE5[FegCys].

4.10 Summary

Nearly single phase materials of the isotypic compounds RE5[FegCys] (RE =Y, Dy, Ho, Er)
were successfully prepared by a high temperature synthesis route and the crystal structures of
Dy 5[FegCss], Hoy5[FesCas], and Ery5[FegC,5] were determined from single crystal X-ray
diffraction data. The crystal structures contain planar (magnetic) Feg-clusters stabilized by
mixed monoatomic and diatomic carbon ligands, with considerable Fe—Fe interactions. The
homonuclear Feg clusters represent a new structural motif in the crystal chemistry of iron
compounds. Besides one monoatomic carbon atom a total of 12 diatomic carbon ligands
are attached to the clusters resulting in [Feg(C)(C2)6(C2)g /2] units, which are interlinked via
Fe3(Cy)3 /2 groups forming two dimensional polyanionic i[Fe6(C)(C2)6(C2)6 /zFez(C2)6 /2]
slabs which are stacked along [010]. The RE species are sandwiched between the layers and
reveal significant contributions to chemical bondings Fe — RE in the sense of polar dative
interactions. The only partial occupancy of the monoatomic carbon position was supported
by total energy calculations and arguments for the preference of half occupancy were given
on the basis of the chemical bonding analysis. RE—species are assigned the oxidation state
RE3T. The bond order and the effective charge on the C, units is a complex phenomenon
and must be systematically investigated in order to develop a clear classification scheme. In
the frame of our present knowledge, the C, units in the crystal structure of RE|5[FegCys]
are concluded to be definitely not C,2~, but have rather a C;*~ character. Trigonal-planar
[Fe(C3)3] groups are also known from the crystal structure of RE3 ¢7[Fe(C2)3] (Section 2.2.2
and 6.2.2) with Fe atoms in the valence state Fe!™. Altogether, the (ionic) chemical formula
of the cluster compounds can be written as (RET>);5[(Feg)> T (Fe' 7),(C2*)12,C* 1%, resul-
ting in 0.83+ (= (5+) / 6) as a mean valence state of the six iron atoms of the cluster unit. This
is, in general, consistent with homoatomic bonding interactions within the clusters. Quan-
tum mechanical calculations show that the Fe atoms are present in low valence states with
only small effective charges (QTAIM method) of -0.1 and +0.2 for the cluster (Fel, Fe2)
and +0.15 for iron in trigonal planar coordination (Fe3). Thus, a rough estimation of the
valence states of iron by simple electron counting is significantly different from the effective
charges, but reflecting the general trend to low valence states. Mdssbauer investigations of
Dy 5[FesCss] show the existence of three crystallographically different iron species, Fel, Fe2
and Fe3, which is in accordance with the crystal structure refinement results. By considering
the calculated electron density at the nuclei of the Fe atoms, the valence state of iron follows

the decreasing sequence: Fe3 > Fe2 > Fel. Low temperature Mossbauer studies confirmed
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local magnetic ordering of the Fe atoms. The XAS investigations show that the oxidation
state of Fe atoms in REs[FegCys] is greater than zero. The chemical bonding situations of
the compounds RE5[FegC,s] fulfill the criteria for polyanionic structures, known from car-
bometalates. Thus, they can be classified as rare-earth carbo-dicarbo(4-)ferrates according to
the [IUPAC nomenclature for polyanionic structures [39]. Indeed, there are many other similar
compounds such as La;0s4Co [38], LasOs3C4_ [222], Gd3Ru,>Cs [32], Er;Ru;Cqq [34] and
ErjoRu;9Cjg [35]. Because all of the compounds contain polyanions formed by the transition
metals and carbon ligands, they should be classified and named as metalates. Therefore, the
complex anionic entities should be written in square brackets, e.g. RE|5[FesCys]. Further

work should be focused on the stabilization of even larger clusters in the systems RE-Fe—C.
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S REsa[Fe;Co] (RE =Y, Gd, Tb, Dy)
5.1 Synthesis and phase analysis

The isotypic compounds RE5 ¢4[FeoCo] were synthesized by arc-melting of cold-pressed pel-
lets of elemental mixtures of Y, Gd, Tb or Dy (Ames, 99.99%), Fe (Alfa Aesar, 99.99%)
and graphitic carbon (Chempur, 99.9%) in the molar ratio RE : Fe : C=5.7: 2 : 9. For
heat treatment the samples were sealed in arc-welded Ta crucibles finally sealed in evacuated
fused silica ampoules. The samples were annealed at five different temperatures (between
1173 K and 1573 K with steps of 100 K) for 21 days in a horizontal tube furnace and finally
quenched in water. The optimal annealing temperature (concerning the highest yield of the
main phase) was determined to be 1373 K. The reaction products were ground and annealed
(at 1373 K) several times in order to improve the homogeneity of the samples. The reac-
tion products were grey and of good crystallinity. The respective compounds were already
present as the majority phase in as-cast samples. Small amounts of elemental Fe (< 5 vol.%)
and an unidentified phase (< 5 vol.%) were always present in the samples even after repeated
long-time annealing (Figure 5.1).

Powder X-ray diffraction patterns were recorded on a Huber-Guinier camera G670 in the
range 10° < 20 < 85° with a step width of 0.005° using monochromatic Co Ko radiation
(A =178.896(1) pm). LaBg (SRM660a, a = 415.6916 pm) was used as an internal standard.
The lattice parameters, determined by least-squares refinement of the peak positions in the
powder diffraction patterns using the program WinCSD [157-159] are listed in Table 5.1.

Table 5.1: Unit cell parameters of the isotypic phases REs g4[Fe,Co] (RE =Y, Gd, Tb and Dy) deter-
mined from X-ray powder data.

Compound a/pm b /pm c/pm V/10° (pm?)
Ys5.64[Fe2Col 2929.8(1) 1260.9(5) 502.8(3) 1857.4(2)
Gds 64[FerCo] 2946.8(1) 1276.2(1) 510.4(1) 1919.1(2)
Tbs.64[FeaCol 2935.5(7) 1267.5(3) 506.1(1) 1883.0(1)
Dys.64[FeaCo] 2929.8(2) 1261.2(7) 502.6(4) 1857.2(3)

By varying the molar ratio of the starting materials (5.7:2:9,6:2:9,2:2:3,15:8:25
etc.) we did not observe any lattice parameter shifts greater than 1 pm in the powder diffrac-
tion patterns. The unit cell volumes of the compounds RE5 g4[Fe,Cg] follow the lanthanoid
contraction rule.

After annealing, the chemical composition of the ternary phase was determined by WDX
analysis of polished samples of Gds g4[Fe2Co] (Section 3.6). WDX (Cameca SX 100) analy-
sis using FeSb, and GdPds as standards and analyzing 10 different points revealed an average

composition of the majority phase (95 vol.%) corresponding to the atomic ratio Gd : Fe : C
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Figure 5.1: Experimental and calculated X-ray powder diffraction patterns of REs ¢4[Fe,Co] (RE =Y,
Gd, Tb and Dy). The peaks corresponding to ¢-Fe are denoted by solid green triangles and the dark
red arrows represent unidentified peaks.

~ 5.7 : 2.0 : 11.4. The carbon content was determined by the difference method. The EDX

analysis on single crystals of the isotypic compound Dys ¢4[Fe,Co] resulted in the atomic
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ratio Dy : Fe ~ 5.7 : 2.0 (Figure 5.2). The atomic ratio Dy : Fe obtained from microprobe
analyses is in good agreement with that obtained from the crystal structure refinements, Dy :
Fe: C=5.64:2:9. The same chemical composition was taken for the refinements of all the
isotypic compounds. The compounds RE5 ¢4[Fe;Cog] are air and moisture sensitive.

Single crystals of the isotypic compounds were successfully grown by high temperature
heat treatment procedures (Section 3.1.2). A single crystal of Gds g4[Fe;Co] was grown by
long-term annealing at 1373 K. As-cast samples of the Y, Tb and Dy compounds were sealed
in Ta-ampoules and heated to 1823 K, slowly cooled down to 1173 K with a cooling rate
of ca. 4 K/min and then further cooled to ambient temperature within 3 hours. After heat
treatment prismatic crystals, suitable for single crystal diffraction studies were grown on the

sample surface (Figure 5.2).

AccV  Spot Maan Det WD b—| 50pum
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Figure 5.2: Back scattering electron (BSE) image of a crystal Dys ¢4[Fe;Co].

5.2 Crystal structure determination

Single crystals where separated from the surface of annealed samples under liquid paraffin
in an Ar-filled glove box. Specimens with average dimensions of about 20 x 25 x 40 um
were selected and mounted on glass fibres. Single crystal X-ray diffraction investigations of
Dys 64[FeoCo] were carried out at the Laboratory of Crystallography, University of Bayreuth,
on an image plate diffractometer MAR 345dtb with Mo Ko (A = 71.069 pm) radiation at
ambient temperature. Data reduction including Lorentz and polarization factor correction as
well as numerical absorption corrections was performed using the program EVAL15 [164].
Relevant crystallographic data and further details of the data collection are listed in Table 5.3.

The single crystal X-ray diffraction patterns clearly revealed an orthorhombic symmetry.

Satellite reflections were observed between the main reflections only along ¢*. The diffraction
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patterns could be indexed in two different ways. The first choice was to index the reflections
with an orthorhombic unit cell (a = 2934.63(9) pm, b = 1263.63(5), ¢ = 504.14(3) pm) and a
modulation wave vector g = 0.4775¢* (Figure 5.3, blue). Satellite reflections up to the second
order were taken for integration. The diffraction symmetry of the main reflections belong to
the Laue class mmm. The data analysis showed that only Bragg peaks compatible with the

reflection conditions listed in 7able 5.2 were present.

Table 5.2: Reflection conditions for the average crystal structure of Dys ¢4[Fe,Co].

Group Reflection condition Group Reflection condition

hkl any h00 h =2n (2;-screw axes along x)
hk0 h =2n (glide plane a L z) 0k0 k =2n (21-screw axes along y)
h0l any 00! [ =2n (2;-screw axes along 7)
0kl k + [ =2n (glide plane n | x)

The integral extinction conditions suggests a primitive lattice type, while the set of zonal and
serial extinction conditions is in agreement with two possible space groups: Pn2ia (No. 33)
and Pnma (No. 62). In the first step, the average structure was solved by direct methods
(SHELX97 [165]) using only the main reflections. As the Sheldrick criterion [E? - 1| = 1.04
is in favor for centrosymmetry, the space group Pnma (No. 62) was chosen for structure re-
finements. The refinement with anisotropic displacement parameters for all atoms converged
to residuals R1 = 0.045 and wR2 = 0.086. In this model, all atoms of the crystal structure
are distributed on 13 Dy, 3 Fe and 18 C positions and the sites are fully occupied except for

three crystallographic positions of the Dy atoms. Each of these 3 atomic sites is occupied
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by about 30%. Full occupation would result in unphysically short Dy—Dy distances smaller
than 253 pm. All fully occupied atomic sites are forming a framework structure with empty
channels. The partially occupied Dy positions fill these empty channels. As disorder would
cause streaks or diffuse reflections on the diffraction pattern, the satellite reflections point
to an ordering of the Dy atoms within these channels. In the next step, the satellite reflec-
tions were taken into account. Several commensurately and incommensurately modulated
structure models in suitable superspace groups were checked in order to find a physically
reasonable model. The refinements were done using the software packages JANA2006 [161]
and WinCSD [157-159]. However, the R factors for the satellite reflections were about 0.25
for the first order and 0.35 for the second order satellites, respectively, indicating that nei-
ther the commensurate nor the incommensurate model can properly describe the real crystal

structure.

The second choice was to index the observed reflections corresponding to a composite
structure. Composite structures consist of two or more periodic substructures, each with their
own space group and with mismatch in at least one dimension. Such kind of structures cannot
be forced into a single unit cell and their misfit lattices give rise to mutual modulations. In
this case, the composite structure consists of two orthorhombic subsystems with common a,
b parameters but different in their ¢ axes: a = 2934.63(9) pm, b = 1263.63(5), c¢; = 504.14(3)
pm and ¢; = 1056.01(5), which are mutually incommensurate (Figure 5.3, orange). The high
data/parameter ratio by using this approach usually improves the numerical stability of the
refinements compared with refinements involving superstructures with large unit cells [223].
Integer indexing of the Bragg reflections is defined by a set of reciprocal basis vectors M =
{a*, b*, ¢}, ¢5}. The set of basis vectors of the reciprocal lattice of the basic structure of the
each subsystem is related to the vector set M through the non-singular (3+1)x(3+1) integer
matrix W. In our case, the W matrices for the first and second subsystems are:

1 000 1 00O

0100 0100
Wl — and W2 =

0010 0 0 01

00 01 0010

The main reflections of the first subsystem will have indexes (hkl0), whereas (hkOm) define
the main reflections of the second subsystem. The (hklm) reflections belong to both subsys-
tems and represent the m ! order satellite for the first and / ** order satellite for the second
subsystem.

The crystal structure of Dys ¢4[FeoCo] was successfully refined as a composite structure
using the program WinCSD [157-159]. The framework part of the average structure was
taken as the first subsystem, whereas the guest Dy atoms within the channels were treated
as the second subsystem. Thus, the complete structure can be described as a host-guest
assembly: the host structure contains most of the atoms (10 Dy, 3 Fe and 18 C positions)
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Table 5.3: Crystallographic data and details on data collection and crystal struc-
ture refinements for the composite structure Dys g4 [Fe,Col'.

Chemical formula, Z

{Dyo.64 } {Dys[Fe2Col}, 8

Crystal system orthorhombic

Superspace group Pnma(00g)

Formula mass [g-mol '] 1145.23

Radiation, A [pm] Mo Ka, 71.069

Temperature [K] 295

a [pm] 2934.63(9)

b [pm] 1263.63(5)

Cl =CH [pm] 504.14(3)

¢ =cg [pm] 1056.01(5)

Modulation vectors, gy or gg 0.4775 or 2.0942

Pcalc [g-Cl’l’l3] 9.067

Crystal size [um] 20 x 25 x 40

Crystal color silvery metallic

¢-range [°] 0-276

O-range [°] 1.4-27.6

hklm-range 20< h <38
3<k<6
-16<51<16
2<m<?2

Absorption correction
Absorption coefficient, y [mm™!]

numerical from crystal shape
56.08

T ins Trnax 0.520, 0.746
No. of measured reflections 26733
Criterion for observed reflections F>40
R(all), wR(all) 0.055, 0.059
Rp, wRp (hklO) 0.035, 0.036
Rp, wRg (hkOm) 0.058, 0.062
Rp, wRp (hkll) 0.134,0.136
Rp, wRp (hkI2) 0.139, 0.142
GooF 1.01

i Supplementary data are available from the FIZ, D-76344 Eggenstein-Leopoldshafen,
Germany, e-mail crysdata@FIZ-karlsruhe.de, by quoting the depository number
CSD-422082

and the guest structure (2 Dy) fills the channels in the host structure. The two substructures
share the ab plane, but have different translational periods and are thus modulated along [001]
(Figure 5.5a). The unit cell parameters, the modulation vectors and the W matrixes of host

I are used to denote the subsystems of the

and guest structures are given in Table 5.4. Braces
composite structure.

The reflection conditions are in agreement with the possible space groups Pnam (62) and
Pna2; (33) (see Table 5.2) for the host structure and Pbam (55) and Pba2 (32) (h = 2n for

h00m, k = 2n for 0kOm, h = 2n for h000 and k = 2n for 0k00) for the guest structure. Here,

ICommonly, brackets are used to denote the subsystems. Throughout this thesis brackets are only used to
consistently indicate complex anions in a chemical formula.
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Table 5.4: Unit cell parameters, modulation vectors and W matrixes of host and
guest structures of the composite structure Dys g4[FeoCo].

Host structure {Dys[Fe,Co]} Guest structure {Dyg ¢4 }
a (pm) 2934.63(9)
b (pm) 1263.63(5)
¢ (pm) 504.14(3) 1056.01(5)
q 0.4775¢cy; = cg; 2.0942c; = cy
wt Wi Ws

T see text

the crystallographic settings were chosen in a way that the sublattices have common a and b
axes and mismatch is given along the c¢ axis direction. Refinements were carried out for the
centrosymmetric as well as the non-centrosymmetric space groups. The refinement conver-
ged to almost similar residuals for the centrosymmetric (R(all), wR(all) 0.055, 0.059) and
the non-centrosymmetric (R(all), wR(all) 0.05, 0.07) space groups. However, in the non-
centrosymmetric case short Dy—Dy contacts of ca. 180 pm are observed. The attempt to
treat the short Dy—Dy contacts with Crenel function failed. Therefore, the centrosymmetric
space groups Pnam and Pbam were chosen, since they provide physically meaningful inter-
atomic distances. The combination of the space group pair results in the superspace group
Pnam(00g) for the composite structure. Satellites up to the second order were included in
the refinements, which finally converged to Rr(hkl0) = 0.035, Rr(hkOm) = 0.058, Rp(hki1)
= 0.134 and R (hkl2) = 0.139 for reflections with F' > 40 (F). Further details on the crystal
structure refinements are summarized in Table 5.3. The fractional atomic coordinates and
equivalent atomic displacement parameters of the average structure are listed in Table 5.5.
All atomic positions are fully occupied except Dy12, which belongs to the guest structure.
The occupational modulation of the Dy12 site was modeled with a Crenel function, which
describes a periodic distribution of atoms and vacancies as a square wave. The shape and the

formula of the Crenel function is shown in Figure 5.4.

Oce.
1.0 —
0.8+
(1 f x0e (x,0- A2, x0+ A2
oo plxy) =
0 if x0¢ (x,0- A2, x2+A2)
041
0.2
0
_x4
0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 ]..3 i

Figure 5.4: Crenel function of width A and center x3.

The parameter p(x4) presents the occupational probability, xg and A are the parameters of
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the Crenel function. The parameter A defines the ¢-range (phase of the modulation) and xg

defines the center of this range.

Table 5.5: {Dyg.64}{Dys[Fe,Cy]}: Fractional atomic coordinates, equivalent isotropic displacement
parameters [10* pm?] of the atoms in the host-guest crystal structure; estimated standard deviations
are given in parentheses.

Atom Site X y V4 Ueg.

Subsystem 1: Host structure - {Dys[Fe;Co]}

Dyl 4c 0.37276(1) 0.26055(3) 1/4 0.0086(2)
Dy2 4c 0.46831(2) 0.91673(4) 1/4 0.0085(2)
Dy3 4c 0.10825(1) 0.56368(4) 1/4 0.0084(2)
Dy4 4e 0.04675(1) 0.80218(3) 1/4 0.0081(2)
Dy5 4c 0.25201(2) 0.31067(4) 1/4 0.0093(2)
Dy6 4e 0.28153(1) 0.61154(3) 1/4 0.0084(2)
Dy7 4c 0.67163(2) 0.57283(4) 1/4 0.0101(2)
Dy8 4c 0.45564(1) 0.49531(3) 1/4 0.0081(2)
Dy9 4c 0.03683(1) 0.20275(3) 1/4 0.0076(2)
Dy10 4c 0.29492(1) 0.02431(4) 1/4 0.0089(2)
Fel 4c 0.18899(4) 0.6995(1) 1/4 0.0065(4)
Fe2 4c 0.46127(4) 0.1493(1) 1/4 0.0049(4)
Fe3 8d 0.12413(3) 0.10524(8) 0.5000(2) 0.0083(3)
Cl 4c 0.4617(3) 0.7132(8) 1/4 0.012(3)
C2 4c 0.0664(4) 0.3909(9) 1/4 0.016(3)
C3 4c 0.5392(3) 0.5032(8) 1/4 0.013(3)
C4 4c 0.1294(3) 0.7573(8) 1/4 0.011(3)
C5 4c 0.2212(3) 0.1084(8) 1/4 0.013(3)
Co6 4c 0.4531(3) 0.3010(8) 1/4 0.012(3)
C7 4c 0.3170(3) 0.4249(8) 1/4 0.013(3)
C8 4c 0.2398(3) 0.7852(8) 1/4 0.013(3)
C9 4c 0.0821(3) 0.0338(8) 1/4 0.013(3)
C10 4c 0.4100(3) 0.0670(8) 1/4 0.014(3)
Cl11 4c 0.1941(3) 0.5560(8) 1/4 0.013(3)
Cl12 4c 0.3506(3) 0.4979(8) 1/4 0.013(3)
C13 4c 0.1766(3) 0.1348(8) 1/4 0.013(3)
Cl4 4c 0.0218(4) 0.3936(9) 1/4 0.014(3)
C15 4c 0.4195(3) 0.6823(9) 1/4 0.015(3)
Cl6 4c 0.8806(4) 0.5139(11) 1/4 0.019(3)
C17 4c 0.2817(4) 0.8224(8) 1/4 0.017(3)
C18 4c 0.1901(4) 0.4531(10) 1/4 0.021(3)
Subsystem 2: Guest structure - {Dyg 64 }
Dyll1 8i 0.13902(2) 0.31816(5) 0.3155(1) 0.0038(3)
Dyl 2F 4g 0.13972(6) 0.3237(2) 0 0.0034(4)

T parameters of the Crenel function: x] = 0.09 and A = 0.64

Outside the A range there are no atoms (vacancies only) and inside the range there are atoms.
The average occupancy of the Dy12 site is defined by A, which in our case is 0.64. The

Crenel function can be expressed by a Fourier series p(X4), with X4 = t + ¢-r (see Section
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3.5.3) because it is a periodic function. The chemical formula of the host structure is given by
{Dy4o[Fe16C721} or {Dys[Fe,Col} with Z = 8 formula units per unit cell, whereas the guest
structure contains 10.68 (= 8 + 0.67x4) atoms per unit cell. 5.10 = 10.68x0.4775 atoms of
the guest structure corresponds to one unit cell of the host structure, i.e. 5.1/8 = 0.64 guest
atoms per formula unit of the host structure. The chemical formula for the composite structure
is given by {Dyj ¢4 } {Dys[Fe>Co]}. The displacement modulation of all atomic positions was
modeled with harmonic functions up to the second order for the host structure and with fourth
order harmonic functions for the guest structure, respectively. Thus, Dys g4[Fe;Co] shows
positional modulations for all atoms and occupational modulation only for the Dy12 atom.
The modulation functions are given in Table 9.26. Anisotropic displacement parameters are
listed in Table 9.24.

5.3 Crystal chemistry

Dy;s.64[FexCo] is described as a composite structure composed of host and guest structures,
which are mutually incommensurate in z direction. Projections of the host structure along
[001] and guest structure along [100] are shown in Figure 5.5a.

The characteristic feature of the host structure {Dys[Fe,Co]} is the coexistence of two
different complex anions with iron as the central atoms and carbon species as the ligands:
[FeC(C;),] trigonal planar units and [Fe(C;)4] edge sharing tetrahedral chains (Figure 5.6).

One of the complex anions is a distorted trigonal planar group [FeC(C;),]. A similar unit
is observed in the anionic partial structure of Laj g7[Fe(C;)3] [145] (see also Section 6.2.2),
but instead of three C, ligands there are one monoatomic and two monodentate diatomic
carbon ligands connected to the Fe atom. Each trigonal unit [FeC(C5;),] is surrounded by large
tricapped trigonal prisms (formed by nine Dy atoms) which are fused to columns along [001]
via common basal planes resulting in one of the main building blocks of the host structure.
Here, we name this building block as A. The crystal structure of Lajs ¢7[7(C;)3] (T = Fe, Ru)
represents a framework structure which also contains such kind of A units (for details see
Section 6). In addition, the crystal structure of RE5[FegCjs] [224] (Section 4) also contains
A units as the main building block. Thus, A can be considered as one of the principal building
elements participating in the formation of ternary compounds in RE-T—C systems.

