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a b s t r a c t

The ternary carbide Dy5.64[Fe2C9] has been prepared by high temperature synthesis from the elements.

The compound forms as a composite structure with two partial structures, {Dy5[Fe2C9]} and {Dy0.64}

crystallizing in space groups Pnam and Pbam, respectively. The lattice parameters a¼2934.63(9) pm

and b¼1263.63(5) pm for the two partial structures are identical, whereas the c lattice parameters for

{Dy5[Fe2C9]} (cH¼504.14(3) pm) and {Dy0.64} (cG¼1056.01(5) pm) are different. This gives rise to a

modulated structure in the (3þ1)D superspace group Pnam(00g) with q¼cH/cG¼0.4775. The refine-

ment converged to R(F) values below 0.055 for each partial structure using harmonic and Crenel

functions. The compound is a bad metallic conductor and represents a new structure type composed of

Dy3þ species embedded in a matrix of discrete planar FeC(C2)2 units and edge-sharing Fe(C2)4

tetrahedra forming infinite chains Fe(C2)4/2 running along the c axis.

& 2012 Elsevier Inc. All rights reserved.

1. Introduction

Carbometalates are ternary and higher carbides containing
complex anions m

1½ðTyCzÞ�
n�

. They are mainly characterized by
covalent bonds between the transition metals T and monoatomic
carbo ligands C4�. In addition, they contain highly charged
cationic components such as rare-earth metals, follow the general
formula REx[TyCz] with an atomic ratio of (xþy)/zr2 and do not
form perceptible homogeneity ranges [1]. In the ternary systems
containing Fe as the transition element, several compounds have
already been reported. Their chemical compositions are consis-
tent with the general formula of carbometalates: La3.67[Fe(C2)3]
[2,3], Y2[Fe(C2)2] [4], Sc3[Fe(C2)2] [5,6], Sc[FeC2] [7,8], and
RE15[Fe8C(C2)12] (RE¼Y, Er, Ho, Dy) [9]. The crystal structures,
however, are determined by C2 units acting as ligands in the
complex anions giving rise to problems concerning charge balan-
cing by applying the chemical concept for carbometalates. For the
majority of these ferrates the assumption of the presence of
C2

4� ligands leads to conclusive results. The observation of a tiny
homogeneity range in case of La3.67[Fe(C2)3] [2,3] caused by
vacancies within the La-chains occupying positions within the
channels of the crystal structure can still be explained by the
electronic flexibility of the C2

n� ligand. The situation becomes

even more complex in crystal structures containing homoatomic
T–T (here: Fe–Fe) interactions, as observed in the isotypic series
RE15[Fe8C(C2)12] (RE¼Y, Er, Ho, Dy) [9]. A successful and
conclusive extinction of the carbometalate concept on com-
pounds containing C2 ligands first of all calls for detailed knowl-
edge and specific characterization of the chemical bonding in the
diatomic species involved in the formation of complex anions.

Here, we report on a novel dysprosium iron carbide,
Dy5.64[Fe2C9], containing two different kinds of complex anions
with carbo and dicarbo ligands covalently bonded to the Fe
atoms. By use of superspace approach [10] the overall crystal
structure is best described as a composite consisting of the partial
structures {Dy5[Fe2C9]} and {Dy0.64}. Dy5.64[Fe2C9], is a bad
metallic conductor. Its magnetic properties are governed by the
large localized magnetic moments of Dy3þ species.

2. Experimental section

2.1. Preparation and phase analysis

The title compound was prepared by arc-melting of cold-
pressed pellets of mixtures of the elements Dy (pieces, Ames,
99.99%), Fe (pieces, Alfa Aesar, 99.99%) and graphitic carbon
(powder, Chempur, 99.9%) in the molar ratio of Dy:Fe:C¼5.7:2:9.
The pellets were encapsulated in weld-sealed Ta ampoules, which
in turn were jacketed in fused silica tubes and heat treated in a
tube furnace at 1373 K for 14 day. The reaction products were
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ground and annealed again. After several cycles of grinding and
annealing it was possible to obtain a nearly single phase material.
However, small amounts of elemental Fe and a hitherto unknown
phase causing some very weak Bragg peaks in the powder
diffraction patterns were still present. The reaction products
(gray with metallic luster) are sensitive to air and moisture.
Therefore, all handlings were carried out in a glove box under
Ar atmosphere (MBraun, p(O2, H2O)o1 ppm).

Powder X-ray diffraction patterns were taken by use of a
Huber-Guinier-camera G670 in the range 101o2yo851, mono-
chromatic CoKa1 radiation (l¼178.896(1) pm) and a step width
of 0.0051. No perceptible homogeneity range was observed from
powder X-ray diffraction even by varying the carbon content
(710 at.%) during the synthesis. EDXS (SEM Philips XL30,
standardless ZAF) analysis on the single crystal used for the
diffraction experiments resulted in the atomic ratio Dy:Fe¼5.7:2.0.

