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The family of ternary carbides can be divided into
two groups: carbometalates and metal-rich car-
bides. Carbometalates contain complex anions
[T,C,]" with monoatomic C* species covalently
attached to transition metals. Coordination num-
bers and oxidation states of the transition metals in
carbometalates are low. The compounds are elec-
tron precise, i.e., an ionic charge assignment is pos-
sible and no perceptible homogeneity ranges are
observed. Metal-rich carbides represent alloy type
phases, which are best described as interstitial car-
bides. Due to strong metal-metal interactions, par-
tial structures cannot be clearly distinguished.
Recently, we have studied novel rare-earth iron
carbides. The crystal structures of
RE|5[FecC(C,)s(Fe(C,)s),] with RE =Y, Dy, Ho, Er
[1] and RE54[FeC(C,),(Fe(C,),)] with RE =Y,
Gd, Tb, Dy [2] contain complex anions with small
coordination numbers and low oxidation states of
the iron atoms. The structural motifs resemble
those in carbometalates, however the complex
anions contain diatomic C, units besides
monoatomic C species. Therefore, these com-
pounds are not carbometalates in a strict sense
(monoatomic ligands). La; ¢,[Fe(C,);] is an exam-
ple exclusively containing C, units as ligands [3].
An interesting feature of this class of compounds is
the presence of noticeable RE—RE interactions
leading to the formation of superstructures or
incommensurately modulated structures. Here, we
report on structural ordering of RE atoms in the
crystal structures of Las¢[Fe(C,);] and
RE; (4[FeC(C,),(Fe(C,),)]. In addition, we discuss
the possibility to extend the concept of carbometa-
lates containing monoatomic ligands towards com-
pounds containing C, units.

The RE-compounds were synthesized by arc-
melting of cold-pressed pellets of mixtures of the
elements. Heat treatment of the samples was per-
formed in arc-welded Ta crucibles fused in silica
ampoules. For characterization, XRD techniques,
metallographic examinations in combination with
EDXS, and measurements of the electrical resistiv-
ity and magnetic susceptibility were used. The

chemical bonding was analyzed by the COHP
method based on LMTO-ASA calculations, and the
phase stabilities were investigated by total energy
calculations using the PAW method.

Complex Anions in Ternary RE-Iron-Carbides
Containing C, Units

The crystal structures of RE;5 ¢4[FeC(C,),(Fe(C,),)]
(RE =Y, Gd, Tb and Dy), La;4[Fe(C,);] and
RE|5[FecC(C,)s(Fe(Cy)3)2] (RE =Y, Dy, Ho, Er)
contain trigonal planar groups with Fe centers
coordinated by three carbon ligands (Fig. 1). A sim-
ilar structural motif with nitrogen ligands is present
in the crystal structure of the nitridoferrate(IIl),
Bas[FeNs] [4]. Trigonal planar units are the only
structural entities of the anionic partial structure of
La; ¢7[Fe(C,)3], whereas RES 64[FeC(Cy)a(Fe(Cy),)]
in addition contains linear chains of edge-sharing
tetrahedra as shown in Figure 1. An analogous
polyanion, [FeN,], is present in the crystal struc-
ture of the nitridoferrate(I11), Li;[FeN,] [5].
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Fig. 1: Complex anions in ternary RE-Fe-C-compounds
and nitridometalates.
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Fig. 2: La chains in the crystal structure of La; ¢;[Fe(C,);]
enclosed within the channels formed by face-sharing (C,)
octahedra. a) Split atom model of La chains within the
superstructure; b) shown as ordered chains running antipar-
allel, within neighbor-channels.