The other complex anion is a distorted tetrahedra [Fe(C,)4], which is also present in the
anionic partial structure of Y,[Fe(C;)2] [29]. The distorted Fe(C,)4 tetrahedra form SiS,-
analogous chains running along [001] by sharing common edges (Figure 5.6). Each Fe(C;)4
group is surrounded by four Dy atoms also arranged in a distorted tetrahedral manner and
forming large edge sharing tetrahedral chains running along [001]. This is the second main
building block of the host structure and will be designated as B. This building unit is also
present in the crystal structure of Y,[Fe(C;),]. In this way, the host structure {Dys[Fe,Co]}
of the composite Dyj; g4[Fe;Co] is built up from the building blocks already known from the
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Figure 5.5: a) Host structure {Dys[Fe,Co]} viewed along [001], Prnam, a =2934.63(9) pm, b =
1263.63(5) pm, cy = 504.14 (3) pm; the blue circles mark the empty channels and black crosses
the positions of the guest atoms in the host substructure, i.e, the guest chain {Dyq ¢4} running along
[100], Pbam, a =2934.63(9) pm, b = 1263.63(5) pm, cg = 1056.01(5) pm; the dashed lines mark the
length cy of the first subcell indicating the misfit of two subcells; b) the host structure {Dys[Fe,Col}
viewed along [001]. Building blocks A and B are shown. Linkage of A and B creates two different
kinds of irregular shaped channels, labeled 1 and 2. Zoom of channel 1 (left). The face sharing
octahedral chain is depicted by grey polyhedra.

crystal structures of Las g7[Fe(Cz)3] and Y;[Fe(Cz)2]. The unit cell projection of the host
structure along [010], shows that B is linked to three A units via common vertices, whereas
A is connected to 1 A + 2 B or 2 A + 1 B. Condensation between A units along [001] is
achieved by face sharing. The linkages between neighboring blocks create two different

kinds of channels running along [001], 1 and 2, in the host structure as shown in Figure 5.5b.
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Channel 1 is inside the cyclic arrangement of A-A-A-B-A-B and their extension along [001]
(Figure 5.5b). Channel 2 is much smaller (formed by 4 A + 2 B in the sequence A-A-B-A-
A-B) and does not contain any atoms due to space restrictions. All composite framework
structures reported up to now accommodate other kind of chemical element inside the empty
channel. Dyjs ¢4[Fe,Co] is, to our knowledge, the first example containing the same chemical

element (Dy) in, both, host and guest substructures.

Inside the channel 1 the C, units
form face sharing octahedral chains run-
ning along [001] (Figure 5.5b). Figure
5.7b shows a cut-out of the modulated
chain of Dy atoms occupying the chan-
nels of the composite structure and an
adjacent polyanionic tetrahedral string
as well as trigonal planar groups, taken
from a 23x11 supercell. The tetrahe-
dral strings give rise to the formation
of a linear Fe—Fe chain with an average
distance of 250.4 pm, which probably

makes the host framework rigid. The

channel for the guest atoms is formed by
. [FeC(C,),] [Fe(C),]
the carbon ligands of the tetrahedral and

trigonal planar groups. Due to the limi- Figure 5.6: Polyanionic partial structures in the host
structure {Dys[Fe,Co]}.

ted amount of space for the guest atoms,
some of the Dy atoms within the chan-
nels are located inside the carbon octahedra, others, however, are pushed in direction of the
octahedral faces, thereby changing the coordination of the guest atoms by carbon from oc-
tahedral to tetrahedral or even to a trigonal planar environment (Figure 5.7b). The guest La
atoms in Lajz g7[Fe(C;)3] occupy positions displaced from the centers of two neighboring car-
bon octahedra (Figure 5.7a). Two filled octahedra alternate with one empty octahedron. Thus,
2/3 (= 0.67) of the octahedra are occupied by La atoms. Higher La contents would result in
too short La—La distances. For Dys g4[Fe>Co], the amount of guest Dy atoms in the channels
is calculated in the following way. The unit cell of the host structure as well as the unit cell
of the guest structure contain an integral number of formula units: {Dys[Fe,Cy]} (Z = 8) and
{Dy1068} (Z = 1), respectively. Because the volume of the unit cell of the host structure is
somewhat smaller than the unit cell volume of the guest structure by an irrational factor, only
a fraction of a formula unit of {Dy ¢ ¢g} fits into one unit cell of {Dys[Fe,Co]}. This fraction
is defined by the ratio of the c-axes of the two subsystems, which is in the present case 0.4775.
The number of formula units of the guest structure for each formula unit of {Dys[Fe,Co]} is
calculated to be 0.06 (= 0.4775-1/8). In other words, 0.64 (= 0.06x10.68) Dy guest atoms
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correspond to one formula unit {Dys[Fe,Cy]}. Thus, the chemical formula for the composite
structure is {Dyq ¢4 } {Dys[Fe,Co]}. By this, it becomes clear that the Dy content within the
channel of Dys ¢4[Fe,Co] is lower than that in the commensurately modulated (often called
lock-in phase) Las ¢7[Fe(C;)3] Figure 5.7b. This maybe one of the reasons for the formation
of an incommensurately modulated composite structure. Another consideration for the for-
mation of the composite structure can be the charge compensation of the octahedral carbon
channels by Dy atoms. Due to the partial occupancy of the Dy atoms within the channels a

narrow homogeneity range may exist.

La,,[Fe(C,),] {Dy, XDy [Fe,C.l}

1605 pm

c=

Figure 5.7: a) La atoms inside a channel of face-sharing octahedra together with trigonal planar
Fe(Cy)3 groups in the crystal structure of Lasg7[Fe(Cy)3]; La atoms occupy pairs of neighboring
carbon octahedra. This pair alternates with one empty octahedron; b) Dy atoms within an octahe-
dral channel of the modulated composite structure together with a tetrahedral string of Fe(Cz)4/, and
trigonal planar FeC(C,), groups.

In the composite both substructures are modulated due to their mutual interactions. The
guest Dy atoms within the channel (Dy11, Dyl12) exhibit large displacement modulation
amplitudes A, along z, ranging from 0.0107 to 0.0985, while A, and A, are smaller than
0.006. The modulation amplitudes for all atoms in the host structure are less then 0.02,
thus indicating a fairly rigid host substructure. The Fourier coefficients of the modulation
functions for all atoms are listed in Table 9.27. Figure 5.8 shows the modulations of selected
interatomic distances as a function of the modulation phase 7. Average interatomic distances
for host and guest structures are given in Table 9.25. 1t is remarkable that all interatomic

distances in the crystal structure of Dys g4[Fe;Co] exhibit relatively small variations except
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Figure 5.8: Dys ¢4[FexCo]: r-plots of the modulation for selected distances: a-b) Fe—C and C—C in the
tetrahedral chains as well as in trigonal planar units, ¢) Dy—C connected to trigonal planar Fe—C units
and d) Dy-Dy distances within the guest chain.
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The distances in these t-plots are selected so that all chosen atoms connected to each other.
The Fe—C distances are typical for covalent bonds. The bond lengths in the tetrahedral chains
are slightly longer than those in the trigonal units. The changes in C—C distances are rather
large with Ad ~ 20 pm, however they remain constant in a wide range of # = 0.1 to 0.8. The
Dy5—C6 bonds are linked to the Fe—C bonds of the FeC(C5), trigonal planar group, thus their
modulation periods are similar. The distance d(Fe—Fe) of ca. 252 pm lies in a range of weak
bonding interactions and its deviations from the average value are less than Ad =2 pm in the
range of = 0.3 to 0.9. The Dy11-Dy12 distances in the channels reveal a moderate change,
with Ad ~ 80 pm. Because of the occupational modulation of Dy12 with a Crenel function
the distances in the range of # = 0.4 to 0.8 in the plot are missing. In other words, for = 0.43
to 0.76 there are no atoms.

The Dy atoms in the host structure are 10-, 11- and 12-fold coordinated by metal atoms
forming bi-, tri- and fourcapped square prismatic arrangements. Exemplarily, the metal envi-
ronment of Dyl, Dy2 and Dy3 are shown in Figure 5.9 (1 to 3). The average d(Dy—Dy) and
d(Dy-Fe) distances are 368.18(1) pm and 315.09(1) pm, respectively. Similar distances are
also observed in other ternary compounds such as Dy 5[FegC,5] (d(Dy-Dy) = 340.6 to 370.2
pm, d(Dy-Fe) = 274.4 to 334.2 pm) [224] and binary phases, e.g., DyFe; (d(Dy-Dy) = 330
pm, d(Dy—Fe) =314.7 pm) [101]. The coordination number of the Dy atoms regarding to the
carbon ligands are 5, 7, 8 and 9. For instance, Dyl is 5-fold coordinated by carbon ligands
forming distorted square pyramids (Figure 5.9 (4)). Dy?2 has 8 nearest neighbor carbon atoms
arranged in a tricapped distorted square pyramid (Figure 5.9 (5)). DyS5 is embedded in a bi-
capped square pyramid formed by carbon atoms, thus resulting in CN = 7 (Figure 5.9 (6)),
whereas the local environment of Dy®6 is defined by a monocapped square prismatic arrange-
ment of carbon atoms (Figure 5.9 (7)). The average d(Dy—C) contact is 260.16(2) pm, which
is slightly longer than the sum of the covalent radii of Dy and C atoms (ca. 240 pm). Similar
distances are also observed in ternary or in binary carbides such as Dy;5[FegCjs] (d(Dy—C) =
2449 t0 276.5 pm) [224], ErpFeCy4 (d(Dy—C) =236.4 to 265.7 pm) [29] or in DyC; (d(Dy—C)
=251.2 to 266.2 pm) [225].

In the host structure there are three crystallographically independent Fe positions. Fel and
Fe2 have the same local environment formed by metal atoms and carbon ligands. They are
surrounded by 9 Dy atoms forming a tricapped trigonal prism (Figure 5.9 (8)). As mentioned
before, this kind of metal atomic arrangement is very often observed in ternary rare-earth
iron carbides, e.g., Dy5[FegCos] [224] and Lajz g7[Fe(C;y)3] [145]. Fe3 is linked to 4 Dy
and 2 other Fe3 atoms (Figure 5.9 (9)). The average d(Fe-Fe) distance of 252.07(2) pm is
comparable with the respective values found in Dy 5[FegCs] [224] (255.7 pm and 270.9
pm), EroFeCy4 (250.3 pm) and binary iron carbides such as €-FezC (275.4 pm) [84] and n-
Fe,C (260.6 pm and 277.8 pm) [79], and is slightly longer than the distances observed in
Y-Fe (245.5 pm) [207]. Iron atoms in the crystal structure of Dys ¢4[Fe;Co] serve as central

atoms of the anionic partial structure.
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Figure 5.9: Coordination polyhedra of all atomic sites in the host structure {Dys[Fe,Co]}. Local
coordination of Dy by metal atoms: Dyl - fourcapped square prism (1), Dy?2 - tricapped square prism
(2) and Dy3 - bicapped square prism (3). Coordination of Dy by carbon ligands: Dyl - distorted
square pyramid (4), Dy2 - tricapped distorted square pyramid (5), Dy5 - bicapped square pyramid
(6), Dy6 - monocapped square prism (7). Metal coordination of Fe atoms: Fel - tricapped trigonal
prism (8), Fe3 - unusual coordination polyhedra formed by 4 Dy and 2 Fe3 atoms (9). Coordination
polyhedra around carbon atoms: monoatomic carbon C4 - occupies the octahedral void (10); C, pairs
have two different local environments: octahedral (11) and distorted pentagonal bipyramidal (12).



102 5. RE5 64[FerCo] (RE =Y, Gd, Tb, Dy)

Fel and Fe2 atoms are coordinated by one monoatomic carbon and two dicarbo ligands (end-
on) forming distorted trigonal planar FeC(C;), groups. The local carbon environment of
Fe3 is formed by a tetrahedral arrangement of carbon pairs. The average Fe—C distances are
d(Fe—-C) = 185.3 to 201.1 pm, and are closely related to those found in binary iron carbides,
e-Fe3C (193 pm) and 1) -Fe,C (182 to 190 pm) and ternary compounds such as Dy 5[FegCos]
(186.3 to 227.7 pm), Laj3 g7[Fe(C3)3] (182 pm) and ErpFeCy (197 pm).

There are 18 crystallographically different carbon atoms in the host structure. Only C4
and C6 are monoatomic species, and the remaining 16 carbon atoms form C, pairs. In the host
structure, the metal matrix contains two different kinds of voids which accommodate carbon
atoms. As shown in Figure 5.9 (10 to 12), the monoatomic carbon atoms and half of the
C, pairs occupy octahedral voids, whereas the remaining half of the C, pairs accommodate
distorted pentagonal bipyramidal voids. In all reported ternary and binary carbides, carbon
atoms usually occupy octahedral or trigonal prismatic voids formed by metal atoms. The
average C—C distances range between 129.66(1) and 135.13(1) pm. The average distances
d(C—C) in the composite is close to 133 pm indicating the presence of C,*~ species with
double bonds.

The Dy atoms of the guest structure are forming linear modulated chains running along
[001]. The average Dy—Dy distances in the guest structure are d(Dy—Dy) = 333.2 pm and
389.8 pm.

The oxidation states for iron atoms within the complex anions can be assigned as follows.
The average C—C distance in the composite is close to 133 pm indicating the presence of C,*~
species with double bonds. Magnetic susceptibility measurements are consistent with the pre-
sence of Dy>* species. Trigonal planar and tetrahedral coordinations around iron atoms by
carbon atoms are known from the crystal structures of Las ¢7[Fe(C;)3] and Y, [Fe(C,);] with
Fet! and Fe™2, respectively. The compound under consideration contains both types of envi-
ronments of Fe atoms by mixed carbon ligands, monoatomic and diatomic. Thus, taking into
account all the above mentioned informations a charge balanced ionic formula of the compo-
site can be written as {(Dy)>To.¢7}{(Dy>*)s[Fe?T(Ca), /2][CF61+(C2)2]}. Considering the
two different coordinations of iron atoms, we expect oxidation states close to Fet! and Fe ™2

for the trigonal planar and the tetrahedrally coordinated Fe atoms, respectively.

5.4 Magnetic susceptibility

A SQUID magnetometer (MPMS XL-7, Quantum Design) was used for the measurement of
the magnetic susceptibility in the temperature range of 7 = 1.8 K to 400 K and in magnetic
fields u,H =10 mT to 7 T as described in Section 3.11.1.

From powder XRD it was known that the sample contains ~ 4-5 wt.% of Fe as a minority
phase. Therefore, the Honda-Owen method was applied to correct the magnetic susceptibi-
lities y = M/H for u,H > 1 T for the Fe impurity. Figure 5.10 shows the corrected inverse
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Figure 5.10: The corrected inverse magnetic susceptibility of RE5 ¢4[Fe;Co] (RE =Y, Gd, Tb, Dy).

magnetic susceptibility of the compounds RE5 g4[Fe>Co] (RE = Gd, Tb, Dy). The corrected
data Ycorr(7) are well described by the Curie-Weiss law for 7 > 100 K. The effective ma-
gnetic moments Uepr = 7.96 up / Gd-atom (6p ~ +51 K), Uesr = 9.68 up / Tb-atom (6p ~
+25 K) and pggr = 10.9 up / Dy-atom (6p ~ +15 K), respectively, corresponding to the values
expected for the ground state multiplets (Gd>*: 85, /25 Tb3*: "Fg, Dy>*: SH s /2) of the
trivalent RE ions. Broad anomalies for 7 < 20 K probably originate from magnetic ordering
of the RE moments. Y5 ¢4[FeoCo] shows Pauli-paramagnetic behavior. These results reveal a

non-magnetic anionic structure for the compounds RE5 g4[Fe>Co] (RE =Y, Gd, Tb, Dy).

5.5 Electrical resistivity

The electrical resistivity p(7) measured on compact pieces shows a metal-like tempera-
ture dependence for Ysg4[FeoCo] and Dys 4[FerCol, and a semiconductor-like tempera-
ture dependence for Gds g4[Fe2Co] and Tbs g4[FeoCo] (Figure 5.11). In other words, there
is a transition from semiconductor-like to metal-like behavior in the sequence from Gd to
Dy. The resistivities at 300 K are 3.17 mQcm, 0.87 mQcm, 0.63 mQcm and 1.64 mQcm
for Ys5.64[Fe2Col, Gds ga[FeaCol, Tbs g4[FerCo] and Dys g4[FerCol, respectively. A broad
hump at 25 K and a strong decrease of p(7T) below this temperature is observed only for
Dys 64[FeoCo], which indicates a magnetic ordering of the Dy>T ions. A similar behavior is
also observed for the compound Dy 5[FegC,5] [224].
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Figure 5.11: Electrical resistivity of compounds REs¢4[Fe;Co] (RE =Y, Gd, Tb, Dy). The broad
hump observed for Dys g4[FeoCo] is also shown in the inset.

5.6 Mossbauer spectroscopic studies

The samples were prepared and measured according to the procedure described in Section 3.8.
Figure 5.12 shows the Mossbauer spectrum of Gds ¢4[FeoCo] measured at room temperature.

The crystal structure of Gds g4[Fe>Co] contains three crystallographically independent Fe
positions. Both, Fel and Fe2 have trigonal coordination by C, as well as monoatomic carbon
ligands with an average bond length of Fe—C about 180 pm. Fe3 has a tetragonal coordination
of carbon ligands with an average bond length of about 200 pm. In addition, the multiplicity
of Fel and Fe2 is four whereas there are 8 Fe3 atoms in the unit cell. This means, that
number of iron atoms on Fe3 sites is equal to that on Fel and Fe2 sites together. Since Fel
and Fe2 have the same coordination polyhedra and similar distances, they can be assigned
to the same Mossbauer subspectrum. Thus, the observed Mdssbauer spectrum can be fitted
with two subspectra associated with Fe3 on the one hand and (Fel + Fe2) atoms on the other
hand. Because the multiplicity ratio of Fe3/(Fel + Fe2) is one, the area of the two subspectra
should be the same. The hyperfine parameters obtained from the fit are listed in Table 5.6.
Considering the coordination of the Fe atoms, in Section 5.3, the following oxidation states
for Fe atoms in isotypic Dys g4[Fe,Co] were chosen: Fe! (Fel and Fe2) and Fe!! (Fe3). In
this sense, the Fe atom with the lower oxidation state should show a higher positive shift
with respect to the Doppler zero velocity in the Mossbauer spectrum. However, experimental
results show that the Fe3 atom have a higher IS value (Table 5.6). This, can be explained by
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Figure 5.12: The Mossbauer spectrum of Gds ¢4[Fe;Co] measured at room temperature. The measured
spectrum (dots) is fitted (black) with two subspectra (red and olive).

considering the average bond length of the Fe—C contacts in Gds ¢4[Fe;Co]. Because of the
smaller average bond length the IS for the Fel and Fe2 polyhedra could be smaller then the
IS of the subspectra of the Fe3 tetrahedron. Because of these arguments the subspectrum 1

can be associated with the Fe3 site, whereas subspectrum 2 can be associated with the Fel

and Fe2 sites.

Table 5.6: Mossbauer parameters of Gds g4[Fe,Co]: Isomer shift (IS) relative to a-Fe, half width (I7/2),

quadrupole splitting (AEp), and relative area (A) of the subspectra, estimated standard deviations are
given in brackets.

Subspectra Assignment IS (mm/s) AEg (mm/s) /2 (mm/s) A (%)

I (red) Fe3 0.11(5) 0.8(1) 0.18(2) 50(1)
2 (olive) Fel + Fe2 -0.17(4) 1.34(9) 0.16(2) 49(3)

5.7 X-ray absorption spectroscopic studies

The samples for the XAS measurements were prepared and measured according to the pro-
cedure described in Section 3.7.2. Pure iron was used as a reference. Figure 5.13 shows the
XAS spectrum of the phases RE5 g4[Fe2Co] (RE =Y, Gd, Tb, Dy).

Data processing was done as described in Section 4.9. The XAS spectra of the phases
REs5 ¢4[FeyCo] are of similar shape indicating their isotypism. The XANES region contains

main edge and pre-edge peaks. The electrical resistivity measurements of Gds e4[FerCo]



106 5. RE5 64[FerCo] (RE =Y, Gd, Tb, Dy)

Dy5.64[FeZCQ]
0.2

1.2 y T y T T T T T T T T
1.0 - /
'3‘ Pt
<9
< 038 -
R
"é_ Fe-powder
8 0.6 —Ys.m[Fezcg] -
% Gd5.64[Fe209]
B 04 —— The, [Fe,C,l
N
©
S
o
=

0.0
1 i | i | 1 | 1 1

7100 7120 7140 7160 7180 7200 7220
Energy (eV)

Figure 5.13: Normalized XAS spectra of the Fe-K threshold of the ternary phases RE5 ¢4[Fe;Co] (RE
=Y, Gd, Tb, Dy) together with the spectrum of metallic iron.

and Tbs g4[Fe2Co] show a semiconductor-like behavior and Ys ¢4[FeoCo] and Dys ¢4[FerCo]
very weak and almost temperature independent resistivity. In this reason, the pre-edge peak is
most probably associated with the local environment of Fe atoms [218-220]. From the crys-
tal structure, we know that Fe is present in two different non-centrosymmetric coordinations:
distorted tetrahedral and distorted trigonal planar (Section 5.3). As discussed in Section 4.9,
the shape of the XAS spectra might indicate a higher filling of the 3d states, which corres-
ponds to a lower oxidation state of Fe [221]. The Fe K threshold of RE5 ¢4[Fe;Co] at 0.6 of
the normalized absorption of the K-edge showed positive energy shifts with respect to ele-
mental Fe indicating oxidation states larger than zero. Their values are listed in Table 5.7.

All energy shift values are equal within estimated standard deviations (0.5 eV).

Table 5.7: X-ray absorption Fe K-edge threshold and energy shift (AE) observed for compounds
RE5_64[F62C9] (RE = Y, Gd, Tb, Dy)

Compound Energy at 0.6 (eV) AE (eV)
Fe 7112.0

Y5.64[F62C9] 7122.3 10.3
Gd5,64[F62C9] 7122.1 10.1
Tbs 4[FerCo] 7122.5 10.5

Dys.c4[Fe2Co] 7122.4 10.4
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5.8 Summary

The new, complex rare-earth iron carbides RE5 g4[Fe;Co] (RE =Y, Gd, Tb, Dy) were syn-
thesized and structurally characterized. The materials are air and moisture sensitive and are
the first representatives of a new structure type containing two different types of complex
anions: discrete trigonal planar [FeC(C,);] units and infinite chains of distorted edge sha-
ring [Fe(Cj)4 /2] tetrahedra. The crystal structure was solved for Dys g4[Fe;Co] and treated
as a composite of a host {Dys[Fe,Cy]}- and a guest {Dyg ¢4 }- substructure sharing their a
and b lattice parameters but, with mismatch concerning c. As mentioned in [178], the ther-
modynamic stability of incommensurate composite crystal structures is achieved through the
bonding interactions between atoms of two subsystems in more than one direction. Thus,
the host and guest substructures of Dys g4[FeoCo] have a common ab plane in order achieve
thermodynamic stability. The composite approach clearly gives the building principles of the
crystal structure. The charge of the fairly rigid host structure defines the number of guest
atoms for electroneutrality reasons and can be considered as the driving force for the mo-
dulation. Since the C—C bond order is connected to the resulting oxidation states of the
Fe atoms, it is important to investigate the bonding situation of the C,"” units in detail.
The XAS investigations show that the oxidation state of the Fe atoms in REjs ¢4[FerCo]
is greater than zero. Considering the C—C bond length and magnetic susceptibility data
(Dy>*), a charge balanced ionic formula of the composite can be written as
{(Dy)**0.67H{(Dy>")s[Fe?t (Ca)4 /2][CFe T (Cy)a1}, reflecting the general trend to low va-
lence states in carboferrates. The Mossbauer spectra recorded at room temperature shows
non-magnetic iron species which is consistent with the results of the magnetic susceptibility
measurement. The ternary compound can be used in the future as a reference material for
Maossbauer investigations of binary and ternary iron carbides. The compounds REs ¢4[Fe,Co]
(RE =Y, Gd, Tb, Dy) show paramagnetic behavior. Metal-like temperature dependence was
observed for Ys.¢4[FeoCo] and Dys g4[FeoCo], while Gds g4[FerCo] and Tbs g4[FerCo] show

a semiconductor-like temperature dependence.
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6 Las¢[T(C,)s3] (T =Fe, Ru)

The crystal structures of Las ¢7[T(C2)3] (T = Fe, Ru) were previously reported by Jeitschko
et. al. [30] and are briefly discussed in Section 2.2.2 and 2.2.3. In this work, threefold
superstructures for Las g7[Fe(C;)3] and Las g7[Ru(C,)3] were experimentally observed, and
reinvestigation of the crystal structure was performed by powder X-ray and single crystal
diffraction methods. The crystal structure of Las ¢7[Fe(C,)3] was treated using a split atom
model, while the superspace approach was used to determine and to describe the crystal

structure of Laj g7[Ru(C,)3].