2.2. Crystal structure determination

Prismatic crystals were separated from the surface of the
samples in an Ar filled glove box under liquid paraffin. Specimens
with average dimensions of about 20�25�40 mm3 were
selected, mounted on glass fibers and sealed in Lindemann
capillaries of 0.2 mm diameter. Intensity data collection was
carried out on an imaging plate diffractometer MAR 345dtb with
Mo Ka (l¼71.069 pm) radiation at room temperature at the
Laboratory of Crystallography, University of Bayreuth. For data
reduction including Lorentz-polarization factor correction and
numerical absorption correction the program EVAL15 [11] was
used. The automatic indexing routine applied to the main reflec-
tions revealed an orthorhombic unit cell with a¼2934.63(9) pm,
b¼1263.63(5) pm and c¼504.14(3) pm. The X-ray diffraction
pattern clearly exhibits satellite reflections up to order of two
along cn, indicating a 1D modulation with q¼0.4775(1)cn. In a
first step the average structure was solved using the main
reflections only, and by direct methods as implemented in the
program package SHELXS97 [12]. The structure was refined in the
space group Pnam with anisotropic displacement parameters for
all atoms down to the residuals R1¼0.045 and wR2¼0.086. All
crystallographic sites were fully occupied in this model, except for
three sites, which were partially occupied by about 30% Dy. The
distances between these sites (smaller than 253 pm) were clearly
too short for Dy–Dy contacts. Taking into account the satellite
reflections several commensurately and incommensurately
modulated structures in suitable superspace groups were
checked. Finally, the crystal structure of Dy5.64[Fe2C9] was
successfully refined as a composite structure using the program
WinCSD [13]. Composite structures consist of two or more
periodic substructures with separate three dimensional symme-
try and mismatch in at least one dimension. Such structures
cannot be forced into a single unit cell and the misfit of the
lattices gives rise to mutual modulations. The data/parameter
ratio using this approach usually improves the numerical stability
of refinements compared to refinements involving superstruc-
tures with large unit cells [14]. In case of the title compound, the
structure is composed of two substructures. One partial structure
contains most of the atoms while the second substructure fills
channels in the larger one. The larger and smaller substructure
are called for convenience in the following discussion ‘‘host’’ and
‘‘guest’’, even though there is no host–guest relationship in the
strict sense. Both substructures share the ab plane, but have
different translational periods along [0 0 1]. Two different sets of
lattice parameters and a modulation vector for each substructure
are needed to describe the crystal structure. Besides a and b, we
have chosen cH and cG to describe the unit cells of the two partial
structures, respectively. The corresponding modulation vectors

are labeled qH and qG. Every reflection in the diffraction pattern
can in principle be indexed by the (3þ1)D host or guest
sublattice, and a four-index notation is needed in either case to
index all reflections:

HH ¼ hHanþkHbn
þ lHcH

nþmHqH or

HG ¼ hGanþkGbn
þ lGcG

nþmGqG

where

qH ¼ ðcH=cGÞcH
n and qG ¼ ðcG=cHÞcG

n:

The host structure contains the majority of the atoms of the
composite structure. Therefore, the host lattice is primarily used
to index the reflections, and the indices of the H is omitted in the
present work. The (hk00) plane is common to both substructures,
while (hkl0) and (hk0m) reflections are the main reflections of the
host and guest substructures, respectively. A general reflection
(hklm) represents both, the mth order satellite reflection of the
reflection (hkl0) of the host structure and a satellite reflection of
the guest structure with indices given by HG¼W�1 HH (so-called
W matrix) [15]:

W ¼

1 0 0 0

0 1 0 0

0 0 0 1

0 0 1 0

0
BBB@

1
CCCA

All reflections in the diffraction pattern of Dy5.64[Fe2C9]
can be indexed with a¼2934.63(9) pm, b¼1263.63(5) pm,
cH¼504.14(3) pm and cG¼1056.01(5) pm. The modulation vector
qH is given by the ratio cH/cG¼0.4775(1). The superspace group
symmetry of the composite structure must be compatible with
the superspace group symmetries of the pair of substructures. The
observed reflection conditions are in accordance with space
groups Pnam and Pna21 for the host structure and Pbam and
Pba2 for the guest structure. Refinements for centrosymmetric as
well as non-centrosymmetric pairs of space groups were carried
out. Finally, the centrosymmetric space groups Pnam and Pbam

were chosen, since they already provide physically meaningful
interatomic distances. The combination of this pair of space
groups results in the superspace group Pnam(00g) for the
composite structure.

Satellites up to the second order were included in the refine-
ments, which converged to R(F) [hkl0]¼0.035/0.036, R(F) [hk0m]¼
0.058/0.062, R(F) [hkl1]¼0.134/0.136 and R(F) [hkl2]¼0.139/0.142
for (all reflections)/(reflections with F44s(F)). Further details on
data collection and structure refinements are summarized in
Table 1. All crystallographic sites are fully occupied except for
the Dy12 site within the channel. The site occupancy factor of 0.67
is given by a Crenel function, which describes a periodic distribu-
tion of vacancies and atoms as a square wave with the center x0

4

and the width D. If x4Ax0
47D=2 an atom is present, otherwise,

there is a vacancy. D is equal to the average site occupancy factor.
Positional and one occupational modulation of the host and

the guest substructures have been described by the modulation
functions given in Table 2. Fractional atomic coordinates and
anisotropic displacement parameters are listed in Tables 3 and 4.
The number of formula units, Z¼8 is given with respect to the
host unit cell. The host structure comprises 10 Dy sites (4c), 3 Fe
(2�4cþ8d) and 18C (4c) in the asymmetric unit cell, while only
two Dy sites (8iþ4g) are needed to describe the guest structure.
The average number of guest atoms in the unit cell of the host
structure is obtained as follows: NG in H¼(8�Dy11þ4�0.67
Dy12)�0.4775¼5.1; NG in H/Z¼5.1/8¼0.64.
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