RE-filled Channels of La; (,[Fe(C,);] and
RE5 64| FeC(Cy),(Fe(C)),)l

The crystal structures of Lajg4;[Fe(C,);] and
RE5 64[FeC(C,),(Fe(C,),)] both contain 1D chan-
nels, which are occupied by RE atoms. In case of
La; ;[Fe(C,);] the trigonal-planar groups are sur-
rounded by tricapped trigonal prisms of La atoms.
These prisms are connected via common triangular
faces forming a host framework of the chemical
composition {Las;[Fe(C,);]}, with the channels cre-
ated via face sharing of octahedra formed by C,
units as shown in Figure 2. The remaining La
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atoms occupy the channels in such a way that a
threefold superstructure with respect to the host
structure is formed along [001]. The total number
of guest La atoms per supercell is four. Two differ-
ent La positions as part of the ordered chains rela-
tive to the host structure are possible; both with
equal probability, resulting in two partially occu-
pied crystallographic La sites, each of 50% proba-
bility. Figure 2 shows the arrangement of La atoms
within the channels in more detail. The La atoms
forming the chains are characterized by alternating
short and long La—La distances. However, due to
merely weak interactions between the chains — the
interchain distance of 879 pm is quite large — corre-
lations between the chains are lost. The chemical
composition La; ¢[Fe(C,);] corresponds to the
maximum La content of the ternary phase. The
phase stability as a function of the La content was
studied using first principles total energy calcula-
tions, which were performed using the VASP code
[6, 7] with generalized gradient approximation for
the ordered structural models Lass;[Fe(C,);],
La; s[Fe(C,);], and Las ¢7[Fe(C,);]. The results of
the calculations show that the energy differences
between the crystal structures with differently
ordered chains are less than 20 meV/atom.
Las 5[Fe(C,);] and La; ¢7[Fe(C,);] are both stable at
0 K while Laj 33[Fe(C,);] is unstable. This branch-
ing up at 0 K supports a small homogeneity range
for La,{Las;[Fe(C,);]} with 0.5 <x < 0.67 at higher
temperatures. Experimental evidence for the homo-
geneity range is given by the crystal structure
determination of Las ¢4[Fe(C,);] [8].
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Fig. 3: a) Substructures (host-guest-assembly) in the crystal structure of Dys; ¢4[FeC(C,),(Fe(C,),)]. b) Dy-chains of the mod-
ulated composite structure located within channels formed by polyanionic tetrahedral strings and trigonal planar groups.
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In case of RE;s¢[FeC(C,),(Fe(C,),)], the filling
of channels by RE guest atoms leads to a modulat-
ed structure, which is best described as a compos-
ite consisting of two substructures with mismatch
of host and guest lattices along [001]. The average
crystal structure and the complex anionic parts
have already been described in [2]. In the follow-
ing, we focus on the ordering of RE atoms within
the channels, which is exemplarily discussed for
the Dy compound.

The two substructures are shown in Figure 3a. The
first one, {Dy;[FeC(C,),(Fe(C,),)]}, represents the
host structure containing most of the atoms and
forming a framework with empty channels running
along [001]. The second substructure, {Dyg 4}, 1S
the guest structure, which contains chains of Dy
atoms with alternating distances short-short-long
(333pm—333pm—390pm) within the channels of
the host structure. Figure 3b shows a cut-out of the
modulated chain of Dy atoms occupying the chan-
nels of the host structure together with one adjacent
polyanionic tetrahedral string and trigonal planar
groups. The guest Dy atoms are located inside the
(C,)4 octahedra, however, some of them are pushed
in direction of the octahedral faces due to limited
space, thereby changing their coordination from
octahedral to tetrahedral or even to trigonal planar
environment. In the composite, both substructures
are modulated due to their mutual interactions. All
distances exhibit only small variations, except
those between the guest Dy atoms.

Extending the Concept of Carbometalates (C-
ligands) to Dicarboligands (C,-ligands)

The crystal structures of ternary RE iron carbides
contain complex anions similar to those observed
in nitridoferrates. Such an analogy was one of the
motivations to develop the concept of carbometa-
lates. Besides the presence of complex anions, the
carbometalate concept introduces further criteria
that help to assign particular carbides to the class of
carbometalates: (i) covalent bonds within the com-
plex anions; (ii) charge-balanced ionic formulae;
(iii) absence of significant homogeneity ranges.
The key criterion (i) is fulfilled for the examples
discussed here: Fe—C distances indicate strong
covalent bonds; inspection of the chemical bonding
in Las ¢7[Fe(C,);] shows that Fe—C covalent bond-
ings are indeed dominating and optimized. Criteria

(i1) and (iii) are not strictly valid, although the oxi-
dation states for iron within the trigonal planar and
tetrahedral complex anions in the crystal structures
of La; 4;[Fe(C,);] [3] and Er,[Fe(C,),] [9] can be
clearly assigned as Fe(I) and Fe(Il), respectively.
The crystal structure of RE; ¢4[FeC(C,),(Fe(C,),)]
contains both types of environments of Fe atoms by
mixed carbon ligands, monoatomic and diatomic.
The average C—C distance in the C, units amounts
to 135 pm indicating the presence of C,* species
containing double bonds. Thus, taking into account
the two different coordinations of iron atoms, we
expect oxidation states close to Fe(I) and Fe(II) for
the trigonal-planar and the tetrahedrally coordinat-
ed Fe atoms, respectively. A nearly charge balanced
ionic formula of the composite may be written as

{(Dy )54 Dy Ns[Fe* (Cy an][CHFe(C, )13
Nevertheless, the amount of {(Dy” ")y} within the
channels of the crystal structure does not exactly fit
to {(Dy’ )y} which would be needed for perfect
charge balancing.

This kind of “electronic flexibility” may be pro-
vided by the C, units, which allow variations in
ionic charges [10].

We thank Dr. M. Mihalkovi¢ (Institute of Physics,
Slovak Academy of Sciences, Slovakia) for VASP calcu-
lations.
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