6.1 Synthesis and phase analysis

Mixtures of La (Ames, 99.99 %), Fe (Alfa Aesar, 99.99%) or Ru (Alfa Aesar, 99.99%) and
graphitic carbon (Chempur, 99.9%) were prepared in the molar ratio La: 7: C=4: 1:
6. The mixtures were cold-pressed into pellets using a hydraulic press (PERKIN ELMER 20
kN) and a 6 mm stainless steel die. The pellets were arc melted several times to improve the
homogeneity of the samples. As cast samples were crushed in an agate mortar and analyzed
by powder X-ray diffraction. A remaining part of the sample was wrapped in Ta-foil, sealed
in evacuated fused silica ampoules, annealed at different temperatures (1173 K, 1273 K, 1373
K or 1473 K) for one week in a horizontal tube furnace and finally quenched in water. The
optimal annealing temperature (concerning highest yields of the main phase) was determined
to be 1173 K for Laj g7[FeCg] and 1373 K for Lajz ¢7[RuCg]. The reaction product was grey
with good crystallinity and block shaped crystals could be isolated from the surface of the
crushed specimens. Attempts to obtain single phase materials as well as large single crystals
suitable for physical property measurements, using the metal flux method as described in
Section 3.2, failed. The metals Ga, In, Sn and Bi were used as fluxes. Changes of the
temperature program and the molar ratios of the educt materials to the flux resulted in binary
phases only. Further experiments using other fluxes should be done.

Flat sample holders with vaseline-coated Mylar foil were charged with the crushed and
ground samples. A small amount of LaBg as internal standard (SRM660a, a = 415.6916
pm) was added to the samples in order to determine the unit cell parameters of the phases
precisely. X-ray powder diffraction patterns were recorded on a Huber-Guinier camera G670
in the range 10° < 20 < 85° with a step width of 0.005° using monochromatic Cu Ka;
radiation (A = 154.059(1) pm) for Lajz ¢7[RuCg] and Co Ko radiation (A = 178.896(1) pm)
for Las ¢7[FeCg]. The diffraction patterns of the as-cast samples did not show the presence of
Laj3 ¢7[TCg], indicating that these phases may melt incongruently. Nearly single-phase bulk
materials were obtained after annealing. According to powder X-ray diffraction analysis

the title compounds were obtained as majority phases, with well developed superstructure
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reflections. A small number of very weak reflections (< 5% of max. intensity) could not be

identified, and most probably originated from minor trace phases (Figure 6.1).
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Figure 6.1: Experimental and calculated X-ray powder diffraction patterns of Lasz ¢7[7(C>)3] (T = Fe,

Ru). The superstructure reflections are denoted by filled circles whereas the peaks of unidentified trace
phases are marked with green arrows.

The unit cell parameters were determined by least-squares refinements of the peak posi-
tions obtained from powder X-ray diffraction pattern using the program WinCSD [157-159].
The lattice parameters are: a = 879.26(8) pm, ¢ = 1604.59(15) pm for Las ¢7[FeCg] and a =
888.7(5) pm, ¢ = 1612.7(4) pm for Lasz ¢7[RuCg]. These lattice parameters correspond to a

3-fold superstructure (¢ = 3¢g) of the previously reported crystal structure [30].

Pieces of the bulk material with about 5 mm diameter were processed for metallographic
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examinations as described in Section 3.6. Figure 6.2 shows a BSE image of a typical micro-
structure containing large crystals of the Las ¢7[FeCg]. The space between the grains of the
majority phase is filled by an unknown phase. The fine matrix is probably a remnant of a
eutectic structure, which has partly survived even after prolonged heat treatments. The EDX
analyses of the polished samples of Laj ¢7[FeCg] as well as of single crystals of Las ¢7[RuCg]
yielded the atomic ratio La : 7 = 3.6(1) : 1. No reliable determination of the chemical

composition of the unknown phase was possible.

6.2 Lajg7[Fe(Cy)s]

6.2.1 Crystal structure determination

Block-shaped single crystals were isolated from the surface of the samples under liquid paraf-
fin in an Ar filled glove box. The selected specimens were mounted on @ 0.1 mm Lindemann
glass capillaries and inserted into @ 0.2 mm glass capillaries which were then sealed using
a hot Pt wire. Intensity data were collected on a Rigaku AFC7 diffractometer with Mercury
CCD detector and graphite-monochromatized Mo Kot (A = 71.069 pm) radiation. The single
crystal diffraction patterns clearly showed hexagonal symmetry with Laue group 6/m with
reasonable R(int) = 0.04. Indexing the diffraction spots gives a primitive hexagonal cell with
weak superstructure reflections arising from a tripled c-axis, which is consistent with the lat-
tice parameters obtained from powder diffraction patterns. The subcell parameters were the
same as those reported in the reference [30]. After integration the data were corrected for
Lorentz factor, polarization (LP) and absorption. Relevant crystallographic data and further
details of data collection and structure refinements are listed in Table 6.1.

The crystal structure was solved by direct methods (SHELXS97) and refined by using the
program package SHELXL.97 [165]. Diffraction symmetry, Laue group and serial extinction
conditions, [ = 2n+1 — 63-screw axes, give two possible space groups: P63 (173) and P63/m
(176). The E-statistics or the normalized structure factor statistics suggested that the structure
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Table 6.1: Crystallographic data and details on data collection and structure refi-
nement for Lasz ¢7[Fe(C2)3]".

Chemical formula, Z Laj ¢7[Fe(C»)3], 6

Crystal system hexagonal

Space group P63/m (no. 176)

Formula mass [g-mol~!] 637.23

Radiation, A [pm] Mo Ko, 71.069

Temperature [K] 295

a [pm] 879.3(2)

b [pm] 1605.0(7)

V [pm3-10°] 1074.5(6)

Pcalc [g-cm3] 5.909

Crystal size [um] 20 x 12 x 11

Tmina Tmax 0049, 0.077

Rint. 0.0414

Scan 0, ®

0-range [°] 2.54 -33.79

hkl-range -13<h <13
-13<k<12
23 <1<20

Extinction coefficient y 0.00030(9)

Absorption correction multiscan

Absorption coefficient, g [mm™!] 23.28

Unique reflections / parameters 1387/ 60

R(F,) ! wR(F %) | GooF (all data) 0.044/0.075/1.19

max. / min. Ap [e~ / (10°% pm?)] 5.42/-7.45

wl /w2 ® 0/25.78

T Supplementary data are available from the FIZ, D-76344 Eggenstein-Leopoldshafen,
Germany, e-mail crysdata@FIZ-karlsruhe.de, by quoting the depository number
419578

@ F. is multiplied by k[1 + 0.001 - x F2 -1 / sin(20)]~/*

® R =¥(|F, | - [E. ) /Z |F, |, wR = (Ew(F? - F2)2/(Ew(F2)*))'/? with
w = 1/[62(F2) + (Wl - P)> + w2 - P] with P = (F2+ 2F>)/3

is centrosymmetric with 77% probability. Thus, the crystal structure of Lajz g7[Fe(C;)3] was
refined in space group P63/m (176) with residuals R1 = 0.044 and wR2 = 0.075 for 1387

unique reflections and 60 variables.

The unit cell contains 64 atoms distributed on 4 La, 2 Fe and 4 C crystallographic sites.
The relationship between the subcell and the 3-fold superstructure is shown in Figure 6.3. In
fact, the 4e site in the subcell should split into 3 x4e sites in the maximal isomorphic sub-

group P63/m (c = 3c,) [226]. However, the refinement results only in two La positions at
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Figure 6.3: The substructure of Las g7[Fe(C;)3] transforms to a 3-fold superstructure by a klassen-
gleiche transformation of index 3. Splittings of the atomic sites during the k3 transformation are
given.

4e site, with nearly 50% occupancy. The third 4e site is not occupied within the estimated
standard deviations. The occupancy factors were refined in separate series of least-squares
cycles for checking the correlation between partial occupancy and atomic displacement para-
meters. In the final cycles of the refinements all atoms were refined anisotropically with full
site occupancy, except La3 and La4 whose occupancies were set to 0.5 and with the restric-
tion to have equal atomic displacement parameters. The fractional atomic coordinates and

anisotropic displacement parameters are given in Tables 6.2 and Tables 9.28, respectively.

Table 6.2: Las g7[Fe(C;)3]: Fractional atomic coordinates in the asymmetric unit and equivalent iso-
tropic displacement parameters [10* pm?]; estimated standard deviations are given in parentheses.

Atom Site Occ. X y Z Uy
Lal 12i 1 0.3935(1) 0.3344(1) 0.0845(1) 0.0088(1)
La2 6h 1 0.0632(1) 0.3988(1) 1/4 0.0087(1)
La3 4e 172 0 0 0.0223(1) 0.0102(3)
La4 4e 172 0 0 0.1900(1) 0.0105(3)
Fel af 1 1/3 2/3 0.0826(1) 0.0075(3)
Fe2 2d 1 2/3 1/3 1/4 0.0086(5)
C1 12i 1 0.0240(13) 0.2771(13) 0.0849(5) 0.029(2)
C2 12i 1 0.1475(10) 0.4426(10) 0.0831(5) 0.0118(13)
C3 6h 1 0.2861(14) 0.2778(15) 1/4 0.0103(19)
C4 6h 1 0.4426(14) 0.2987(14) 1/4 0.0074(18)

6.2.2 Crystal chemistry

The crystal structure of Lajz ¢7[Fe(C;)3] contains trigonal planar [Fe(Cy)3] groups (Figure
6.4a) with C; ligands bonded end-on to the iron atoms. The complex anions are surrounded
by 9 La atoms located at the vertices of a tricapped trigonal prism (Figure 6.4b). The filled
prisms are stacked along [001] sharing common triangular faces, thus forming an arrange-
ment of infinite chains. Six chains around a sixfold axis are further connected via common

faces to form a host framework containing hexagonal channels of carbon octahedra (Figure
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6.5a). In total, the host framework contains two crystallographically independent Fe atoms at
4f (Fel) and 2d (Fe2), two La atoms at 12i (Lal) and 64 (La2) sites, and four C atoms at 2 X
12i (C1, C2) and 2 x 6h (C3, C4). All these sites are fully occupied and form a partial struc-
ture with chemical composition Laz[Fe(C,)3]. This kind of host structure is also observed in
closely related nitridometalates. In Figure 6.5 the perspective view of a) Las ¢7[Fe(C,)3] and
b) Baz[FeNs3] [197] along [001] is shown. Both structures contain trigonal planar Fe(L)3 (L =
C,*~, N37) groups and form host frameworks containing hexagonal channels. In the case of
Las ¢7[Fe(C;)3], the guest La atoms (a3 and La4) at the crystallographic 4e sites are present
in these channels while these channels are empty in case of Baz[FeN3]. The total number
of La atoms (La3 and La4) within the channel is four per supercell or 4/3 La per subcell.
When comparing the host structure in the previously reported subcell [30] and the supercell
of the present work, the only difference is given by minor atomic displacements. Therefore,
the superstructure reflections mainly carry informations on the arrangement of the La atoms

accommodated inside the channels.

a)

Figure 6.4: Lasg7[Fe(C;)3]: Coordination around Fe, for Fel as a representative: a) the trigonal
planar complex Fe(C;)3; b) two tricapped trigonal prisms (La) sharing common faces and enclosing
the trigonal planar groups Fe(C;)3; the prisms form infinite chains along [001].

Figure 6.6 shows different arrangements of La atoms at 0, 0, z along [001]. With respect
to the substructure, i.e., folding back the superstructure (Figure 6.6a), La3 and La4 atoms
would occupy split positions with 1/3 probability at a 4e site of the space group P63/m (a =
ao, ¢ = 3cp). This is the highest possible site occupancy factor corresponding to maximum La
content because only every third position at 0, 0, z can be occupied due to distance constraints.
Jeitschko et. al. [30] obtained a site occupancy factor of 0.32(3) from the refinement of the
corresponding La position (La2 at 4e in Table III of [30]). This occupancy yields the chemical
composition Lajz ¢4[FeCg]. However, the authors decided to set the occupancy factor to the

maximum value of 1/3.
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Figure 6.5: Comparison of the crystal structures of Las ¢7[Fe(C,)3] with Basz[FeNs3]. a) Projection
viewed along [001] showing the hexagonal channel stuffed by La atoms. b) Projection of the crystal
structure viewed along [001] showing the empty hexagonal channel.

In the superstructure with the triple cell the two La sites, La3 and La4, are occupied
with 50% probability each (Figure 6.6b), which again results in a maximum La content and
the chemical formula Las g7[Fe(C;)3]. Even in this supercell occupational disorder is still
present. In case of a simultaneous occupation of neighboring sites the arrangement of La
atoms along the chains would result in too short La—La distances. A chain of La atoms at
maximum content is a priori determined by choosing a start atom and then extending the
chain to infinity. Two different orientations with respect to the host structure are possible,
denoted here as (+) and (-) (see Figure 6.6c). Both chains have the same local environment,
thus interchain interactions will determine the orientation of all chains. Because the inter-
chain distance of 879 pm is quite large, significant interactions between the chains are not
expected. Therefore, one can assume that the orientations of the chains are uncorrelated,
giving rise to the observed split atom density. In case that every second chain runs in oppo-
site (-/+) directions (Figure 6.6¢), the average electron density is consistent with the obtained
superstructure model given in Figure 6.6b. Long range order of the chains would lead to a
symmetry-break, which, however, has not been observed. For example, a ferromagnetic-like
correlation (++++...) would result in a simple ordered arrangement in space group P63, whe-
reas antiferromagnetic-like correlations would give rise to a more complex problem. In case
of the presence of long range order additional superstructure reflections must appear indica-
ting even larger supercells. One can even anticipate complex domain structures. In general,
the problem is similar as discussed for a triangular lattice Ising antiferromagnet. The orde-
red chain model as shown in Figure 6.6¢ indicates a Peierls-like distortion of the La-chains,
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Figure 6.6: Different arrangements of La atoms in the hexagonal channels running along the ¢ axis: a)
split atom model of the substructure; b) split atom model of the superstructure; this model is interpreted
as a superposition of ordered chains as shown in c¢): sequence of La atoms (La3, La4) with alternating
short and long distances for two chains running in opposite (-/+) directions.

yielding physically favorable distances. This is more clearly shown in Figure 6.7 with two
La-chains running antiparallel and surrounded by carbon octahedra. Within each chain, pairs
of La atoms occupy positions out of the centers of two neighboring carbon octahedra and

alternate with one empty octahedron along [001].

As pointed out already, the chemical composition Las ¢7[Fe(C;)3] represents the La-rich
border of a possible homogeneity range. Higher La contents would result in too short La—
La distances. The volume per formula unit of Las ¢7[Fe(C;)3] of the triple cell is larger by
about 1 A3 than the volume reported by Jeitschko ef al. [30] for the subcell. This small
volume discrepancy together with the slightly smaller occupancy factor and the not observed
superstructure (triple cell) indicate a possible La deficiency in the crystal investigated by
Jeitschko et. al. Indeed, in the case of high quality crystals and at maximum La content one
should observe the triple cell. However, a lower La content offers the possibility to arrange
La atoms and vacancies in a disordered way within the chains, which then gives an additional

contribution to the entropy of the system.

The coordination polyhedra around La are shown in (Figure 6.8). Lal and La2 are sur-
rounded by six metal atoms (three La and three Fe; Figure 6.8a) forming a distorted mono-
capped square pyramid. La3 and La4 are coordinated by seven La atoms in a form of a
mono-capped distorted octahedron (Figure 6.8b). The La—La distances vary between 340.34
pm and 372.68 pm which is slightly smaller than 366 pm to 377 pm observed in the various
modifications of the pure metal [227-230]. The La—Fe distances are quite large (321.9 pm
to 358.47 pm) and slightly longer than observed in the crystal structure of LajFe;4C [231]
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Figure 6.7: Laj g7[Fe(C;)3]: Two chains of face-sharing carbon octahedra enclosing the La chains (La
at0, 0, z) in + and - directions. Within each chain, pairs of La atoms occupy positions displaced relative
to the centers of two neighboring carbon octahedra, and alternating with one empty octahedron.

(a) (b) (c)

Figure 6.8: Las g7[Fe(C;)3]: Coordination polyhedra around La: a) mono-capped square pyramid (co-
ordination of Lal and La2) formed from three La and three Fe, b) mono-capped distorted octahedron
(coordination of La3 and La4), c) La(C,),Cs flattened monocapped octahedron (coordination of Lal
and La2).

(306.4 pm to 339.5 pm). The Lal and La2 atoms have seven carbon neighbors, with d(Lal-
C) =265.73 pm to 281.53 pm and d(L.a2—C) = 273.45 pm to 286.48 pm, respectively (Figure
6.8c). These distances are slightly shorter than the distances d(La—C) = 268.6 pm to 297.3
pm in the crystal structure of LayCs [44]. The Fe—C distances at 182.47 pm to 183.65 pm
are close to the respective values in the crystal structures of HooFe7C3_, [232] (d(Fe-C) =
175.7 pm to 191.7 pm), ThyFe;C, [233] (d(Fe—-C) = 191.4 pm), Er,FeCy4 [29] (d(Fe-C) =
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196.8 pm), LuyFe4C [234] (d(Fe-C) = 198 pm), and La,Fe4C [17] (d(Fe-C) =203.5 pm to
219.8 pm). The C—C distances (129.4 pm and 131.18 pm) are close to the double bond length
in ethylene (134 pm). The interatomic distances in the crystal structure of Lajz g7[Fe(C;)3]
are summarized in Table 9.29.

Assuming double bonds for the C;-pairs, the electropositive La donates all valence elec-
trons to the [(FeC;)3] anions. Without significant metal-metal interactions one may assign
the oxidation state +1 for Fe: (La3")g g7La’t3[Fel t(C)* 3]

6.2.3 Phase stability and homogeneity range

Correlations between the occupancy of the La sites inside the channels on the 3-fold symme-
try axes and the stability of these phases were studied by construction of various superstruc-
ture models (Figure 6.9), and by evaluation of their total energies using the DFT ab-initio
code VASP [208, 209].
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Figure 6.9: Different superstructure models for La arrangements within the channels of the crystal
structure of Las ¢7[Fe(C;)3] used for total energy calculations. a) Structure model with fully occupied,
La chains, b) superstructure with one vacancy and c¢) superstructure with two vacancies in the La chain.

We employed the projector-augmented wave generalization of the pseudo-potential ap-
proach with the Perdew-Wang generalized gradient approximation exchange-correlation func-
tional [235]. The 5s, Sp, 5d and 6s orbitals for La, the 3d and 4s orbitals for Fe, and the 2s
and 2p orbitals were treated as valence states. Each model was relaxed non-magnetically
with respect to atom positions, cell shape and volume, until the maximal force on every atom
in the cell was less than 0.05 eV/atom. The result of the calculations show: i) Lay[FegCsg]
(Las ¢7[FeCgl, Z = 6, Figure 6.9a) is the La-richest stable structure within the homogeneity
range with fully occupied La atoms ordered as Peierls-like pairs inside the hexagonal channel,

confirming the results of the crystal structure refinements. Neighboring chains are running
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in the crystal structure either parallel or antiparallel, as already described in Section 6.2.2.
Parallel orientation of the chains of La pairs is energetically more favorable than an anti-
parallel arrangement as shown in Figure 6.7. However, due to the minuscule difference in
energy an equilibrium state should be difficult to obtain; ii) Lay|[FegCsq] (Figure 6.9b) is
stable at 0 K while Layg[FecCsg] (Figure 6.9c) with lower occupancy of the 4e site by La
atoms becomes unstable with respect to the competing compounds in the ternary phase dia-
gram. These results strongly support a small homogeneity range between Laj[FegCsg] and
Laj,[FegCsg] (La,Lasz[FeCgl, 0.5 < x < 0.67) at high temperature and extending down to

low temperatures.

6.2.4 Electronic band structure and chemical bonding analysis

The electronic structure of the Lajz g7[Fe(C;)3] series was calculated using the self-consistent
scalar relativistic TB-LMTO-ASA method [210] within the local (spin) density approxima-
tion (L(S)DA) [211] to the DFT. The chemical bonding was examined within the framework
of crystal orbital Hamilton population (COHP) analysis [133].

The total and projected density of states (DOS) and the band structures without spin po-
larization are displayed in Figure 6.10 and the crystal orbital interactions (COHP) in Figure
6.11. For the calculations we used two optimized superstructure models, which were relaxed
using the VASP code as described above: 1) Lay[FecCsgl, (P63/m, a = 879.26(8) pm, ¢ =
1604.59(15) pm), the La-richest composition within the homogeneity range with fully orde-
red La sites containing 4 La atoms within the hexagonal channel and 2) Layg[FesCsg] (P6,
a =879.3 pm, ¢ = 1070 pm), the La-poorest phase with 2 La atoms within the channel. We
used the 5s, 5p, 5d and 6s orbitals of La, the 3d, 4s orbitals of Fe and the 2s and 2p orbitals
of C as the basis set; the 6p orbital of La, the 4p of Fe, and the 3d of the C atoms were
downfolded. For each model we kept the atomic radius and number of empty spheres similar.
The calculations for Laj;[FegCsg] reveal that the compound is a metal with a sharp pseudo
band gap of ca. 0.9 eV just below the Fermi level. The band structure along all directions
display bands with relatively small dispersion up to Er, indicating high localization of the
orbitals. In the primitive cell there are 36 carbon atoms corresponding to 18 C;-dimers. The
bands between -15 eV and -13 eV and between -9 eV and -7 eV can be assigned to bonding
and antibonding C—C ¢ orbitals, respectively. These orbitals do not contribute to the higher
valence band and contain 36e. The states derived from the C 2p orbitals are also clearly
separated; the bonding C—C 7 bands lie in the range of -7 eV to -3.3 eV. Antibonding 7*
bands strongly hybridize with La 5d and Fe 3d orbitals and extend from -3.3 eV to the band
gap below the Fermi energy. This region contains 252 e~. The DOS at Er is characterized
by La 5d bands with small contributions of C—C 7* and Fe 3d states. Summing up to Er, we
can count 258 e~, with 6 e~ predominantly belonging to the La 5d orbitals. In the case of
Layo[FeqCsg], the primitive unit cell contains a total of 252 e, however the compound still

has metallic and not semiconducting character as expected. Instead of a shift of Er down-
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wards to the band gap, the sharp peaks around the Fermi level become broader leading to a
more narrow pseudo gap. The band structure of this compound remains almost the same as
that observed for Lay;[FegCsg] up to the pseudo gap. The main difference is that the La 5d
bands get broader around the Fermi level in the directions I' — K (1/3, 1/3, 0) and I' - M
(172, 0, 0), representing the directions towards the surrounding La atoms of the host structure.
The results show that slight deficiencies on the La sites within the homogeneity range do not

significantly influence the transport properties.
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Figure 6.10: Total and atom-projected DOS and band structure for Laj;[FesCse] (left) and
Layg[FegCsg] (I‘ight).

The chemical bonding situation is analyzed for the La-rich model Lay;[FegCsg] by the
COHP method. Figure 6.11 shows five orbital interactions: Fe—-C, La—-C, C-C, La—Fe, and
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Figure 6.11: COHP and integrated COHP (ICOHP) diagrams for selected interactions in the crystal
structure of Lay;[FegCse].

La—1La. The integrated ICOHP values are given in Table 6.3. In order to find out which kind
of interactions are important for the whole crystal structure, we not only considered the ave-
rage ICOHP values per bond, but also the ICOHP values weighted by the bond multiplicities

per unit cell.

The covalent bond in the C, carbon pair with an -ICOHP,,., value of 16.7 eV/bond is
the strongest, followed by Fe—C bonds with -ICOHP,,.,.= 7.2 eV/bond. Both are completely
exhausted at Er. In contrast, the La—C bonds with -ICOHP,,., value of 1.7 eV/bond dis-
play obviously weaker covalent bonding interactions compared to Fe—C bonds. They are not
completely saturated and reveal a bonding character even above Er. Metal-metal bonding

interactions are significantly weaker but not negligible. La—Fe interactions with -ICOHP,,,,.
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Table 6.3: Las g7[Fe(Cy)s3]: Selected interatomic distances (pm, denoted as d), multiplicities per unit
cell (denoted as n) of the superstructure and integrated crystal orbital Hamilton populations per bond
(-ICOHP [eV/bond]).

Bond n d’ -ICOHP Bond n d’ -ICOHP
La—C x 12 265.0 2.32 Fe-C x 12 177.0 7.50
x 12 2734 1.20 X6 181.3 6.46
x 12 275.6 1.47 -ICOHP,y\,, = 7.15
x 12 278.8 1.04
x 12 280.1 1.14 La-La x 12 338.5 0.29
x 12 282.7 0.90 X2 365.6 0.45
x 12 290.2 1.05 x 12 373.0 0.33
x 12 269.5 1.22 x 12 361.5 0.18
x 12 274.9 1.16 X2 334.1 0.18
X6 276.0 1.38 -ICOHP,,. = 0.27
X 6 278.5 1.14
x 12 2823 113 La—Fe x 12 324.4 0.84
X6 288.7 1.65 X6 317.5 0.66
X6 267.5 1.68 -ICOHP,\,. = 0.77
x 12 274.4 1.46
-ICOHP,,,. = 1.66 C-C x 12 133.5 17.72
X6 135.5 14.84

-ICOHP,,,,. = 16.76

 Note: Atomic coordinates were relaxed during the calculations. Thus, the interatomic distance given in
this table have small differences compared with those from Zable 9.29 (obtained from crystal structure
refinement results).

value of 0.8 eV/bond are clearly more covalent then the very weak La—-La interactions with
-ICOHP,,, = 0.3 eV/bond. The La—Fe interactions, however, become strongly antibonding
at the Fermi level. The COHP analyses tell us that the Fe—C covalent bonds are 4.2 times
stronger than La—C bonds and the ratio of ICOHP’s between total metal-carbon and metal-
metal interaction is ca. 8.1 ICOHP(M-C) / ICOHP(M-M) = (7.2eV +1.7eV)/ (0.8 eV +
0.3 eV) =8.1). Two criteria for the presence of complex anions using the COHP method are
discussed [9]: 1) ICOHP(T-C) should be much larger than ICOHP(RE—C), and 2) the ratio of
ICOHP(M-C) / ICOHP(M—-M) is larger than 3. According to these criteria, La>[FegCs¢] can
be described as a compound containing complex anions, which are characterized by covalent

Fe—C interactions together with Coulomb interactions to the La cations.

6.2.5 Mossbauer spectroscopic studies

The samples were prepared and measured according to the procedure described in Section
3.8. Figure 6.12 shows the Mossbauer spectrum of Lajz ¢7[Fe(C;)3] measured at room tem-
perature.

The measured spectrum can be fitted with two doublets, which indicates two different Fe

positions. From crystal structure refinement results we know that the multiplicity of the Fel
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Figure 6.12: The Mossbauer spectrum of Laj ¢7[Fe(C;)3] measured at room temperature. The measu-
red spectrum (dots) is fitted (black) with two subspectra (red and green).

is two and that of Fe2 is four. The ratio of the multiplicities is given by the area fraction of
the respective subspectrum. The comparison of the multiplicity of the Fel and Fe?2 sites in
the crystal structure of Las ¢7[Fe(C,)3] and the area fractions of the Mdssbauer subspectra
let us assume that doublet 1 (red) can be assigned to Fe2 and doublet 2 (green) to Fel. The

Maossbauer parameters obtained from the fit are listed in Table 6.4.

Table 6.4: Mossbauer parameters of Lajz g7[Fe(C;)3]: Isomer shift (IS) [mm/s] relative to a-Fe, qua-
drupole splitting (AEp) [mm/s], half width (I'/2) [mm/s], and relative area (A) [%] of the subspectra;
estimated standard deviations are given in brackets.

Subspectra Assignment IS AEg 2 A
1 (red) Fe2 0.1820(29) 1.2369(67) 0.1319(54) 63.4(31)
2 (green) Fel 0.0980(50) 0.781(16) 0.154(11) 36.6(30)

According to the crystal structure refinement results, both Fel and Fe2 have the same
local environment, 3 C, + 9 La atoms (see Section 6.2.2). However, all interatomic distances
for Fe2 are slightly longer than those for Fel, d(Fel-C2) = 182.47(1) pm, d(Fe2-C4) =
183.65(1) pm) and Fe—La (d(Fel-La) = 346.72(1) pm, d(Fe2-La) = 346.89(1) pm. Because
of differences in bond length, the nucleus of a Fel atom will experience a slightly different
electric field than the nucleus of a Fe2 atom. This explains the appearance of two subspectra

in the Mossbauer spectrum of Las g7[Fe(C3)3].
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6.2.6 X-ray absorption spectroscopic studies

The Fe-K threshold of Laj ¢7[Fe(C;)3] was measured at the synchrotron beamline £4 at HA-
SYLAB/DESY in Hamburg, with metallic iron as a reference material. Figure 6.13 shows
the XAS spectrum of Lajz g7[Fe(C,)3].
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Figure 6.13: Normalized XAS spectrum of Laj¢7[Fe(C,)3]. The spectrum is compared with the
spectrum of metallic iron.

The data processing was done as described in Section 4.9. In this case, the XANES
region again consists of main edge and pre-edge peaks. The lack of centrosymmetry in the
coordination of Fe atoms in the complex anion could explain the appearance of the pre-edge
peak. On the other hand, Las ¢7[Fe(C>)3] is characterized as a bad-metal, which means that
some d-p mixing at the Fermi level occurs, thus the pre-edge peak can be assigned to the
Is — 3d transition [218-220]. As discussed in Section 4.9, the shape of the XAS spectra
might indicate a higher filling of 3d states, corresponding to a lower oxidation state of Fe
atoms in Lajz g7[Fe(C;)3]. The Fe K-edge threshold, determined at 0.6 of the full jump of
the normalized curve, equals to 7123 eV, and again gives a positive energy shift, AE = 7123 -
7112 =11 eV, with respect to the element Fe. This means that the Fe atoms in Las g7[Fe(C;)3]

are positively charged.
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6.3 Lase7[Ru(Cy)s]

6.3.1 Crystal structure determination

Prismatic single crystals of about 20 x 20 x 80 pm in size were isolated from the annealed
sample under liquid paraffin in an Ar filled glove box, mounted on glass fibres and sealed in
Lindemann glass capillaries (@ 0.2mm) (Figure 6.14).

X-ray single crystal measurements were carried
out on an image plate diffractometer IPDS-2 (Stoe
Cie., Darmstadt, Germany) with Mo Ka (A = 71.069
pm) radiation at room temperature. The diffraction
symmetry revealed the Laue group 6/m. Figure 6.15
shows the reciprocal layer 2kl. The diffraction pattern
clearly reveals a threefold superstructure of the pre-
viously reported unit cell of Laz g7[Ru(C;)3] [30]. As
mentioned before, in this case the structure was trea-
ted as an one-dimensional modulated structure. The
weak superstructure reflections along c*, marked by

green circles in Figure 6.15, were regarded as satellite

reflections. Thus, the components of the modulation
wave vector g, with respect to the reciprocal lattice Figure 6.14: A single crystal of
of the average structure, are 6] =0, 6, = 0 and 03 # Laze7[Ru(Cz)3] mounted on a glass ca-
0. Details on data collection and structure refinements pillary.
are given in Table 6.5.

The determination and refinement of the modulation wave vector, as well as the data re-
duction including Lorentz and polarization factor correction was performed using the IPDS
software package X-AREA [163]. The g vector was determined to be (0, 0, 0.323(1)). Since
this value is close to 1/3, it is difficult to decide within the resolution of the measurement
whether the wave vector is commensurate (threefold superstructure) or incommensurate with
the average crystal structure. For this reason, the data were integrated for both, the commen-
surate and incommensurate cases. In the commensurate case the modulation wave vector ¢
was taken as ¢ = 1/3 ¢* and the data were integrated only with first order satellite reflections
(m = %1) besides the main reflections. In the incommensurate case (g = 0.323¢*), the second
order satellites were also taken into account (m = =1, £2). By using the refined crystal shape
[236], absorption corrections for the main and satellite reflections were applied using the pro-
gram XSHAPE [236]. The structure refinements of the modulated structure were carried out
using JANA2006 [161]. The Laue group, 6/m, and the reflection conditions (00/m, [ + m =
2n) suggest the (3+1)D superspace group P63/m(00g)s0 [237], giving an internal residual
value R;,; of 2.2%. The structure solution was performed using the charge flipping algorithm
SUPERFLIP [166] integrated in the program package JANA2006. The general strategy for the
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Figure 6.15: Las ¢7[Ru(C»)3]: Reciprocal layer 2kl. The blue arrows mark the reciprocal basis vectors
of the average structure. The modulation wave vector g is denoted by the green arrow. The main

reflection 2210 with its satellite reflections 2211 and 2211 are marked with blue and green circles,
respectively.

refinement was: i) to achieve a good fit for the average structure model using only the main
reflections. As for Laj g7[Fe(C;)3], the crystal structure contains one partially occupied La
position at a 4e site (LLa2); ii) to introduce the modulation functions to the crystal structure by
using all reflections. The structure refinements started by introducing a modulation function
for the occupational modulation of the La2 sites and were improved by adding one displacive
modulation wave for each atom. The crystal structure of Las g5[Ru(C5)3] shows both occupa-
tional and positional modulations. Finally, the modulations of the anisotropic displacement
parameters (ADP) of all atoms were modeled by one harmonic wave. The refinement of the
commensurately modulated structure converged to residuals of R1 = 4.9% for all reflections
(R1 =2.6% for the main reflections, R1 = 11.1% for the first order satellites; only one modu-
lation wave along g was implemented). Two different functions can be used to describe the
occupational modulation : 1) a simple harmonic function or 2) a special modulation function
such as Crenel and saw-tooth functions. The refinement using a Crenel function for the occu-
pational modulation of the La?2 sites resulted in a higher value of R,;,; = 7.1% for the observed
reflections (R,ps = 3.9% for main reflections and R, = 14.8% for first order satellites). In
addition, the remaining maximum electron density calculated from difference Fourier maps
was about 5.73 e*/A3, which is rather high compared to the value of the harmonic refinement
(1.78 e_/A3). Refinements using a saw-tooth function were unstable. Thus, the observed
electron density is best described with simple harmonic functions. After each cycle of the

refinements the contour map of the observed electron density was drawn in order to judge
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Table 6.5: Crystallographic data and details on data collection and structure refinements of

Laj 65[Ru(Cy)s]".

Average structure data

Chemical formula, Z

La3z 65[Ru(Cy)3], 2

Crystal system hexagonal
Space group P63/m (no. 176)
Formula mass [g-mol~!] 683
Radiation, A [pm] Mo Ke, 71.069
Temperature [K] 295
a [pm] 887.9(2)
b [pm] 535.6(2)
V [pm3-10°] 365.7(6)
Peatc [g-cm’] 7.31
Crystal size [um] 20 x 20 x 80
Tin> Tinax 0.5577, 1.0
Rins. 0.0414
0-range [°] 2.57-32
Scan 0, ®
hkl-range -13<h <13

-13<k<12

8<1<6
Absorption correction multiscan
Absorption coefficient, y [mm™!] 22.9

Commensurate Incommensurate

Superspace group P63/m(00g)s0
Modulation wave vector g=1/3c* qg=0.323 ¢*
Unique reflections / parameters 1098 / 63 1806 /93
R1/wR2 / GooF (all data) 0.0488 /0.0635/1.71 0.0509/0.0675/1.72
R1/wR2 (all main) 0.0256 / 0.0454 0.0261/0.0493
R1/wR2 (all 1st order satelite) 0.1111/0.1027 0.0824 /0.0858
R1/wR?2 (all 2nd order satelite) 0.0860/0.0979
max. / min. Ap [e~ / (10%- pm?)] 1.76 /-1.38 4.70 / -4.38

T Further details of the crystal structure investigation are available from the Fachinformationszentrum
Karlsruhe, 76344 Eggenstein-Leopoldshafen, Germany (fax: +49-7247-808-666; email: crysdata@fiz-
karlsruhe.de) on quoting the depository number CSD-420969.

whether the selected modulation parameters properly describe the electron density or not. Fi-

gure 6.16 shows that the discontinuous electron density corresponding to the La2 atoms can

be well fitted by using commensurate harmonic functions.

In the final refinement step of the commensurate modulation, three different origins (75 =
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Figure 6.16: Las ¢7[Ru(C,)3]: Fourier maps of the commensurate structure: x3 - x4 (left) and x2 - x4
(right) sections for La2 atoms; the line on the contour shows the modulation function of La2. Contour
lines represent constant electron density at intervals of 10% of the maximum density.

0, 1/3 and 2/3) of the modulation were tested and the best fit was achieved for a model with 7,
= 0 associated with superspace group symmetry P63/m(00g)s0. In case of incommensurate
modulation two modulation waves were used to better describe the electron density, which
is related to the presence of second order satellite reflections. The refinement converged to
residuals R1 = 5.1% for all measured reflections, R1 = 2.6% for main reflections, R1 = 8.2%
for first order satellites and R1 = 8.6% for second order satellites. The incommensurate model
shows lower R values for the satellite reflections, although the electron density is better fitted
with the commensurate model, used for the further discussions. The atomic coordinates in
the asymmetric unit and the equivalent atomic displacement parameters are given in Table
6.6. The anisotropic atomic displacement parameters of the atoms are listed in Table 9.30.

Table 6.6: Laj ¢s[Ru(C;)3]: Fractional atomic coordinates in the subcell, site occupancies and equi-

valent isotropic displacement parameters [10* pm?]; estimated standard deviations are given in paren-
theses.

Atom Site Occ. X y Z Ueg.
Lal 6h 1 0.0647(1) 0.6658(1) 1/4 0.015(1)
La2 de 0.322(2) 0 0 -0.018(3) 0.055(3)
Rul 2d 1 2/3 1/3 1/4 0.012(1)
Cl 6h 1 0.2722(8) 0.0135(7) 1/4 0.026(2)
Cc2 6h 1 0.4315(6) 0.1394(6) 1/4 0.015(2)

As clearly described in the literature [178] the superspace approach has the following ad-

vantages: i) all reflections are properly handled using the basic cell together with a modula-
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tion vector; ii) since the modulation wave functions are independent from the basic structure,
structural correlations are avoided which lead to a more stable refinement and iii) the quality
of the fit is improved by an increased data-to-parameter ratio and by introducing partial R
values for the satellite reflections. Only for the electronic structure calculations the data were

integrated and refined using the threefold superstructure.

6.3.2 Crystal chemistry

The crystal structure of Laz[Ru(C;)3] comprises a partial structure consisting of
planar [Ru(C;)3] groups surrounded by La atoms, which form a host framework containing
hexagonal channels of carbon atoms. The remaining La atoms occupy the hexagonal chan-
nels forming modulated metal chains. By comparing the R-values only, the modulated metal
chains can be described by the commensurate and the incommensurate models with the same
quality. However, the electron density distribution within the channels and the modulated
positions of the L.a2 atoms must be carefully examined in order to decide which structure
model is the most suitable one. In Figure 6.17 the occupancy (Figure 6.17a) and the equiva-
lent atomic displacement parameters (Figure 6.17b) of the La2 atoms in the commensurate

and incommensurate structure model are plotted as a function of the modulation phase z.
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Figure 6.17: Las ¢s[Ru(Cy)3]: a) Modulation of the site occupancy factor for the commensurate and
incommensurate case, b) temperature factors of La2 atoms as a function of the internal coordinate z.
Red lines show the modulations in the commensurate and blue lines in the incommensurate case. The
modulation functions of the deviations from the average positions are shown in c) along x and d) along
z directions as a function of ¢ for the commensurate model.
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The highest occupancy for the commensurate model is obtained in the 7 range between
0.4 and 0.8, whereas the incommensurate model gives a range of t = 0.6 to 1.0. In both cases
the maximum occupancy of the site is less than 80%. A negative occupancy was observed
in case of the incommensurate model in the range ¢ = 0.22 to 0.48, which is physically not
reasonable (omitted regions in Figure 6.17). This observations strongly supports that the in-
commensurate model is not appropriate. The equivalent ADP increases with a decrease of the
occupancy of the La2 site indicating a strongly smeared electron density at lower occupan-
cies. The modulation wave function of the equivalent ADP shows a discontinuous character
and the wave function of the commensurate model reveal a higher amplitude than the incom-
mensurate model. The discontinuity range corresponds to 0 occupancies i.e., vacancies. The
difference Fourier maps show residual electron densities of 1.78 e /A3 for the commensu-
rate model and of 4.7 e /A3 for the incommensurate model, respectively. On the basis of
the Fourier syntheses and the refinement results, it can be concluded that the commensurate
model better describes the observed electron density than the incommensurate one. Thus,
the structure analyses were further conducted using the commensurate structure model. A
site occupancy factor of 0.322(2) for the La2 position was obtained from the refinements
(see Table 6.6), which is slightly lower than the maximal occupancy of 1/3, leading to the
chemical composition Lajz gs[RuCg].

The main structural motif for both commensurate and incommensurate structures is a pair
of La atoms (Figure 6.18). However, the symmetry allows vacancies and discrete La atoms
within the chains only in the incommensurate model with the restriction of an appropriate

occupancy cut off criterion.

a) Commensurate, z=0...9

b) Incommensurate, z=0 ... 9

¢—€ 6 ¢ 6 € - e—e e -0 O

c) Incommensurate, z=-6 ... 3

Figure 6.18: Lasgs[Ru(C,)3]: Three different variants of La chains running along [001]: a) com-
mensurate modulation, b) and ¢) incommensurate modulations. The commensurate model exclusively
contains atom pairs, while the incommensurate models show additional vacancies and discrete atoms,
respectively. z represents the range taken along the ¢ axis.

The modulations of atomic displacements and the interatomic distances in the crystal
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Figure 6.19: Las g5[Ru(Cy)3]: t-plots describing the modulation of distances: a) Ru—C and C-C, b)
La—C and c¢) La—La and La—Ru.

structure are plotted as a function of ¢ in Figure 6.17c, d and Figure 6.19. The La2 atom
shows a strong positional modulation along the c-axis with an amplitude of Az = 0.7 A (for ¢
= 0.35 and # = 0.85). One can conclude that the La2 atoms are embedded within the carbon
octahedra; large displacements along [001] with respect to the centers of the octahedra are

allowed. From a structural point of view the atomic arrangement of the La species to form
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pairs within the chain is obviously stabilizing. This is possible, since two carbon octahedra
are occupied and alternate with one empty octahedron (vacancy). Furthermore, it is obvious
that the strong displacement of the La2 atoms along [001] will cause a positional shift of the
carbon atoms on the ab-plane forming the octahedra, namely the C1 atoms. Thus, the C1
atoms have a displacement amplitude of Ax = 0.2 A (r = 0.17 and ¢ = 0.67). It is interesting
to notice that the displacement of the C1 atom is associated with the occupancy of the La2
site (Figure 6.17a and Figure 6.17c). When the occupancy of the La?2 site is increasing the
C1 atoms have a negative shift along x or y and with decreasing occupancy of La2, the shift
is flipping to a positive value. This regularity is probably associated with charge balancing of
the negatively charged carbon octahedral channels with the positively charged La atoms. On
the other hand, it could also indicate considerable La—C interactions. The other atoms exhibit
deviations from their average positions less then 0.1 A. The displacement of the C1 atom
along x affects the strongly bonded C2 atom, but has only little effect on the Ru atom. The
Ru and C2 atoms are breathing together along the c-axis which supports the crystal structure
refinement results. As a consequence of the positional modulation the interatomic distances
are also shifting. The largest shifts are observed between the atoms which have the highest
displacement modulation amplitude. The smallest changes in the interatomic distances occur
for Lal-Ru (Ad = 0.015 A) and for Rul-C2 and C1-C2 (Ad = 0.04 A). The largest distance
deviations are observed for La2—C1 (Ad = 0.35 A for t = 0 and 7 = 0.5) and Lal-La2 (Ad =
0.3 A for t = 0.45 and ¢ = 0.9) as shown in Figure 6.19. The modulation amplitudes of the
distances C1-C2 and C2-Rul, and especially Rul-Lal, are small. Interatomic distances in
the crystal structure of Lajz ¢s[Ru(C3)3] are listed in Table 9.31.

6.4 Phase stability

Phase stability and homogeneity range of Las ¢7[Ru(C;)3] were examined by ab-initio calcu-
lations. The standard convex hull program QHULL [238] was used. Details of the calcula-
tions are described in Section 6.2.3.

In order to identify energetically stable phases structure models for La,Laz[Ru(C;)3] were
tested with 0.5 < x < 0.67 including known binary and plausible ternary compounds in our
considerations. The enthalpies and total energies were calculated for every structure. For
instance, the Gd atom in Gd3Ru,Cs, hP50, was replaced by La atoms and AH and AE of
LazRu,Cs were calculated. In a plot of the total energy over the composition, the given com-
pounds form a scatter-plot over the triangle. Edges and facets of the convex hull represent
two- and three-phase regions, respectively, of the phases at vertices. Their projections onto
the composition (i.e. x4, Xgy, Xc) plane correspond to tie lines and tie triangles, respecti-
vely, of the isothermal section at 0 K. High-temperature phases lie over the convex hull, but
must be sufficiently close so that entropy contributions can stabilize them. Stable compounds

are associated with a negative enthalpy of formation. AE measures the thermodynamic dri-
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ving force for decomposition to the appropriate combination of stable phases. For the stable
phases these values are negative. In contrast to AH, the value of AE depends on the cohe-
sive energies of other competing structures. As for Las g7[Fe(C»)s], the results show that the
Laj>[RusCsg] and Lay[RugCse] are energetically stable, whereas Layg[RugCse] is unstable
at 0 K. This result supports a small homogeneity range La,La3[Ru(C;)3] with 0.5 <x < 0.67
at high temperatures. The superstructure formation most probably depends on the annealing
temperature, the molar ratio of the starting materials (La-rich or -deficient) and the annealing

time which is necessary for ordering of the atoms within the channel.

6.5 Electronic structure and chemical bonding analysis

The electronic structure of Lasg7[Ru(C;)3] was calculated using the self-consistent sca-
lar relativistic TB-LMTO-ASA method [210] within the local (spin) density approximation
(L(S)DA) [211] to the DFT. The chemical bonding was examined within the framework of
crystal orbital Hamilton population (COHP) analyses [133].

Structural parameters of the threefold superstructure were used for the band structure
calculations. Figure 6.20 shows the total and the partial DOS as well as COHP curves for
selected orbital interactions. The total DOS reveals metallic behavior for Las ¢7[Ru(C;)3].
The DOS can be divided into four ranges: Range A between -16 eV and -13 eV originates
from the C 2s states with only small contributions of metal atoms. The ranges B (-9 eV
and -7 eV) and C (-6.5 eV and -3 eV) are dominated by C 2p orbitals with considerable
Ru 4d and La 5d contributions (Figure 6.20, DOS). The states just below the Fermi level
in range D (-3 eV up to EFr) consist of orbitals of metal atoms. The unit cell contains 6
formula units and a total of 258 valence electrons from 22 La, 6 Ru and 36 C atoms. These
258 valence electrons can be rationalized in the following way. Ranges A, B and C contain
180 e~ which mostly originate from 36 C atoms. Range D contains 78 e~ for Ru 4d, La
5d, 6s and small contributions of carbon 7* states. In order to assign the effective charges
for the constituents QTAIM integration will be performed, a work which is not done up
to now. For the chemical bonding analysis, each interaction is weighted by the respective
bond multiplicities per formula unit, giving information about the relative importance of this
interaction for the whole crystal structure (for the ICOHP values see Table 6.7). The Ru—C
bond is the strongest, dominating interaction (Figure 6.20, COHP). Strong Ru—C bonds are
fully exhausted at Er, whereas the weak La—C bonds are not. The ratio of ICOHP(Ru-C)
/ ICOHP(La—C) is 4.66, and the same findings have been reported for RE carbometalates
containing only monoatomic carbon species [9]. Metal-metal bonding interactions La—Ru
are weak but significant, and are situated at Er. This can be taken as evidence for the fact that
the complex entities Ru(C,)3 are electronically not completely isolated from the metallic part
of the structure. The orbital interactions La—La in total are smaller in extent but dominate

at Er, where a DOS peak of mostly La states is observed. At 0.5 eV below Er a sharp
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Figure 6.20: Total DOS and atom-projected DOS for Laz ¢7[Ru(C;)3] (left column). DOS regions are
denoted by letters A, B, C, D (see text for details). COHP and integrated COHP (ICOHP) diagrams
for selected interactions in the crystal structure of Lasz 7[Ru(C;)3] are presented in the right column.

pseudogap is formed. The integrated DOS from the pseudogap up to Ef yields 6 e~ (Z
=6, 1 e per formula unit), contributed by both La species. Band structure calculations
of Layg[FegCsg] revealed that the introduction of vacancies within the La-chains does not

influence the electrical transport properties (Section 6.2.4).
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Table 6.7: Laz ¢7[Ru(C;)3]: Selected interatomic distances [pm] (denoted as d), multiplicities per unit cell (denoted as n) of the superstructure and their integrated
crystal orbital Hamilton populations per bond (-ICOHP [eV/bond]).

La-C Ru-C La-La La-Ru C-C

n d  -ICOHP | n d  -ICOHP | n d  -ICOHP | n d  -ICOHP | n d  -ICOHP
x 12 26356 254 | x12 19158  7.02 | x12 34678 045 | x12 32848 094 | x12 13042 1523
x12 27436 114 | x6 19400 650 | x2 36461 035 | x6 32755 087 | x6 13494 1386
x 12 27541 1.19 x 12 37443 039
x 12 28054  1.30 x 12 36526  0.24
x 12 28533 1.1 x2 34467 032
x 12 28625 0.8l
x 12 29511 091
x 12 31627  0.56
x 12 27246  1.18

x 6  279.95 1.82
x 6 280.78 1.06
x 12 282.55 1.20
x 6 287177 0.99
x 6  289.77 1.09
x 12 265.63 1.99
x 12 274.68 1.66

-ICOHP,,., = 1.47 -ICOHP,,,, = 6.85 -ICOHP,,., = 0.36 -ICOHP,.r = 0.92 -ICOHP,,., = 14.78
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The total energy calculations support a narrow homogeneity range at high temperatures
due to La deficiencies within the channels, however, a structure with large deficiencies is
found to be unstable by total energy calculations. This result is corroborated by inspecting
the La—La COHP, where the peak in the DOS is identified as a bonding interaction. For
better understanding of the chemical bonding situation and for confirmation of the presence
of excess electrons, measurements of the physical properties on single phase materials are

necessary.

6.6 Magnetic susceptibility

Magnetization measurements in external fields toH between 0.01 T and 7 T were performed
in the temperature range 1.8 K to 400 K by use of a SQUID magnetometer (MPMS XL-7,
Quantum Design). Polycrystalline samples were sealed in a quartz glass tube under 0.4 bar
He. Corrections for the sample container were applied. An extrapolation of the high-field
susceptibility data y(7,H) for 1/H — 0 in order to correct for minor ferromagnetic impurities
was performed (Honda-Owen method).

The experimental high-field magnetic susceptibility data y = M/H (upH =3.5T and 7.0 T)
as well as the corrected data Y.,,(T) for Laz ¢7[Ru(C,)3] are plotted in Figure 6.21.
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Figure 6.21: Experimental and corrected magnetic susceptibility data M(T)/H of Laj g5[Ru(C;)3].

The magnetic susceptibility is weak and thus indicates the absence of localized parama-
gnetic moments. A broad phase transition is revealed at around 240 K, below which ¥corr(7T)
decreases strongly and then approaches a value of -50x 10~% emu/mol at the lowest tempe-

rature. The upturn towards 7 = 0 K is due to minor paramagnetic impurities. For low fields
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a diamagnetic signal becomes dominant which is maybe caused by an unidentified supercon-
ducting phase with 7. ~ 8.4 K and an upper critical field tgH., > 7 T (possibly LayC3_y).
The maximum volume fraction of the phase as estimated from the shielding at puoH = 0.01
T is about 1%. Similar observations were observed for La,C;_,: while LayCs has a T¢ of
13.4 K [239, 240], in samples with lower C content a 7¢ between 6 K and 9 K was observed
[239].

Lasz ¢7[Fe(C;)3] shows Pauli-paramagnetic behavior with xg ca. 1.54-10~* emu/mol.
Traces (< 0.14 vol%) of a superconducting phase with 7, = 8.4 K, probably binary La;C3
[239, 240], were observed as in case of Las g7[Ru(C»)3].

6.7 Electrical resistivity

The electrical resistivities p(7T) of Lasz ¢7[T(C2)3] (T = Fe, Ru) show a temperature depen-
dence typical for metals. The absolute values are large, thus the compounds are bad metals
(Figure 6.22). A phase transition in Lajz g7[Ru(C;)3] is visible in p(7) as a kink at ~ 240
K and a broad hump around 215 K. Below the transition, the slope of p(7) is larger than
at higher temperatures. From this characteristic the transition maybe classified as a kind of
spin density wave state, however the paramagnetic susceptibility above the transition is quite
small compared with other related systems. Further investigations on big single crystals must

be conducted to explain the origin of this phase transition.

“° - .
10} :
| yawr a, . [Fe(C,),] 4
g ol LaamiRuUSijfi P 1
Q
A 12

1 L 1

0 40 80 120 160 200 240 280 320

Temperature (K)

Figure 6.22: Electrical resistivity p(T) of Laz ¢7[7(C2)3] (T = Fe, Ru). The anomalies around 40 K
and 50 K are artefacts. For further details see text.
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6.8 Summary

A threefold superstructure was observed during the re-investigation of the crystal structure
of Lajz g7[Fe(C;)3]. The structure was refined in the isomorphic subgroup of the aristotype in
P63/m (P63/m, a = 879.3(2) pm, ¢ = 1605.0(7) pm, V = 1074.5(6) - 10° pm?). The electron
density in the octahedral channels of the structure formed by carbon atoms was described
by a split atom model (La3/La4) resulting in rather high residual electron density of 5.42
e~ /A’ near the La4 atom. The superstructure is caused by an ordered arrangement of La
atoms, however, the alignment between the chains is still uncorrelated. The Mossbauer spec-
trum of Las ¢7[Fe(C,)3] was fitted with two doublets, indicating two different Fe positions,
which supports our observation of a 3-fold superstructure of Las g7Fe[(C,)3]. The compound
can be used as a reference in the future for Mossbauer investigations of binary and ternary
iron carbides. XAS measurement results confirmed that the oxidation state of Fe atoms in
Las g7Fe[(Cy)3] is positive.

The crystal structure of Lasz ¢7[Ru(C3)3] was refined using the superspace approach in the
limit of a commensurate modulated structure (P63 /m(00g)s0, a = 887.8(8) pm, ¢ = 535.5(5)
pm, V =365.6(6) - 106 pm3, q = (0, 0, 1/3)). The refinements reveal that the crystal structure
is better described by a commensurate (superstructure) than by an incommensurate modula-
tion. The best fit of the structure refinement was obtained using harmonic occupational and
displacive modulation functions. The large displacive and occupational modulation ampli-
tudes of the La atoms in the chains cause moderate shifts of the surrounding carbon atoms
(C1) in the ab plane but have almost no effect on all other structure parameters. The final
refinement for the single crystal under investigation resulted in the formula Laz g5[Ru(C>)3].

Total energy calculations with the PAW method (VASP) predict stable structures for
Lay[T6Cs6] (Laze7[T(C2)3)] and Lay [T6Cs6] (Lazs[T(C)3)] at 0 K, indicating a small
homogeneity range at high temperatures.

Assuming the absence of significant metal-metal interactions one may assign the oxida-
tion state +1 for the T atoms: (La>")yg7La’t3[T1+(C,)*"3]. However, the COHP analyses
indicate considerable contributions of La—C and La-T interactions besides strong covalent
C-C and T-C bonds. The compounds under investigation contain complex anions [7(C;)3]
and La cations. Magnetic susceptibility measurements indicate the presence of La’*. The

compounds are bad metals.
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7 sz[Cr2C3]

7.1 Synthesis and phase analysis

Sm;[Cr,C3] is a new member of the isotypic series of Ho,[Cr,C3] type compounds with
RE =Y, Gd-Lu. Details about these compounds are discussed in Section 2.2.1.

Sm;[CrC3] was prepared by high temperature reaction in a tube furnace (HTM Reetz
GmbH, Lora 1800) of cold-pressed pellets of the elements (Sm: 99.9%, Alfa, Cr: 99.9%,
Chempur and graphitic carbon: 99.95%, Chempur) in the molar ratio Sm: Cr: C =2 :
2 : 3.1. The starting materials and the reaction products are sensitive to air and moisture,
and all handlings were performed under dry argon in a glove box. The choice of a suitable
crucible material which is inert to the reaction mixtures is important for the high temperature
synthesis. Different crucible materials, Ta, Mo, Nb and glassy carbon were tested using an
induction furnace. All crucible materials, except Mo, react with the educt materials above
1373 K, which was confirmed by X-ray phase analyses. Thus, Mo was chosen as a reaction
container. However, it was found that at high temperatures of about 1823 K Sm;Mo,C3
is formed [241]. Considering the melting point of Sm (1345 K) and its vapor pressure the
reaction temperature was chosen to be maximum 1673 K. The pellets were encapsulated in
weld-sealed Mo ampoules and slowly heated to 1673 K with a rate of 5 K/min, annealed for
72h and finally cooled down to 1173 K under continuous argon flow, as described in Section
3.1.2. The reaction product was ground and annealed at 1473 K for several times in order to
improve the homogeneity of the sample. After each cycle the phase content was checked by

X-ray powder diffraction. The brittle reaction product is grey with a metallic luster.

Powder X-ray diffraction patterns were recorded in the range 10° < 260 < 90° (Huber-
Guinier-camera G670, Ge monochromator, Cu Ko radiation (A = 154.059 pm), transmission
geometry, flat sample holder with vaseline-coated mylar foil). LaBg (SRM660a, a =415.6916
pm) was used as internal standard to determine the unit cell parameters. The unit cell para-
meters were refined by the least squares method using the program PPLP of the NRCVAX
suite [156]: a = 1051.2(3) pm, b = 347.1(1) pm, ¢ = 569.2(1) pm and B = 105.55(1)°; V =
200.1(1)-10% pm3. All X-ray powder diffraction investigations were carried out at ambient
temperature. Metallographic examinations and powder diffraction analyses show that the
title compound is the majority phase besides small amounts of Cr;C3 (ca. 5 vol.%) as shown
in Figure 7.1. Several samples with different carbon content in the starting mixture (£ 10
at.%) were prepared in order to check the existence of a homogeneity range. The powder dif-
fraction patterns did not show any significant change of the lattice parameters, indicating no
perceptible homogeneity range. The atomic ratio of metals was quantitatively determined by
metallographic examinations combined with WDXS analyses as described in Section 3.7.1

on polished samples (Section 3.6). WDXS (Cameca SX 100) analyses revealed a composi-
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tion of the majority phase (95 vol.%) corresponding to the atomic ratio Sm: Cr=2: 1.9(1).
The powder diffraction pattern, the lattice parameters and the atomic ratio Sm : Cr clearly

indicate that the synthesized phase is isotypic to Ho[CrC3].
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Figure 7.1: X-ray diffraction pattern of Sm,[Cr,C3]: the observed profile is indicated by red dots and
the calculated profile by the solid line. Bragg peak positions of Sm;[Cr,C3] and Cr;C3 are indicated
by black and red tick marks, respectively. The difference curve is shown at the bottom.

7.2 Crystal structure determination

Crystals of Smy[Cr;C3] grow with a platy morphology. However, single crystals suitable for
X-ray structure analysis were not obtained by the high temperature methods. The attempt
to grow single crystals of Smy[Cr,C3] by changing the reaction temperature and the molar
ratio of the starting materials failed. Thus, the crystal structure was refined using the powder
X-ray diffraction data by the Rietveld method (program package GSAS [160]). Sm;[Cr,Cs]
is isotypic to Hop[CrC3] [242]. The atomic coordinates of Ho[CryC3] were used as a star-
ting model for the refinements. The unit cell parameters obtained from calibrated powder
diffraction patterns were used and kept constant during the refinements. All atomic coordi-
nates and atomic displacement parameters were refined step by step in separate refinement
cycles. The reflection profiles were fitted with pseudo-Voigt functions while the background
intensity was modeled by a series of shifted Chebyshev polynomials. The atomic displace-
ment parameters were isotropically refined and the occupancies of the all atomic positions

were fixed to full occupancy of the respective sites. Structural data of Cr;C3 was taken from
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the Inorganic Crystal Structures Database [11]. The unit cell parameters and site occupation
factors of this minority phase (Cr7Cs) were kept constant during the refinements. As there
was no peak overlap between the binary carbide and the ternary majority phase, the presence
of CryCs3 did not cause any difficulties in the refinement. After the final refinement cycle, the
refinement converged to Bragg residuals (Rp) of 7% and weighted profile residuals (R,,,) of
11%, respectively. Intensity versus 20 plots of the observed and calculated patterns, Bragg-
reflection markers and a difference curve plot are shown in Figure 7.1. Crystallographic data
and details for the two-phase Rietveld structure refinement of Sm,[Cr,C3], the atomic coor-
dinates as well as the isotropic thermal displacement parameters are given in Table 7.1 and

Table 7.2, respectively.

Table 7.1: Crystallographic data and details on the Rietveld structure refinement

of Smy[Cr,C3].
Chemical formula, Z Sm;[CrCs], 2
Crystal system monoclinic
Space group C2/m (no. 12)
Formula mass [g-molfl] 881.65
Radiation, A [pm] CuKa; , 154.093
Temperature [K] 295
a' [pm] 1051.2(3)
b' [pm] 347.1(1)
c' [pm] 569.2(1)
B I°] 105.55(1)
V [10° pm?3] 200.1(1)
Peate. [g-em ™3] 7.31
20 - range [°] 8.0° <26 <90°
No. of data points / parameters 15053 /71
Rg2/Ryp3 0.07/0.11

l Supplementary data are available from the FIZ, D-76344 Eggenstein-Leopoldshafen,
Germany, e-mail crysdata@FIZ-karlsruhe.de, by quoting the depository number
CSD380337

! from calibrated X-ray powder diffraction data

2 Rp = X|Ii, - Ite|/ZIi, with I} intensity assigned to k' Bragg reflection
I Rup = Ewiyoi - ye) FEwi(yoi® )/

7.3 Crystal chemistry

The Cr atoms in the crystal structure of Smy[Cr,C3] are tetrahedrally coordinated by four
carbon ligands with distances d(Cr—C) of 2x191.7(1) pm, 199.1(4) pm and 203.8(6) pm,
and sharing common tetrahedral edges (C1...C1) Figure 7.2. Chromium atoms in the crys-
tal structures of Bas[CrN4]N [243] and LisSrp[CroNg] [244] are also tetrahedrally coordi-
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Table 7.2: Fractional atomic coordinates and isotropic displacement parameters [10*pm?] of
sz[CI‘ng,].

Atom Site X y z Usiso.
Sm 4i 0.3967(1) 0 0.1820(1) 0.0045(2)
Cr 4i 0.1564(1) 0 0.3908(2) 0.0042(2)
C1 4i 0.2884(6) 0 0.7245(11) 0.0071(2)
Cc2 2a 0 0 172 0.0041(2)

nated by four nitrogen ligands, thus pointing out the structural similarity between carbo-
and nitridometalates (Figure 7.3). In the crystal structure of Bas[CrN4N, the Cr atoms
form isolated, distorted CrN, tetrahedra with angles (N-Cr-N) = 97.0° to 116.3 °, whe-
reas LigSrp[CryNg] contains almost ideal CrNy tetrahedra, £(N-Cr-N) = 106.8° to 110.3 °,
forming edge-sharing tetrahedral dimers [Cr,Ng] with d(Cr—Cr) = 249.7(1) pm. The angles
(C—Cr—C) in Smy[Cr,C3] range from 97° to 121°, showing a stronger distortion with the Cr
atoms directed to one face of the tetrahedra. This displacements points towards the Sm atoms
and may indicate a marginal Sm—Cr interaction. The interatomic distances and bond angles
are listed in Table 7.3 and Table 9.32, respectively. The values are similar to those observed

in the crystal structures of the binary carbides, for instance Cr3C; [64] and Sm3C [44, 45].

.Smo CreC

Figure 7.2: The crystal structure of Sm;[Cr,C3] viewed along [010]. The coordination of Cr by C
atoms is illustrated by orange polyhedra; distances d(Cr—C) and d(Cr—Cr) are given in pm.

The connection of neighboring chains of distorted CrC4 tetrahedra via common C2 ver-

tices leads to the formation of polyanionic layers 2[(Cr,C3)®~] extending parallel to the ab
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Ba,[CrN,IN Li,Sr,[Cr,N,] Sm.Cr,C,

/ N-Cr-N = 97.0°-116.3° /N-Cr-N = 106.8%-110.3° /C-Cr-C=96.8°- 121.1°

Qcervec

Figure 7.3: Comparison of Cr coordination polyhedra in the crystal structure of Smj[Cr,Cs3] (right)
Bas[CrNy4]N (left) and LigSrp[CryNg] (middle).

plane (Figure 7.2). The Sm atoms are located between the layers, i.e., they are sandwiched
between the i[(Cr2C3)6’] layers. The metal atoms, Sm and Cr together form a distorted
body-centered cubic arrangement with a total of 24 octahedral voids per unit cell. In the
present structure type, the carbon atoms occupy only one quarter (= 6/24) of all octahe-
dral voids in an ordered arrangement. The chemical formula can therefore be expressed as
Sm,Cr,Cs[]3, where [ denotes vacancies at the octahedral voids. The C2 atoms are in linear
coordination by two Cr atoms, augmented by four Sm atoms (Figure 7.4e), thus forming an
octahedron. The C1 atoms have three Cr and three Sm atoms as nearest neighbors forms the
octahedral arrangement (Figure 7.4d).

The atoms in the crystal structure are distributed over one Sm, one Cr and two C positions
(see Table 7.2). The Sm, Cr and C1 atoms lie on mirror planes perpendicular to the y axis,
thus having the same site symmetry, m, whereas, the C2 atoms are located at the centers of
symmetry given by the point group symmetry 2/m of the space group C2/m [245]. The Sm
atoms in the structure have 6 Sm nearest neighbors with Sm—Sm interatomic distances of
d(Sm-Sm) = 338.3(1) pm, 2x346.8(1) pm, 2x366.5(1) pm and 368.8(1) pm (7able 7.3 and
Figure 7.4a), which are close to the respective values found in Sm,C3 [246].

The closest two Sm—Sm distances are approximately 4-6% shorter than the covalent dia-
meter of the Sm atom, d(Sm) ~ 360 pm [165]. At a first glance, these short Sm—Sm contacts
could be considered to reveal some bonding character. In addition to this, Sm atoms have 5
contacts to Cr atoms at 306.8(2) pm, 2x316.4(1) pm and 2x318.7(1) pm. Similar interatomic
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Figure 7.4: Coordination polyhedra in the crystal structure of Smj[Cr,C3]. a) Coordination of Sm
atoms by metal atoms, ¢) by carbon atoms; b) nearest metal neighbors of Cr atoms; d) coordination
polyhedron around C1 and e) around C2.

Table 7.3: Interatomic distances in the crystal structure of Sm;[Cr,C3] (estimated standard deviations
are given in parentheses).

Bond Distances / pm Bond Distances / pm
Sm-Cl1 254.6(6) Sm - Cr 306.8(3)
Sm-Cl1 2x276.8(6) Sm —Cr 2x316.4(1)
Sm - C2 2x253.1(1) Sm - Cr 2x318.7(1)
Cr-Cl1 2x199.1(4) Sm —Sm 338.3(1)
Cr-Cl1 203.8(6) Sm — Sm 2x346.8(1)
Cr-C2 191.7(1) Sm — Sm 2x366.5(1)
Cr-Cr 267.6(1) Sm — Sm 368.8(1)

distances were observed in ternary samarium chromium borides, e.g., SmCrB,4 [247] which
are slightly longer than the sum of covalent radii of Sm and Cr (304 pm) [165]. There are also
two Sm—Cr contacts with distance d(Sm—Cr) = 359.1(1) pm. The first coordination sphere
around Sm is formed by five C arranged in a distorted square pyramidal manner as shown
in Figure 7.4c. The Sm—C interatomic distances are: d(Sm—-C) = 2x253.1(1) pm, 254.6(6)
pm and 2x276.8(6) pm. The shortest Sm—C contact in the crystal structure of Sm;[Cr,Cs] is
about 50 pm longer than the sum of the covalent radii of Sm and C, indicating weak Sm—C

interactions. The Cr atoms are coordinated by 6 Sm and 2 Cr atoms forming monocapped
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distorted square prisms (Figure 7.4b). The Cr atoms form one dimensional zig-zag chains
running along [010], with distances d(Cr—Cr) = 267.6(1) pm, which is just between the Cr—
Cr contacts found in W-type metallic Cr (250.1 pm and 288.8 pm) [11].

7.4 Magnetic susceptibility

The magnetization behavior of Smy[Cr,C3] was measured within the temperature range 1.8
K to 400 K in external magnetic fields toH of 10 mT to 7 T using a SQUID magnetometer
(MPMS XL-7, Quantum Design). An irregular shaped bulk piece with a mass of 27.26 mg
was weighted in an Ar filled glove box. A glass-quartz tube (© 0.4 mm), corrected for magne-
tization, was charged with the sample which in turn was fixed with cotton wool. Afterwards,
the sample was sealed in quartz tubes under 0.4 bar He atmosphere. Magnetic susceptibility
measurements on polycrystalline samples indicate a small amount of ferromagnetic impuri-
ties. The compound displays a paramagnetic non-Curie-Weiss susceptibility with minimum
x(T) at 320 K, typical for Sm** ions with ®Hs /2 ground state and °H, /2 thermally exited
state, as well as several magnetic transitions which are most probably due to impurity phases
(143 K ferromagnetic, 52 K antiferromagnetic, 30 K and 2.2 K). Two magnetic transitions at
lowest temperatures might be intrinsic. Together with the result of the magnetic susceptibi-
lity measurement the ionic formula (Sm31),[Cr,C3]°~ can be given for the compound under

investigation.

7.5 Total energy calculations and phase stability

In the family of carbometalates, three different structure types with the same chemical com-
position RE;[T>C3] (RE = rare-earth metals, T = Cr, Mo) are reported up to now. These
structure types are represented by Er,[Mo,C3] [22], Ho[CrC3] [20] and Pra[Mo,Cs] [248].
Ery[Mo,C3] and Ho,[CryC3] crystallize with the same space group, C2/m (12), while
Pry[Mo,C3] has space group symmetry P2;/c (14). The atomic positions in Ery[Mo,C3]
and Hoy[Cr,C3] are the same except for one carbon position, which occupies a 2a site in
the Er,[Mo,C3] structure type and a 2c site in the Ho[CrC3] structure type, resulting in
different connection patterns of the polyanions as discussed in reference [241]. In the case of
carbomolybdates, both, the Er;[Mo,C3] and Ho,[Cr,C3] structure types are formed depen-
ding on the size of the RE cation, whereas all carbochromates reported up to now crystallize
in the Ho[CrC3] type structure. The total energies of the Smy[CrC3] with Er[Mo,Cs]
and Ho[Cr,Cs] structure types have been calculated in order to unravel the different crystal
chemical behavior of carbochromates compared to carbomolybdates.

The total energy of the Sm,[Cr,C3] was calculated with i) Ho, [Cr,Cs] and ii) Erp[Mo,Cs]
(hypothetical) structure type using the PAW method within the generalized gradient approxi-
mation (GGA) implemented in the DFT ab-initio code VASP [208, 209].
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Figure 7.5: Normalized total energies of Sm;[Cr,C3] with the i) Ho[Cr,C3] and the ii) Er;[Mo,Cs]
structure type as a function of the unit cell volume.

Figure 7.5 shows the calculated total energy of Sm;[Cr,Cs] normalized to the mini-
mum value as a function of the unit cell volumes. At the respective equilibrium volumes,
the Hoy[Cr,C3] type is more stable than the Erp[Mo,C3] type by 0.30 eV/formula unit
(29 kJ/mol). There are hints for a size effect: i) the Erp[Mo,C3] type has only a margi-
nally smaller equilibrium unit cell volume (approx. 1%) than the Ho,[CryC3] type, ii) the
Er;[Mo;,C3] type becomes more stable than the Ho,[CryC3] type at a unit cell volume smal-
ler than 163.9-10° pm3. However, this unit cell volume lies well outside the range observed
for rare-earth carbochromates, the smallest one being that of Luy[CryC3] (V = 180.62(1)- 10°
pm3 ), [242]. Therefore, the results of the total energy calculations confirm that Sm,[Cr,C3]
can adopt only the Ho,[Cr,C3] structure type, which is consistent with the experimental ob-

servation.

7.6 Electronic structure and Chemical bonding analysis

Both, unpolarized and spin polarized calculations were carried out. The self-consistent TB-
LMTO-ASA method [210] within the local (spin) density approximation (L(S)DA) [249] to
the DFT was used to calculate the electronic structure in order to investigate the chemical
bonding in Sm;[Cr,C3]. Atomic sphere and empty sphere radii were determined according

to the automatic procedure proposed in [250]. Chemical bonding was examined within the
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framework of crystal orbital Hamilton population (COHP) analysis [133] and by analysis of
the electron localizability indicator (ELI-D) [251-253].

Spin polarized (LSDA) calculations for Smy[Cr,C3] indicate a 4f> configuration for
Sm>* in agreement with the magnetization measurements. The calculated magnetic moment
was 12.55 up per unit cell, thereof 5.51 ug per Sm atom. Except for the Sm 4f states, the
electronic densities of states (DOS) of the majority and the minority spin channels are very
similar. Therefore, it is adequate to consider the minority spin channel alone for the bonding
analysis of Smy[Cr,C3]. The total and the partial DOS as well as COHP curves for selected
orbital interactions for the minority spin channel of Sm;[Cr,C3] are shown in Figure 7.6.
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Figure 7.6: Total and projected DOS (left) and COHP (right) curves for selected orbital interactions
for the minority spin direction of Sm,[Cr,Cs]. The total DOS of the valence electrons displays three
different structures denoted A, B and C ranges.

Sm;[CrCs] shows metallic behavior. The states at the Fermi level are dominated by

contributions from the metal atoms. One can divide the electronic density of states into three
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ranges: Range A between -11 eV and -8 eV originates from the C 2s states with very small
contributions of Cr 3d and Sm 6s, indicating a strongly localized character of these orbitals
(Figure 7.6., total DOS). In the range B between -5 eV and -1 eV, the C 2p orbitals dominate
together with considerable Cr 3d and marginal Sm 5d contributions. The states just below the
Fermi level in range C (between -1 eV up to Ef) are dominated by Cr 3d with small contribu-
tions of Sm 5d states. Range A contains 3 e~ and range B 9 e, in total giving 12 e~ per spin
channel, i.e., 24 e~ for both spin channels. Due to the weak contribution of Cr 3d, Sm 65 and
5d orbitals to the DOS in the ranges A and B all electrons in these ranges were counted on the
carbon atoms. Thus, the 24 e~ can be rationalized to three C atoms, 24 e~ =3 x C 252 2p6,
corresponding to C*~ species. Range C contains 1.7 e~ for the minority and 14.3 e~ for the
majority spin channels, respectively. In addition to the Cr 3d state, the majority spin channel
contains the occupied 4f states of Sm. These 16 e~ (= 1.7 e~ + 14.3 e7) can be assigned to
Cr3t (2 x Cr 343 state) and Sm>* (2 x Sm 4 f5), which are fully localized in the majority
spin channel. From the analysis of the DOS it is concluded that the samarium atoms can
conceptually be considered to transfer all valence electrons to the anionic part of the crystal

structure. Thus, an idealized ionic formula can be written as: (Sm>*),[(Cr31),(C*7)3].

Table 7.4: Smy[Cr,Cs]: Integrated crystal orbital Hamilton populations (-ICOHP [eV/bond]) for mi-
nority spin channel.

Interaction type - ICOHP Interaction type - ICOHP
Sm-Cl1 0.768 Sm - Cr 0.153
Sm-Cl1 0.396 Sm - Cr 0.131
Sm-C2 0.685 Sm - Cr 0.094
Cr-Cl 2.325 Sm - Sm 0.011
Cr-Cl 1.810 Sm - Sm 0.028
Cr-C2 2.269 Cr-Cr 0411

By analyzing the orbital interactions between the atoms with the COHP method, predo-
minantly strong covalent Cr—C, weak Sm—C bonds and very weak metal-metal bonds are
found. The ICOHP values are listed in Table 7.4. As shown in the right part of Figure 7.6,
Cr—C bonds are completely exhausted even below range C indicating a strong covalent Cr—C
bonding character. In contrast, Sm—C bonding states are still available above the Fermi level.
Metal-metal interactions are weak, and the only significant contribution stems from Cr—Cr
interactions which are exhausted approximately 1 eV above Er. At this point, Sm—Sm and
Sm—Cr contributions still have only weakly bonding character and are far away from bond
saturation. By applying the classification criteria proposed in [9] to the results of the COHP
analysis, Smy[Cr,C3] is classified as a carbochromate: covalent Cr—C bonds dominate all
other interactions and the ratio [COHP(metal-C) : ICOHP(metal-metal) is equal to 10.
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Figure 7.7: ELI-D picture of Smy[Cr,Cs]: light brown domains at an isovalue Yp = 1.41 indicate
covalent bonds Cr — C and lone pairs around C1 atoms; purple domains at an isovalue Yp = 0.89 close
to the center of a square pyramid (1 Cr + 4 Sm) indicates a multi-center metal-metal bond situation.

Consistent with the COHP analysis, the ELI-analysis reveals two different attractor types
in the anionic part of the structure (Figure 7.7). Light brown isosurfaces at Yp = 1.41 indicate
covalent Cr—C bonds with both C1 and C2 atoms and lone pairs around C1. Additionally,
at a lower isovalue (Yp = 0.89) small ELI maxima (small purple domains in Figure 7.7) are
observed close to the center of the square pyramid formed by one Cr and four Sm atoms,

indicating a multi-center metal-metal bond.

7.7 Summary

Sm;[CrC3] is a new member of the isotypic series RE>[Cr,C3] (RE = Y, Sm—Lu) crys-
tallizing in the Hop[CroC3] structure type, and extending the series to larger RE cations.
Up to now isotypic members with RE = La-Nd were not observed and the existence of
these phases is still an open question. One of the possible reasons could be that the atoms
(RE = La-Nd) do not form a stable bcc metal matrix together with Cr because of the big
size difference between rare earth and Cr atoms. In agreement with the experimental ob-
servations, the calculations confirm that the Ho,[Cr,C3] structure type is preferred over the
closely related Ery[Mo,C3] structure type. A close inspection of the chemical bonding situa-
tion using both orbital based and real space analysis methods confirms that Sm,[Cr;C3] is a

carbochromate (III).
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8 Summary

The main goal of this work was an explorative search for novel rare-earth transition metal
compounds with special focus on compounds containing C,"~, C3™~ or mixed C*~ and C,"~
as structural units in order to extend the recently established concept of carbometalates. In
the scope of this work, eleven carbocompounds, crystallizing in four different structure types,
Er;5[FegCys], Dys.e4[Fe2Col, Lasz 7[Fe(Cz)3] and Ho,[CryCs], were successfully prepared
and characterized using a wide spectrum of techniques.

The crystal structure of the isotypic ternary phases RE|5[FegCss] represents a new struc-
ture type, hP48. Four isotypic compounds were obtained with RE =Y, Dy, Ho, Er. The crystal
structure contains two ligand types, C*~ and C,*~, and planar (magnetic) Feg-clusters which
are characterized by covalent Fe-Fe bonds. This is the first example for a carbocompound
containing trigonal and tetrahedral coordinated Fe atoms. The homonuclear Feg clusters
represent a new structural unit in the crystal chemistry of iron compounds, which can be
regarded as a fragment of the crystal structures of y-Fe, €-Fe3;C or n-Fe,C. The RE atoms
between the clusters reveal significant contributions to Fe—RE bonds in the sense of polar
dative interactions. The integrated COHP analysis reveals strong covalent Fe—C bonds and
weak metal-metal interactions. The ratio ICOHP(metal-C) / ICOHP(metal-metal) is about 3
and ICOHP(Fe—C) is much larger than ICOHP(Y-C). This is consistent with values observed
for carbometalates [9]. Both, magnetic susceptibility measurements and the chemical bon-
ding analysis shows that these compounds contain complex anions that are charge balanced
by the rare-earth cations. The C; units in the crystal structure of RE|5[FegC,s], are definitely
not C,2~, but rather have C,*~ character. Thus, altogether the (ionic) chemical formula of the
cluster compounds can be written as (RE*3);5[(Feg)* T (Fe!t),(C2*7)12C*]. This results in
a mean valence state of 0.83+ for the six iron atoms of the cluster unit, pointing out the gene-
ral trend to low valence states of iron atoms in carbocompounds compared to nitridoferrates.
Mossbauer investigations of Dy;s[FegCps] show the existence of three crystallographically
different iron species, Fel, Fe2 and Fe3, which is in agreement with the results of the crystal
structure refinement. By considering the calculated electron densities at the nuclei of the Fe
atoms, one expects that the valence state of the Fe atoms in RE5[FegCys] would decrease
in following sequence: Fe3 > Fe2 > Fel. Low temperature Mdssbauer studies confirm the
local magnetic ordering of the Fe atoms.

The ternary rare-earth iron carbides RE5 g4[FeoCo] (RE =Y, Gd, Tb, Dy) also represent
a new structure type. For the first time, two different types of complex anions, i.e., dis-
crete trigonal planar [FeC(C,);] units containing mixed carbo- ligands and infinite chains
of distorted edge sharing [Fe(Cy)4 2] tetrahedra, have been observed in one crystal struc-
ture. The crystal structure was treated as a composite of host {Dys[Fe;Co]}— and guest

{Dyg.64}— assembly sharing common (001) planes but with a mismatch along [001]. The
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charge of the fairly rigid host structure seems to define the number of guest atoms and can
be considered as the driving force for a modulation of infinite Dy-chains. Using the concept
of the complex anions, a charge balanced ionic formula of the composite can be written as
{(Dy)** .67 H{(Dy>T)5[Fe**(Cy)4 /2][CFel+(C2)z]}, which reflects the general trend to low
valence states. The compounds RE5 ¢4[FeoCo] (RE =Y, Gd, Tb, Dy) are bad-metals with

paramagnetic behavior.

Additionally, a three-fold superstructure of the previously reported compound
La3 ¢7[T(C3)3] (T = Fe, Ru) [30] was experimentally observed and was studied by means
of single crystal X-ray diffraction. It was found that even with a tripled unit cell, some
disorder of the La guest atoms in the Laz[7(C;)3] host structure remains. Total energy calcu-
lations predict stable structures for LayyT¢Cs¢ (Laz 677(C3)3) and Lay1 T¢Czg (Laz 57(Cr)3)
at 0 K, indicating a small homogeneity range at high temperatures. On the basis of elec-
tronic structure calculations and chemical bonding analyses using an ordered chain model,
it is again possible to distinguish the anionic partial structure from the cations. Assuming
the lack of metal-metal interactions the oxidation state +1 for 7T can be assigned which,
again, shows the trend to form low oxidation states of transition metal in carbocompounds:
(Lat)ge7La’T3[T1+(Cy)*~3]. However, in case of the isotypic phase Las¢7[Ru(Cs)sl,
La—C and La—Ru interactions become considerable. The Mdssbauer parameters (isomer shift
and quadrupole splitting) of Las g7[Fe(C,)3] result in non-magnetic iron species on two crys-
tallographically different sites, which is consistent with crystal structure refinements and the
magnetic susceptibility measurements. The compounds can be used as a reference material
for future Mossbauer investigations of binary and ternary iron carbides.

Sm;[CrpC3] is a new member of the isotypic series RE>[Cr,C3] (RE =Y, Sm—Lu) with
Ho;[Cr,C3] structure type, which extends the isotypic series to larger RE cations. The struc-
ture contains polyanionic layers 2 [(CryC»3)®~] which are charge balanced by Sm3* cations.
The polyanion consists of highly polarizable monoatomic C*~ ligands stabilizing lower va-
lence state of chromium (Cr’*), compared to nitridochromates (Cr>*). A close inspection
of the chemical bonding using orbital based and real space analysis methods reveals that
Sm;[Cr,Cs] fully satisfies the criteria for carbometalates. Thus, according to [UPAC nomen-
clature rules, Smy[Cr,C3] is named a trisamarium carbochromate(IIl). The magnetic sus-
ceptibility and electrical resistivity data are consistent with the electronic structure and the
chemical bonding analysis.

It seems that C, units play an important role for the phase formation, phase stability
and flexibility of ternary iron-rare-earth carbides with low valency Fe. Thus, theoretical and
experimental investigations should be carried out on further examples in order to understand
the nature of the chemical bonding in C, units and to develop a classification scheme for the
determination of the charges of C; units.

All the compounds investigated in this work fulfill the following criteria which were ori-

ginally defined for carbometalates [9]: a) the covalent 7-C bonds are much stronger than the
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RE-C bonds; b) the metal-carbon interactions are much stronger than metal-metal interac-
tion; ¢) the crystal structures contain complex anions [(T,C,)""|; d) the oxidation states of
the T-atoms are low (e.g. Fel, Fell, Ru'). Based on these criteria the concept of carbometa-
lates can be extended to compounds containing complex anions with mixed ligands, such as
dicarbo ligands (C,) besides monoatomic C*~. Due to the high melting points, the synthesis
and preparation of single phase materials of the compounds under investigation proved to
be very challenging. However, satisfying quality materials could be prepared using conven-
tional high temperature methods. Besides the conventional methods, high reactive-synthetic
techniques, such as SPS (Spark Plasma Sintering) and metal flux (Ca, Ga, In, Sn, Bi) me-
thods, should be tested for such systems in the future. Development of new methods and
the optimization of the experimental conditions are very time consuming and need to receive
more efforts in the future. It was shown that by means of ab-initio methods (VASP) not
only the phase stability and homogeneity ranges can be examined, but also candidate phases
could be predicted when appropriate models were included in the calculations. In the case of
Y 5[FegCss] it was shown that local ferromagnetism of planar Feg clusters is energetically
favored over a non magnetic phase, which later on could be confirmed experimentally. Fur-
thermore, the calculated enthalpy of formation predicted the existence of LajjRu>,Cg and
La;Ru4Cy at 0 K. Such computational support will be considered in future works, since it is
helpful not only for the explorative synthesis of novel materials, but will also contribute to
fundamental understanding of structure-property-relationships. The compounds under inves-
tigations have shown significant metal-metal interactions combining low-dimensional anio-
nic partial structures with low-valence states of transition metal atoms. The crystal structures
of isotypic phases RE5[FegCjs] contain planar (magnetic) Feg-clusters whereas the ternary
compounds of RE5 ¢4[FeoCo] and Las ¢7[Fe(C;)3] show low dimensional Fe-Fe and RE-Fe
interactions. This opens a possibility to consider these compounds as structural derivatives
of pure metallic iron and binary iron carbides, where metal-metal interactions are confined
to lower-dimensional partial structures. An important focus will lie on the determination
of the charge of the transition metal atoms and the carbon species. Experimental methods
such as XPS (X-ray Photoelectron Spectroscopy), ARPES (Angle-Resolved Photoemission
Spectroscopy) and EELS (Electron Energy Loss Spectroscopy), will give informations on
the electronic structures of these materials in combination with DFT methods. Ternary rare-
earth carbides are still only poorly explored. However, the present results show that these
compounds reveal a large structural and chemical diversity, such as transition metal chains,
cluster units, composite structures etc., as well as interesting magnetic and chemical proper-

ties which have to be further studied systematically.
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9.1 Unit cell parameters of related binary compounds

Table 9.1: Unit cell parameters and unit cell volumes of compounds 3-RE3C and a-RE,C.

B-RE;C a/pm V/10% pm? a-RE,C a/pm c/pm V/10% pm?
Y;5C 510.2(2) 132.8(1) Y,C 364.5(1) 1796.4(1) 204.4(1)
Sm3C 517.2(1) 138.4(1) Gd,C 364.8(1) 1779.0(7) 205.0(1)
GdsC 512.6(5) 134.7(1) Tb,C 358.4(3) 1804.0(1) 200.7(1)
TbsC 510.7(2) 133.2(1) Dy,C 358.4(3) 1789.0(3) 199.0(2)
DysC 507.9(5) 131.0(1) Ho,C 355.6(1) 1770.3(1) 193.9(1)
HosC 506.1(2) 129.6(1)

Er;C 503.4(1) 127.6(1)

Tm3C 501.6(2) 126.2(1)

YbsC 499.3(1) 124.5(1)

Lus;C 496.5(1) 122.4(1)

Table 9.2: Unit cell parameters and unit cell volumes of the compounds RE4C3.

RE4C; a/pm V/10° pm? RE,C; a/pm V/10° pm?
Y4C3 787.0(1) 487.4(1) ErysCs 775.2(1) 465.9(1)
TbyCs 782.0(1) 478.2(1) TmyCs 770.4(1) 457.3(1)
Dy4C3 784.0(1) 481.9(1) Yb4Cs 766.2(1) 449.8(1)
Hoy4C3 780.0(1) 474.5(1) LuyCs 762.6(1) 443.4(1)

Table 9.3: Unit cell parameters and unit cell volumes of the compounds RE;Cj.

RE;Cy a/pm c/pm V/10° pm?
HosCy 805.0(1) 1586.9(2) 1028.2(2)
Er;Cq4 798.8(1) 1578.5(3) 1007.3(2)
Tm3Cy 793.0(1) 1573.0(4) 989.2(2)
YbsCy 791.0(1) 1552.1(4) 970.7(2)

Lu;C4 785.0(1) 1563.3(2) 963.3(2)
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Table 9.4: Unit cell parameters and unit cell volumes of the compounds RE,C3.

RE»C3 a/pm V/10% pm? RE»C3 a/pm V/10% pm?
Y,Cs 823.4(1) 558.2(1) TbyCs 825.3(1) 562.1(1)
La,C3 881.6(1) 685.2(1) Dy,C3 820.6(1) 552.6(1)
Ce,Cs 844.8(1) 602.8(1) Ho,C3 816.3(2) 543.9(1)
Pr,C; 857.2(2) 629.9(1) Er,C3 813.2(1) 537.8(1)
Nd,C; 853.4(5) 621.5(1) Tm,C3 809.2(1) 529.8(1)
Sm,C; 842.5(1) 598.0(1) Yb,Cs 807.2(1) 526.0(1)
Gd,Cs 833.2(1) 578.4(1) LuyCs 803.5(1) 518.8(1)

Table 9.5: Unit cell parameters and unit cell volumes of the compounds ¢-REC,.

a-REC; a/pm c/pm V/10° pm®  a-REC, a/pm c/pm V/106 pm?

YC, 366.4(1)  616.9(2) 82.8(1) GdC, 371.8(1)  627.54)  86.7(1)
LaC, 393.5(1)  657.1(1) 101.8(1)  TbC 369.0(1)  621.6(4)  84.6(1)
CeC, 387.7(1)  648.5(2) 97.5(1) DyGC, 366.9(2) 617.14)  83.1(1)
PrC, 384.7(3)  643.0(1) 95.2(1) HoC, 364.8(4)  614.4(4)  81.8(1)
NdC, 381.7(2)  639.1(6) 93.1(1)  ErC, 361.9(1)  609.7(1)  79.8(1)
SmC» 376.7(1)  632.4Q2) 89.7(1) TmC, 360.2(1)  604.0(1)  78.4(1)
EuC, 408.2(4)  670.1(6) 111.7(1)  YbC, 363.8(3)  611.2(5)  80.9(1)

Table 9.6: Unit cell parameters and unit cell volumes of the compounds a- and B-RE4C7.

RE4C; a/pm b/pm ¢/ pm B/° V/106 pm?
a-Y4Cy 370.1(1) 1258.9(1) 1371.8(1) 96.6(1) 634.9(1)
a-HosCr 368.1(1) 1251.8(1) 1364.4(1) 96.6(1) 624.4(1)
B-HosC 371.1(1) 1363.6(2) 651.0(1) 102.8(1) 321.3(4)
B-EryCy 368.2(1) 1358.8(3) 644.9(1) 103.3(1) 314.0(3)
B-TmyCy 365.0(1) 1356.4(1) 636.1(1) 104.4(1) 305.1(4)
B-LusCy 360.4(1) 1351.4(3) 629.0(2) 105.0(1) 296.0(5)

Table 9.7: Unit cell parameters and unit cell volumes of the phases RE4Cs.

RE4C; a/pm b/ pm c/pm V/10° pm?
Y4Cs 657.6(1) 1191.8(1) 366.9(1) 287.5(2)
Gd4Cs 666.7(1) 1208.4(2) 372.6(1) 300.2(4)
TbsCs 660.8(1) 1197.3(2) 368.7(1) 291.7(1)
Dy4Cs 657.4(1) 1190.5(1) 366.5(1) 286.9(3)

Ho4Cs 653.0(1) 1184.6(1) 363.8(1) 281.4(4)
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Table 9.8: Unit cell parameters and unit cell volumes of the rare-earth iron Laves phases.

Cl15 a/pm V/10° pm? Cl4 a/pm c/pm V/10° pm?
YFe, 735.6(1) 398.0(3)
CeFe, 730.2(1) 389.3(1)
PrFe, 746.7(4) 416.3(1)
NdFe, 745.2(5) 413.8(1)
SmFe, 741.5(4) 407.7(1)
GdFe, 739.4(3) 404.2(1)
TbFe, 734.5(6) 396.3(1) TbFe, 527.0(2) 864.0(1) 207.8(1)
DyFe, 732.2(3) 392.6(1)
HoFe, 730.3(6) 389.5(1) HoFe, 530.0(2) 854.0(1) 207.8(1)
ErFe, 728.0(2) 385.8(1) ErFe, 533.0(2) 857.0(1) 210.9(1)
TmFe, 724.7(5) 380.6(1) TmFe, 529.0(2) 854.0(1) 207.0(1)
YbFe, 723.1(5) 378.1(1) YbFe, 527.2(2) 848.7(5) 204.3(1)
LuFe, 722.9(2) 377.8(1) LuFe, 527.0(2) 851.0(1) 204.7(1)

Table 9.9: Unit cell parameters and unit cell volumes of the compounds ThyNi7- and ThyZn;7-type
RE2F617.

Th,Ni7 a/pm c/pm  V/10®pm®  ThyZny; al/pm c/pm V/10° pm?

Y,Fe;;  846.3(1) 8282(3)  513.7(1)  YaoFey;  846.0(1)  1241.0(1)  769.2(1)
CerFe;  849.0(1)  828.1(1)  516.9(1)  CesFe;;  849.2(1)  12432(1)  776.4(1)
GdyFe;;  848.6(1) 834.9(1)  520.7(1)  PrFe;;  862.1(4) 1251.8(6)  805.0(1)
ThyFe;;  846.7(1) 830.9(1)  5159(1)  NdoFe;;  858.1(1)  1246.5(1)  749.9(1)
Dy,Fe;;  844.4(1) 831.0(1)  513.1(1)  SmoFe;; 855.4(4) 1244.3(6)  788.5(2)
HooFe;;  843.4(1) 828.4(1)  5103(1)  GdoFe;;  853.8(1)  1243.4(1)  785.0(1)
EnFe;;  8423(1) 828.4(1)  509.0(1)  TbyFe;;  849.0(1) 1242.0(1)  775.3(1)
TmyFe;;  841.2(1) 827.8(1)  507.3(1)  Dy.Fe;;  852.0(1) 1251.4(1)  786.4(1)
Yb,Fe;;  840.6(1) 828.8(1)  507.2(1)

LuwFe;;  840.0(1) 8262(1)  504.9(1)

Table 9.10: Unit cell parameters and unit cell volumes of the compounds REFe;.

REC, al/pm c/pm V/106 pm?
CeFe; 848.8(3) 1240.2(7) 773.8(1)
PrFe; 858.2(3) 1246.2(7) 794.9(1)
NdFe; 857.8(3) 1246.2(7) 794.1(1)
SmFe; 855.4(3) 1244.1(7) 788.4(1)

Table 9.11: Unit cell parameters and unit cell volumes of the compounds REgFes3.

REgFey; a/pm V/106 pm? RE¢Fey; a/pm V/106 pm?
YsFens 1208.2(1) 1763.7(1) HogFey3 1202.9(1) 1740.6(1)
SmeFey3 1222.0(1) 1824.8(1) ErgFess 1201.1(1) 1732.8(1)
GdgFens 1208.7(1) 1765.9(1) TmgFe)3 1198.0(1) 1719.4(1)
TbeFess 1207.0(1) 1758.4(1) YbgFe,s 1202.8(5) 1740.1(1)

DygFeos 1205.6(1) 1752.5(1) LugFes;3 1195.0(1) 1706.5(1)
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Table 9.12: Unit cell parameters and unit cell volumes of the compounds REFes.

REFes a/pm c/pm V/10° pm?
NdFes 494.6(2) 417.0(3) 88.3(1)
SmFes 496.0(1) 413.0(1) 88.0(1)
GdFes 492.0(1) 411.0(1) 86.2(1)
HoFes 493.3(1) 417.6(1) 88.0(1)

Table 9.13: Unit cell parameters and unit cell volumes of the PuNi3 type rare-earth iron binary phases.

REFes a/pm c/pm V/10° pm®  REFes3 a/pm c/pm V/10° pm?

YFe;  5122(1) 2460.6(1)  559.1(1)  DyFe;  S511.5(1) 2450.8(1)  555.3(1)
SmFe;  518.7(1) 2491.0(1)  580.4(1)  HoFe;  508.4(1) 2445.0(1)  547.3(1)
GdFe;  516.4(1) 2470.7(2)  570.9(1)  ErFe;  508.02) 2439.8(8)  545.3(1)
TbFe;  514.5(1) 2464.0(1)  564.9(1)  TmFes 506.3(1) 2462.1(1)  546.6(1)

Table 9.14: Unit cell parameters and unit cell volumes of the RERu, Laves phases.

Cl15 al/pm V/10° pm? Cl4 alpm c/pm V/10° pm?
YRu, 525.8(1) 882.4(1) 211.3(1)
LaRu, 770.3(1) 457.1(1) NdRu, 529.3(1) 895.5(1) 217.3(1)
CeRu, 753.6(1) 428.0(1) SmRu, 528.9(1) 894.6(1) 216.6(1)
PrRu, 762.4(1) 443.2(1) GdRu, 527.5(1) 890.0(1) 214.5(1)
NdRu, 761.4(1) 441.4(1) TbRu, 526.5(5) 885.3(8) 212.5(1)
SmRu, 758.0(1) 435.5(1) DyRu, 525.5(1) 883.4(1) 211.3(1)
GdRu, 756.0(1) 432.1(1) HoRu, 524.6(1) 882.0(1) 210.2(1)
ErRu, 523.1(1) 878.5(1) 208.2(1)
TmRu, 523.0(1) 874.0(8) 207.0(1)
YbRu, 522.1(1) 874.6(8) 206.5(1)
LuRu, 521.3(1) 873.2(1) 205.5(1)

Table 9.15: Unit cell parameters and unit cell volumes of the compounds RE5Rus;.

REsRu, a/pm b/pm ¢/ pm B/° V/106 pm?
YsRu, 1576.9(1) 634.1(1) 732.0(1) 97.2(1) 726.2(1)
LasRu, 1679.0(1) 667.2(1) 742.2(1) 95.8(1) 827.2(1)
PrsRu, 1642.4(1) 654.5(1) 734.1(1) 96.5(1) 784.1(1)
NdsRu, 1629.5(1) 650.9(1) 734.2(1) 96.7(1) 773.5(1)
SmsRu, 1608.3(1) 643.8(1) 731.4(1) 96.9(1) 751.8(1)
GdsRu, 1593.9(1) 639.1(1) 732.4(1) 97.1(1) 740.4(1)
TbsRus 1574.5(1) 631.8(1) 727.9(1) 97.2(1) 718.4(1)
DysRu; 1567.6(1) 628.1(1) 727.8(1) 97.4(1) 710.7(1)
HosRu, 1556.4(1) 625.1(1) 726.4(1) 97.3(1) 701.1(1)
ErsRu; 1545.2(1) 620.7(1) 723.8(1) 97.4(1) 688.5(1)
TmsRu; 1536.2(1) 615.2(1) 722.9(1) 97.4(1) 677.4(1)

LusRu, 1525.2(1) 610.9(1) 722.3(1) 97.4(1) 667.4(1)
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Table 9.16: Unit cell parameters and unit cell volumes of the cementite type phases in the binary

RE-Ru systems.

RE;Ru alpm b/ pm c/pm V/10° pm?
YsRu 731.3(1) 919.2(1) 632.3(1) 425.0(1)
LazRu 746.8(1) 1003.2(1) 655.5(1) 491.1(1)
CesRu 724.2(1) 986.3(1) 641.9(1) 458.5(1)
Pr;Ru 737.9(8) 977.0(10) 643.5(9) 463.8(1)
Nd;Ru 735.5(1) 967.5(1) 640.6(1) 455.9(1)
SmzRu 733.0(1) 946.1(1) 633.4(1) 439.3(1)
GdsRu 731.0(1) 935.0(1) 631.7(1) 431.8(1)
TbsRu 725.5(2) 922.2(2) 627.1(2) 419.6(1)
DysRu 728.4(1) 915.1(1) 624.8(1) 416.5(1)
HoszRu 727.7(1) 910.6(2) 623.5(2) 413.2(1)
Er;Ru 726.2(1) 904.0(1) 620.0(1) 407.0(1)
TmjsRu 726.0(1) 898.6(1) 617.3(1) 402.7(1)
LuszRu 724.7(1) 891.5(1) 613.1(1) 396.1(1)

Table 9.17: Unit cell parameters and unit cell volumes of the ErsRu; type rare-earth iron binary

compounds.

RE3Ru; alpm c/pm V/10® pm®  RE;Fe, alpm c/pm V/106 pm?
Y;Ru, 800.4(1)  399.8(1) 221.8(1) ErsRu, 787.5(2)  393.1(1) 211.1(1)
DysRup;  795.3(1)  397.2(1) 217.6(1) TmsRup,  784.4(1) 391.9(1) 208.8(1)
HosRu;  791.9(1)  395.8(2) 215.0(1) LusRu, 778.8(2)  389.4(1) 204.5(1)
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9.2 Atomic coordinates, ADP, interatomic distances and bond angles for the crystal
structure of RE5[FegC»s]

Table 9.18: RE|5[FegCys] (RE = Dy and Ho): Fractional atomic coordinates, equivalent isotropic
displacement parameters [10* pm?] and site occupancy; estimated standard deviations are given in

parentheses.
Atom Site Occ. x y F4 Ueq.
Dy sFesCas
Dyl 6g 1 0.2878(1) 0.4037(1) 0.2539(2) 0.0066(1)
Dy2 6g 1 0.5123(1) 0.1439(1) 0.2454(1) 0.0064(1)
Dy3 3f 1 0.1694(1) 0 172 0.0091(2)
Fel 3e 1 0.2496(1) 0 0 0.0105(5)
Fe2 3e 1 0.8681(2) 0 0 0.0079(5)
Fe3 2d 1 1/3 2/3 0.2628(9) 0.0059(5)
Cl1 6g 1 0.0796(12) 0.3974(11) 0.2404(32) 0.0105(19)
C2 6g 1 0.1662(10) 0.5243(11) 0.2594(30) 0.0053(17)
C3 6g 1 0.2975(12) 0.1918(13) 0.1887(21) 0.0086(24)
C4 6g 1 0.4184(10) 0.2956(9) 0.2371(31) 0.0065(19)
C5 2c 0.5 0 0 0.2348(92) 0.0106(71)
Hos5FesCas

Hol 6g 1 0.2882(1) 0.4044(1) 0.2537(1) 0.0057(1)
Ho2 6g 1 0.5119(1) 0.1441(1) 0.2455(1) 0.0059(1)
Ho3 3f 1 0.1692(1) 0 172 0.0088(6)
Fel 3e 1 0.2489(1) 0 0 0.0106(1)
Fe2 3e 1 0.8683(1) 0 0 0.0066(2)
Fe3 2d 1 1/3 2/3 0.2609(4) 0.0058(2)
Cl 6g 1 0.0775(5) 0.3960(5) 0.2410(16) 0.0088(7)
C2 6g 1 0.1656(4) 0.5253(4) 0.2583(4) 0.0056(6)
C3 6g 1 0.3002(6) 0.1898(6) 0.1905(11) 0.0095(9)
C4 6g 1 0.4194(4) 0.2962(4) 0.2402(16) 0.0063(6)
C5 2c 0.5 0 0 0.2413(44) 0.0053(20)
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Table 9.19: RE;5[FegCss] (RE = Dy, Ho, Er): anisotropic displacement parameters U;; [10* prnz];
estimated standard deviations are given in parentheses.

Dy5[FesCas]

Atom Un Uz Us3 Uz Uiz Uz
Dyl 0.0078(2) 0.0082(2) 0.0049(2) -0.0009(3) -0.0009(3) 0.0049(2)
Dy2 0.0077(3) 0.0075(2) 0.0045(2) -0.0005(3) -0.0001(3) 0.0041(2)
Dy3 0.0102(3) 0.0096(4) 0.0073(3) 0.0007(3) 0.0004(1) 0.0048(2)
Fel 0.0100(1) 0.0152(13) 0.0083(9) 0.0051(11) 0.0026(5) 0.0076(7)
Fe2 0.0065(9) 0.0089(13) 0.0090(09) -0.0006(1) 0 0.0045(6)
Fe3 0.0068(8) 0.0068(8) 0.0045(12) 0 0 0.0034(4)
Cl 0.0105(2)
C2 0.0053(17)
C3 0.0086(24)
C4 0.0065(19)
C5 0.0106(71)

Hoys5[FegCos]
Hol 0.0055(1) 0.0064(1) 0.0060(1) -0.0006(1) -0.0005(1) 0.0035(1)
Ho2 0.0060(1) 0.0065(1) 0.0056(1) -0.0001(1) -0.0003(1) 0.0034(1)
Ho3 0.0084(1) 0.0073(1) 0.0104(1) 0.0013(1) 0.0006(1) 0.0036(1)
Fel 0.0088(3)  0.0140(5)  0.0106(4)  0.0037(5)  0.0018(2)  0.0070(2)
Fe2 0.0052(3) 0.0058(4) 0.0090(4) 0 0 0.0029(2)
Fe3 0.0050(3) 0.0050(3) 0.0075(5) 0 0 0.0025(1)
Cl1 0.0088(7)
C2 0.0056(6)
C3 0.0095(9)
C4 0.0063(6)
C5 0.0053(20)

Er;5[FegCas]
Erl 0.0046(1)  0.0054(1)  0.0049(1)  -0.0004(1)  -0.0004(1)  0.0030(1)
Er2 0.0048(1) 0.0054(1) 0.0047(1) -0.0003(1) -0.0002(1) 0.0028(1)
Er3 0.0068(3)  0.0061(1)  0.0076(1)  0.00104)  0.0005(1)  0.0030(1)
Fel 0.0065(1) 0.0120(2) 0.0083(17) 0.0040(2) 0.0020(1) 0.0060(1)
Fe2 0.0043(1) 0.0045(1) 0.0077(15) -0.0003(1) -0.0002(1) 0.0023(1)
Fe3 0.0042(1) 0.0042(1) 0.0066(19) 0 0 0.0021(1)
Cl1 0.0061(5) 0.0072(5) 0.0093(7) 0.0006(8) 0.0009(8) 0.0035(4)
C2 0.0069(5) 0.0060(5) 0.0033(6) -0.0005(6) -0.0027(6) 0.0031(4)
C3 0.0072(6) 0.0072(6) 0.0087(8) 0.0033(6) 0.0022(6) 0.0016(5)
C4 0.0048(4) 0.0077(5) 0.0056(6) 0.0018(7) 0.0014(6) 0.0039(4)

G5 0.0063(10) 0.0063(10) 0.0080(20) 0 0 0.0031(5)
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Table 9.20: Dy;5[FegCys]: interatomic distances, [pm]; estimated standard deviations are given in

parentheses and n is the multiplicity.

Atom 1 Atom 2 n Distance Atom 1 Atom 2 n Distance

Dyl Cl 6x 244.91(1) Dyl Dy3 6% 340.62(1)
C4 6% 246.97(0) Dyl 3x 348.38(1)
C2 6x 250.16(0) Dyl 3x 354.22(1)
C4 6% 253.06(1) Dy2 6% 363.14(1)
C3 6x 257.83(1) Dy2 6% 363.65(1)
C2 6% 259.42(1) Dy2 6% 366.66(1)
C3 6x 260.98(1) Dy2 6% 367.15(1)
C4 6x 262.17(1) Dy2 6% 370.24(1)

Dy2 C4 6% 242.93(1) Dy2 Dy2 6% 360.54(1)
Cl 6x 250.97(0) Dy3 6% 379.02(1)
C2 6% 255.84(1) Dy2 3x 390.06(1)
C4 6x 255.99(0) Dy2 3x 396.21(1)
C2 6% 260.59(1) Dy3 Dy3 3x 349.95(1)
Cl 6% 276.49(1) Dyl Fe3 6% 290.38(1)
Cl 6% 290.40(1) Fe2 6% 310.50(1)
C3 6x 290.55(1) Fel 6% 324.93(1)

Dy3 C5 6x 243.95(1) Dy2 Fel 6% 299.67(1)
C3 6x 257.47(1) Fe3 6% 327.56(1)
Cl 6x 273.87(1) Fe3 6% 334.19(1)

Fel Cl 6x 196.23(0) Dy3 Fel 6% 274.38(1)
C3 6x 227.65(0) Fe2 6% 316.11(1)

Fe2 C5 6x 198.15(0) Fel Fe2 6% 257.92(1)
C3 6x 198.3(1) Fe2 Fe2 6% 272.49(1)

Fe3 C2 6x 186.3(1)

Cl C2 6x 134.48(3)

C3 C4 6x 137.52(3)
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Table 9.21: Ho;s5[FegCys]: interatomic distances, [pm]; estimated standard deviations are given in

parentheses and n is the multiplicity.

Atom 1 Atom 2 n Distance Atom 1 Atom 2 n Distance

Hol Cl 6x 246.00(1) Hol Ho3 6% 340.37(1)
C4 6% 247.23(0) Hol 3x 347.41(0)
C2 6% 251.1(1) Hol 3x 352.86(0)
C4 6% 252.76(0) Ho2 6% 361.45(0)
C2 6x 256.57(1) Ho2 6% 362.06(0)
C3 6x 256.98(0) Ho2 6% 364.42(0)
Cc4 6x 258.99(0) Ho2 6% 365.03(0)
C3 6x 264.76(1) Ho2 6% 369.85(1)

Ho2 C4 6% 241.81(1) Ho2 Ho2 6% 360.01(1)
Cl 6x 248.74(0) Ho3 6% 377.86(1)
C2 6% 254.44(0) Ho2 3x 388.72(1)
C4 6x 254.71(0) Ho2 3x 394.73(1)
C2 6% 258.32(0) Ho3 Ho3 3x 348.80(1)
Cl 6x 275.94(0) Hol Fe3 6% 289.18(1)
C3 6% 284.63(1) Fe2 6% 310.44(1)
Cl 6x 288.41(0) Fel 6% 324.40(1)

Ho3 C5 6x 241.08(0) Ho2 Fel 6% 299.08(1)
C3 6x 255.21(0) Fe3 6% 326.78(0)
Cl 6x 271.99(0) Fe3 6% 331.81(0)

Fel Cl 6x 195.35(0) Ho3 Fel 6% 272.46(0)
C3 6x 224.63(0) Fe2 6% 314.31(0)

Fe2 C5 6x 199.18(0) Fel Fe2 6% 256.74(1)
C3 6x 201.48(0) Fe2 Fe2 6% 271.52(1)

Fe3 C2 6x 186.03(0)

Cl C2 6x 136.46(3)

C3 C4 6x 137.34(3)
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Table 9.22: Er;s[FegCys]: interatomic distances, [pm]; estimated standard deviations are given in
parentheses and n is the multiplicity.

Atom 1 Atom 2 n Distance Atom 1 Atom 2 n Distance
Erl Cl 6x 245.3(2) Erl Er3 6x 339.5(1)
C4 6% 245.5(2) Erl 3x 346.1(1)
C2 6x 250.6(2) Erl 3% 347.1(1)
C4 6% 251.4(3) Er2 6x 358.2(1)
C2 6x 255.5(2) Er2 6x 360.9(1)
C3 6x 257.6(2) Er2 6x 363.4(1)
C4 6x 258.4(3) Er2 6x 368.8(1)
C3 6x 263.6(2) Er2 6x 376.6(0)
Er2 C4 6% 240.6(2) Er2 Er2 6x 360.5(1)
Cl 6x 248.1(2) Er3 6x 379.1(1)
C2 6% 252.7(3) Er2 3x 390.1(1)
Cc4 6x 254.1(2) Er2 3x 396.2(1)
C2 6% 257.8(3) Er3 Er3 3x 349.8(1)
Cl 6% 275.4(3) Erl Fe3 6x 288.0(1)
C3 6% 283.5(2) Fe2 6x 309.3(1)
Cl 6x 286.5(3) Fel 6x 323.4(1)
Er3 C5 6x 240.0(6) Er2 Fel 6x 298.0(1)
C3 6x 253.1(2) Fe3 6x 325.2(1)
Cl 6x 271.0(2) Fe3 6x 330.6(1)
Fel Cl1 6% 195.4(3) Er3 Fel 6% 271.5(1)
C3 6x 224.3(3) Fe2 6x 313.0(1)
Fe2 C5 6x 198.5(6) Fel Fe2 6x 255.7(1)
C3 6x 200.7(2) Fe2 Fe2 6x 270.9(1)
Fe3 C2 6% 186.6(2)
Cl C2 6x 134.7(3)

C3 Cc4 6% 137.8(3)
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Table 9.23: RE|5[FegCss] (RE = Dy, Ho, Er): bond angles in the polyanionic partial structure; es-
timated standard deviations are given in parentheses and Al, A2, A3 denote the atoms defining the

angle
Dy 5FesCos HoysFesCos ErisFegCos
Al A2 A3 Angle [°] Al A2 A3 Angle [°(] Al A2 A3 Angle [°]
Fel Cl1 Cl1 97.98(1) Fel Cl1 Cl1 97.43(0) Fel Cl1 Cl1 97.5(1)
Cl1 C3 93.98(1) Cl1 C3 103.66(1) Cl C3 103.32(9)
Cl1 C3 105.14(1) Cl1 C3 93.97(0) Cl1 C3 94.39(9)
Cl1 Fe2 141.08(1) Cl1 Fe2 110.10(1) Cl Fe2 110.07(7)
Cl1 Fe2 109.65(1) Cl1 Fe2 140.93(0) Cl Fe2 140.83(7)
C3 C3 150.82(1) C3 C3 153.25(0) C3 C3 153.07(8)
C3 Fe2 104.20(1) C3 Fe2 105.32(0) C3 Fe2 105.21(6)
C3 Fe2 47.70(1) C3 Fe2 48.93(0) C3 Fe2 48.91(6)
Fe2 Fe2  63.78(1) Fe2 Fe2  63.85(1) Fe2 Fe2  63.97(1)
Fe2 C5 C5 74.89(1) Fe2 C5 C5 76.18(0) Fe2 C5 C5 75.98(1)
C5 C3 146.55(1) C5 C3 145.56(0) C5 C3 145.71(7)
C5 C3 103.89(1) C5 C3 103.23(1) C5 C3 102.89(8)
C5 Fel 88.50(1) C5 Fel 88.49(0) C5 Fel 88.44(0)
C5 Fe2 46.56(1) C5 Fe2 47.03(0) C5 Fe2 46.96(1)
C5 C3 103.89(1) C5 C3 103.23(1) C5 C3 102.89(8)
C5 C3 146.55(1) C5 C3 145.56(0) C5 C3 145.71(7)
C3 C3 94.84(1) C3 C3 95.96(0) C3 C3 96.54(9)
C3 Fel 124.94(1) C3 Fel 125.93(0) C3 Fel 125.85(6)
C3 Fel 58.12(1) C3 Fel 57.19(0) C3 Fel 57.35(6)
C3 Fe2 108.10(1) C3 Fe2 107.30(0) C3 Fe2 107.16(7)
C3 Fe2 149.47(1) C3 Fe2 149.54(0) C3 Fe2 149.08(7)
Fel Fel 176.22(1) Fel Fel 176.15(1) Fel Fel 176.03(1)
Fel Fe2 118.11(1) Fel Fe2 118.08(1) Fel Fe2 118.02(1)
Fel Fe2 58.11(1) Fel Fe2 58.08(1) Fel Fe2 58.02(1)
Fe2 Fe2 60.00(1) Fe2 Fe2 60.00(1) Fe2 Fe2 60.00(1)
Fe3 C2 C2 119.99(1) Fe3 C2 C2 119.20(1) Fe3 C2 C2 120.03(8)
Cl C2 Fel 144.32(1) Cl1 C2 Fel 143.5012) Cl1 C2 Fel 143.43(2)
CcC2 (1 Fe3 153.86(2) C2 Cl1 Fe3 153.19(1) C2 Cl1 Fe3 152.90(1)
C3 C4 Fe2 14503(2) C3 C4 Fe2 142.990) C3 C4 Fe2 142.07(2)
C4 Fel 127.23(1) C4 Fel 130.05(0) C4 Fel 129.72(2)
Fe2 Fel  74.17(1) Fe2 Fel  73.88(1) Fe2 Fel  73.74(8)
C5 Fe2 Fe2 86.88(1) C5 Fe2 Fe2 85.94(1) C5 Fe2 Fe2 86.09(0)
Fe2 C5 52.56(1) Fe2 C5 51.91(0) Fe2 C5 52.01(1)
Fe2 C5 127.44(1) Fe2 C5 128.09(0) Fe2 C5 127.99(1)
Fe2 Fe2 86.88(1) Fe2 Fe2 85.94(1) Fe2 Fe2 86.09(1)
C5 C5 180 C5 C5 180 C5 C5 180
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9.3 Modulation functions, ADP and interatomic distances in the crystal structure of
Dys c4[Fe2Col

Table 9.24: Dys ¢4[Fe2Col: anisotropic displacement parameters U;; [10* pmz]; estimated standard
deviations are given in parentheses.

Atom Un U Uss U2 Uiz Uz
Host structure: {Dys[Fe,Co]}
Dyl 0.0073(2) 0.0104(2) 0.0080(3) 0.0001(2) 0 0
Dy2 0.0085(2) 0.0086(2) 0.0084(3) 0.0003(2) 0 0
Dy3 0.0086(2) 0.0077(2) 0.0088(3) -0.0013(2) 0 0
Dy4 0.0083(2) 0.0083(2) 0.0077(3) 0.0008(2) 0 0
Dy5 0.0100(2) 0.0093(2) 0.0086(3) 0.0003(2) 0 0
Dy6 0.0070(2) 0.0087(2) 0.0097(3) 0.0017(2) 0 0
Dy7 0.0120(2) 0.0088(2) 0.0096(3) 0.0016(2) 0 0
Dy8 0.00952)  0.0068(2)  0.0081(3)  0.0012(2) 0 0
Dy9 0.0071(2) 0.0064(2) 0.0091(3) 0.0005(2) 0 0
Dyl10 0.0085(2) 0.0103(3) 0.0081(3) 0.0012(2) 0 0
Fel 0.0071(6) 0.0058(7) 0.0066(8) 0.0005(5) 0 0
Fe2 0.0035(6) 0.0057(7) 0.0055(8) -0.0018(5) 0 0
Fe3 0.0090(4) 0.0082(6) 0.0079(6) 0.0004(4) -0.002(1) -0.002(1)
Cl1 0.012(4) 0.012(4) 0.012(5) 0.000(3) 0 0
Cc2 0.024(5) 0.015(5) 0.011(6) -0.004(4) 0 0
C3 0.015(4) 0.011(4) 0.014(5) -0.001(3) 0 0
C4 0.007(4) 0.0134) 0.013(5) -0.000(3) 0 0
C5 0.017(4) 0.008(4) 0.014(6) -0.001(3) 0 0
C6 0.012(4) 0.008(4) 0.016(5) 0.000(3) 0 0
C7 0.014(4) 0.012(4) 0.012(5) 0.004(3) 0 0
C8 0.018(4) 0.010(4) 0.012(6) 0.004(3) 0 0
C9 0.0114) 0.015(5) 0.014(5) 0.001(3) 0 0
C10 0.018(4) 0.012(4) 0.012(5) 0.006(3) 0 0
Cl1 0.010(4) 0.019(5) 0.010(5) 0.000(3) 0 0
Cl12 0.015(4) 0.015(5) 0.011(5) 0.003(3) 0 0
C13 0.016(4) 0.0114) 0.012(6) 0.003(3) 0 0
Cl4 0.020(4) 0.013(5) 0.009(5) 0.001(3) 0 0
Cl15 0.013(4) 0.016(5) 0.017(6) 0.001(3) 0 0
Cl16 0.014(4) 0.029(6) 0.014(6) 0.001(4) 0 0
C17 0.022(5) 0.013(5) 0.015(6) -0.006(4) 0 0
C18 0.026(5) 0.021(6) 0.016(6) 0.010(4) 0 0
Guest structure: {Dy( 64}

Dyl1 0.0036(3) 0.0046(3) 0.0033(8) -0.0005(3) 0 0
Dyl12 0.0037(5) 0.0035(5) 0.0030(7) -0.0004(4) 0 0
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Table 9.25: Dys g4[Fe,Co]: interatomic distances, [pm]; estimated standard deviations are given in
parentheses and # is the multiplicity.

Atom 1 Atom 2 n Distance Atom 1 Atom 2 n Distance

Host structure: {Dys[Fe,Co]}

Dyl Dy4 2x 349.47(1) Dy3 C2 1% 250.49(1)
Dy7 2x 353.32(1) Cll 1x 252.12(1)
Dy3 2% 358.52(1) c4 1x 252.35(1)
Dy5 1x 359.97(1) C10 2% 257.71(1)
Dy10 1% 375.89(1) C16 2% 272.44(1)
Dy8 1% 383.61(1) C18 1x 277.80(1)
Dy2 Dy4 1% 359.85(1) Dy4 C3 1x 246.94(1)
Dy9 2% 369.97(1) c4 1% 248.98(1)
Dy2 2x 377.43(1) Cl 1x 250.46(1)
Dy3 2% 385.32(1) C6 2x 252.07(1)
Dy3 Dy4 1% 351.28(1) Dy5 C7 1x 239.27(1)
Dyl 2% 358.52(1) C8 2x 255.24(1)
Dy10 2x 383.14(1) Ci8 1x 255.82(1)
Dy2 2% 385.32(1) Cs 1x 271.13(1)
Dy4 Dyl 2% 349.47(1) C17 2x 271.22(1)
Dy$ 2% 350.92(1) Dy6 CI12 1x 248.39(1)
Dy3 1% 351.28(1) C8 1% 251.29(1)
Dy9 2 351.72(1) Cs 2% 252.23(1)
Dy2 1% 359.85(1) C7 1% 257.76(1)
Dy8 1% 370.12(1) Cl1 1x 265.98(1)
Dy7 1% 399.07(1) C17 1% 266.47(1)
Dy5 Dyl 1x 359.97(1) C13 2x 282.00(1)
Dy7 2% 368.05(1) Dy7 c4 1% 247.97(1)
Dy6 2% 369.50(1) C7 2% 254.28(1)
Dy10 1% 383.14(1) C13 1x 262.75(1)
Dy6 1x 389.93(1) C8 1x 268.77(1)
Dy10 2 394.17(1) Cs 1x 271.28(1)
Dy6 Dy10 2% 354.96(1) CI12 2% 275.24(1)
Dy5 2% 369.50(1) C9 1x 295.34(1)
Dy7 2x 369.75(1) Dy8 C3 1% 245.51(1)
Dy5 1% 389.93(1) C6 1x 245.60(1)
Dy7 Dyl 2% 353.32(1) C3 2x 252.53(1)
Dy5 2% 368.05(1) C15 1x 258.97(1)
Dy6 2x 369.75(1) Cl 1% 275.94(1)
Dy10 1x 382.06(1) C9 2 279.53(1)
Dy4 1% 399.07(1) Dy9 Cl4 1x 245.14(1)
Dy8 Dy9 1x 345.53(1) C6 1x 245.82(1)
Dy4 2 350.92(1) C9 1x 251.40(1)
Dy8 2% 362.63(1) Cl 2% 252.46(1)
Dy9 2 364.34(1) 2 1x 253.11(1)
Dy4 1x 370.12(1) C3 1x 260.31(1)

Dyl 1% 383.61(1) Cl5 2x 283.94(1)
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Dy9 Dy8 1x 345.53(1) Dyl10 C5 1x 240.99(1)
Dy4 2 351.72(1) Cl16 1% 255.97(1)
Dy8 2x 364.34(1) Cl11 2% 257.27(1)
Dy2 2 369.97(1) C17 1% 258.03(1)
Dyl10 Dy6 2% 354.96(1) C18 2% 271.25(1)
Dyl 1x 375.89(1) X
Dy7 1x 382.06(1) Fe3 Fe3 2% 252.07(2)
Dy3 2% 383.14(1) X
Dy5 1x 383.14(1) X
Dy5 2% 394.17(1) Fel Cl1 1x 181.85(1)
Dyl Fe2 1x 295.35(1) Cs 1% 184.4(1)
Fel 2% 319.86(1) C4 1x 189.62(1)
Dy2 Fe2 1x 294.61(1) Fe2 C10 1x 182.92(0)
Fe2 2% 336.49(1) Cl4 1x 185.68(1)
Dy3 Fel 1% 292.55(1) C6 1% 193.24(1)
Fe2 2x 341.82(1) Fe3 c9 1x 198.16(1)
Dy4 Fe2 2% 318.45(1) Cl12 1x 199.53(1)
Dy5 Fel 2% 336.58(1) Cl13 1% 202.44(1)
Dy6 Fel 1x 293.42(1) Cl15 1x 204.38(1)
Fe3 2X 304.35(1) X
Dy7 Fel 1x 292.23(1) Cl Cl15 1x 129.66(0)
Fe3 2x 293.15(1) C2 Cl4 1x 130.96(0)
DyS8 Fe3 2% 299.92(1) C3 c9 1x 134.12(0)
Dy9 Fe2 1x 290.05(1) C5 C13 1x 135.13(0)
Fe3 2% 310.97(1) Cc7 Cl12 1x 134.86(0)
Dyl10 Fel 2% 338.77(1) C8 C17 1x 131.66(0)
Dyl C6 1x 241.20(1) Cc9 C3 1x 134.12(0)
C4 2% 252.18(1) C10 Cl16 1% 133.78(0)
Cc7 1x 264.41(1) Cl1 C18 1x 130.60(1)
C10 1x 267.86(1) Cl12 Cc7 1x 134.86(0)
Dy2 Cl14 2% 255.43(1) C13 C5 1x 135.13(0)
C10 1x 255.64(1) Cl4 C2 1x 130.96(0)
Cl 1x 257.89(1) Cl15 Cl 1x 129.66(0)
Cl16 1x 271.98(1) Cle C10 1x 133.78(0)
Cc2 2% 273.80(1) C17 C8 1x 131.66(0)
Cl4 1x 286.53(1) C18 Cl1 1x 130.60(1)
Guest structure: {Dy( 64}
Dyll Dyl2 1% 333.21(2)
Dyll1 1x 389.75(2)

Dyl2 Dyll 2% 333.21(2)
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Table 9.26: Dys 4[Fe2Col: Modulation functions for the atomic positions (u(%4) and site occupancy
(p(%4)). Here, n is the order of the satellite reflections, and A, B are Fourier coefficients.

Host structure: {Dys[Fe,Col}

Site Modulation functions along x, y, z
4c: (x,y,1/4) u(X4)xy = Yo Axy cos(2nmiy), u(X4); =Y, B, sin(2nmiy)
8d: (x,,2) U(X4)xyz: = Ln(Ax,yz co8(2nmis) + By ., sSin(2nmwxy))

Guest structure: {Dyq ¢4}

Site Even order (n) Odd order (n)
U(¥4)xy = Yon Axy COS(2NTT4) u(X4)xy = Y0 Ay sin(2nmxy)
4g: (x,y,0) B )
u(%4), = ¥, B, sin(2nmis) u(x4), = ¥, B, cos(2nmxy)
P(%s) = Xn Ap cos(2nmis) P(%4) = Lo By, sin(2nmis)
8i: (x,y,2) U(X4)xyz: = Ln(Ax,yz cos(2nmxs) + By .. sSin(2nmwxy))

Table 9.27: Dys 64[FesCo]: modulation amplitudes for displacement and occupational modulation
functions.

Displacement amplitudes of host structure atoms: {Dys[Fe2Co]}

Atom n Ay Ay A, B, B, B,
Dyl 1 0.0018(0)  -0.0028(1)
2 0.0013(1)  -0.0005(1) -0.0057
Dy2 1 0.0022(1) 0.0030(1) 0.0072(2)
2 0.0033(1) 0.0013(1) 0.0042(3)
Dy3 1 -0.0010(1)  -0.0059(1) -0.0027(2)
2 0.0019(1) 0.0022(1) 0.0050(3)
Dy4 1 0.0001(1)  -0.0010(1) 0.0001(2)
2 0.0019(1) 0.0014(1) -0.0003(3)
Dy5 1 -0.0010(1) 0.0004(1) -0.0023(2)
2 0.0013(1)  -0.0012(2) 0.0050(3)
Dy6 1 0.0000(1) 0.0029(1) 0.0066(2)
2 0.0021(1)  -0.0018(1) -0.0059(3)
Dy7 1 0.0018(1) 0.0018(1) -0.0063(2)
2 0.0019(1)  -0.0009(1) 0.0007(3)
Dy8 1 -0.0007(1)  -0.0002(1) 0.0030(2)
2 0.0016(1)  -0.0026(1) 0.0009(3)
Dy9 1 0.0012(1)  -0.0043(1) -0.0087(2)
2 0.0021(1) 0.0003(1) -0.0028(3)
Dy10 1 -0.0018(1) 0.0058(1) 0.0037(2)
2 0.0010(1) 0.0016(1) 0.0071(3)
Fel 1 -0.0016(1) -0.0097(2) 0.0057(6)
Fe2 1 0.0051(1) 0.0030(2) -0.0051(6)
Fe3 1 -0.0002(1) -0.0027(2) -0.0033(4) -0.0008(1) -0.0084(1)  -0.0066(5)
2 -0.0004(1) 0.0022(2) 0.0068(8) 0.0006(1)  -0.0053(3) 0.0004(5)
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Dyll1

Dyl2
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-0.0011(9) -0.002(2) -0.015(6)
0.003(1) 0.001(4) 0.029(7)
0.002(1) 0.001(2) -0.009(6)
0.006(1) 0.000(4) 0.008(9)

-0.0027(9) 0.001(2) 0.016(6)
0.003(1) -0.004(4) 0.011(8)

-0.0052(7)  -0.009(2) 0.000(6)
0.001(1) 0.004(4) 0.001(8)

-0.0015(9) 0.007(2) 0.006(6)

-0.001(2) 0.005(4) 0.020(8)
0.0002(9) 0.005(2) 0.007(6)
0.003(1) -0.003(4) 0.015(8)

-0.0020(8) 0.003(2) 0.000(6)
0.003(1) -0.002(4) -0.004(8)

-0.0017(9) -0.005(2) 0.011(6)
0.003(1) 0.009(3) -0.022(8)

-0.0050(8) -0.009(2) -0.008(6)
0.000(1) 0.006(4) 0.003(8)

0.0045(8) 0.005(2) 0.006(6)
0.002(1)  -0.008(3) -0.010(8)

-0.0005(8) -0.003(2) -0.001(6)

0.001(1) -0.004(4) 0.004(8)
0.0013(8) 0.008(2) 0.020(6)
0.001(1) -0.005(4) -0.008(8)
-0.0047(8) 0.002(2) 0.005(6)
-0.002(1) -0.002(4) 0.001(8)

-0.0040(9) -0.005(2) -0.016(6)

0.006(1) -0.003(3) -0.012(8)

0.0008(9)  -0.010(2) 0.011(6)
0.004(1) -0.004(4) 0.007(8)
20.0015(8)  -0.021(2) 0.001(6)
-0.003(1) 0.001(4) -0.010(8)

-0.0076(8) 0.006(2) 0.014(6)
0.001(2) 0.002(4) 0.000(8)

-0.0078(9) -0.009(2) 0.018(7)
0.004(1) -0.004(4) -0.005(9)

Displacement amplitudes of guest structure atoms: {Dy ¢4}
0.0006(1)  0.0057(1)  0.0286(2)  -0.0009(1)
-0.0009(1) -0.0022(2) 0.0305(2) -0.0003(1)
-0.0004(1)  0.0004(4)  0.0193(3)  0.0001(2)
0.0001(2) 0.0003(4) 0.0182(3) -0.0001(2)
-0.0719(3) -0.0008(2)
0.0017(2) -0.0006(5)
0.0148(9) 0.0006(3)
-0.0009(3) 0.0016(7)

4

0.0044(1)
-0.0011(3)

0.0008(4)
-0.0002(4)
-0.0010(3)

-0.0001(8)

0.0982(1)
0.0437(3)
0.0263(4)
0.0111(4)

-0.0686(5)

0.021(2)

Occupational amplitudes of Dy12

Atom n Ay B,
Dyl12 1 -0.2547(5)
2 0.1891(4)
3 0.0990(4)
4

-0.0375(4)
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9.4 ADP and interatomic distances for the crystal structure of Laj ¢7[Fe(C;)3]

Table 9.28: Lajz ¢7[Fe(C;)3]: Anisotropic displacement parameters U;; [10* pmz]; estimated standard
deviations are given in parentheses.

Atom Un Ua Uss U Uiz Uz
Lal 0.0108(2) 0.0078(1) 0.0081(1) 0.0048(1) 0.0003(2) 0
La2 0.0089(3) 0.0108(3) 0.0083(3) 0.0062(2) 0 0
La3 0.0073(3) 0.0073(3) 0.0161(7) 0.0037(1) 0 0
La4 0.0094(4) 0.0094(4) 0.0127(6) 0.0047(1) 0 0
Fel 0.0067(4) 0.0067(4) 0.0091(7) 0.0034(2) 0 0
Fe2 0.0065(7) 0.0065(7) 0.0130(10)  0.0032(3) 0 0
Cl1 0.0230(40) 0.0270(50) 0.0040(30) -0.0120(40) 0 0
C2 0.0080(30) 0.0120(30) 0.0140(30) 0 -0.0090(30) 0
C3 0.0070(40) 0.0090(40) 0.0120(50) 0 0 0
C4 0.0060(40) 0.0070(40) 0.0050(40) 0 0 0

Table 9.29: Las g7[Fe(C;)3]: interatomic distances, [pm]; estimated standard deviations are given in
parentheses and rn is the multiplicity.

Atom 1 Atom 2 n Distance Atom 1 Atom 2 n Distance
Lal La3 1x 338.19(8) Lal Cl 1x 286.65(8)
La4 1x 364.80(1) C1 1x 302.85(2)
La3 1x 365.80(1) Cl Ix 332.28(8)
La2 1x 367.63(1) La2 C3 1x 265.68(5)
Lal 1x 372.71(1) C2 2x 275.47(8)
La2 La4 2% 340.36(1) C4 1x 279.30(5)
Lal 2x 367.63(2) Cl 2x 281.36(5)
La3 La3 1x 71.68(2) C4 1x 283.13(9)
La4 1x 269.03(2) C3 1x 313.28(5)
Lal 3x 338.19(1) C3 1x 323.78(9)
La4 1x 340.71(3) La3 Cl1 3x 254.47(8)
Lal 3x 365.80(1) Cl 3x 290.33(8)
La4 La4 1x 192.76(2) La4 C3 3x 266.07(5)
La3 1x 269.03(2) Cl 3x 288.27(2)
La2 3% 340.36(1) Fel C2 1x 182.50(3)
La3 1x 340.71(3) C2 1x 182.56(6)
Lal 3x 364.80(1) C2 1x 182.59(9)
Lal C4 1x 273.46(4) Fe2 C4 1x 183.65(4)
Cl 1x 275.02(7) C4 1x 183.71(9)
C2 1x 276.45(6) C4 1x 183.74(3)
C2 1x 277.30(8) Cl C2 1x 131.05(8)
C3 1x 277.97(3) C3 C4 1x 129.40(7)

C2 1x 282.79(8)
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9.5 Anisotropic displacement parameters (ADP) and interatomic distances for the

crystal structure of Laj ¢7[Ru(C5)3]

Table 9.30: Subcell of Las ¢s[Ru(C5)3] (a = 887.9(2) pm, ¢ = 535.6(2) pm): anisotropic displacement
parameters U;; [10* pm?]; estimated standard deviations are given in parentheses.

Atom Un Un Uss U2 Uiz Uz
Lal 0.0141(2) 0.0146(2) 0.0119(2) 0.0044(10) 0 0
La2 0.0121(10) 0.0121(10) 0.1410(80) 0.0061(5) 0 0
Rul 0.0110(2) 0.0110(2) 0.0141(3) 0.0055(1) 0 0
Cl1 0.0170(20) 0.0150(20) 0.0150(20) 0 0 0
Cc2 0.0240(30) 0.0220(30) 0.0180(30) 0 0 0

Table 9.31: Average structure of Lajzg5[Ru(C;)3]: interatomic distances, [pm]; estimated standard
deviations are given in parentheses and # is the multiplicity.

Atom 1 Atom 2 n Distance Atom 1 Atom 2 n Distance

Lal Cl 18 264.17(5) La2 Cl 12x 264.44(5)
C2 18 274.53(3) C1 12x 276.61(4)
C2 18x 275.12(3) Lal 12x 345.98(5)
C1 18 281.40(3) La2 4% 348.29(4)
C2 18x 285.23(7) C2 12x 351.34(6)
C2 18 286.52(6) Lal 12x 366.59(5)
Cl 18x 294.41(3) C2 12x 379.66(5)
C1 18 317.02(8) Rul C2 18x 191.95(4)
Rul 18x 328.55(6) C1 18x 321.35(7)
C1 18 332.86(7) Lal 18x 328.55(8)
La2 18 345.98(6) Lal 18 357.47(4)
Rul 18 357.47(4) Lal 18x 359.82(4)
Rul 18 357.97(4) Cl C2 18 129.66(2)
Lal 18x 365.23(5)
Lal 18 374.23(5)
C2 18x 384.35(7)
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9.6 Bond angles for the crystal structure of Sm;Cr,C3

Table 9.32: Bond angles in the crystal structure of Sm,Cr,Cs3.

Atom 1 Atom 2 Atom 3 Angle [°] Atom 1 Atom 2 Atom 3 Angle [°]
Sm C2 C2 86.5(1) C2 Cr C1 137.0(1)
C2 Cl 136.0(1) Cr Sm 89.6(1)
C2 Cl1 67.9(1) Cr Sm 89.6(1)
C2 Cl 118.8(1) Cr Sm 90.4(1)
C2 C1 136.0(1) Cr Sm 90.4(1)
C2 Cl 118.8(1) Cr Cl 137.0(1)
C2 C1 67.9(1) Cr C1 43.0(1)
Cl Cl 92.9(1) Sm Sm 86.5(1)
Cl1 C1 92.9(1) Sm Sm 93.5(1)
C1 Cl 77.6(1) Sm Sm 180
Cl Cr Cr 121.1(2) Sm Cl 120.2(1)
Cr Cr 83.2(2) Sm Cl 59.8(1)
Cr Sm 104.0(2) Sm Sm 180
Cr Sm 152.9(2) Sm Sm 93.5(1)
Cr Sm 78.4(1) Sm Cl 120.2(1)
Cr C2 102.4(2) Sm C1 59.8(1)
Cr Cr 83.2(2) Sm Sm 86.4(1)
Cr Sm 104.0(2) Sm C1 59.8(1)
Cr Sm 78.4(2) Sm Cl 120.2(1)
Cr Sm 152.9(2) Sm C1 59.8(1)
Cr C2 102.4(2) Sm Cl1 120.2(1)
Cr Sm 164.4(2) Cl Cl 180
Cr Sm 80.8(1) Cr C2 Cl 117.3(1)
Cr Sm 80.8(1) C2 Cl 117.3(1)
Cr C2 39.9(1) C2 Cl1 97.1(1)
Sm Sm 87.1(1) C2 Cr 115.8(1)
Sm Sm 87.1(1) C2 Cr 115.8(1)
Sm C2 124.5(2) Cl Cl 121.1(2)
Sm Sm 77.6(1) C1 C1 96.8(2)
Sm C2 52.3(1) Cl Cr 49.2(1)
Sm C2 52.3(1) Cl Cr 118.3(1)
C2 Cr Cr 180 Cl Cl 96.8(2)
Cr Sm 90.4(1) Cl1 Cr 118.3(1)
Cr Sm 90.4(1) Cl1 Cr 49.2(1)
Cr Sm 89.6(1) Cl1 Cr 47.6(1)
Cr Sm 89.6(1) C1 Cr 47.6(1)
Cr Cl 43.0(1) Cr Cr 80.8(1)
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