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Rare-earth (RE) transition-metal (T) carbides RE,T,C, have
been intensively studied during the last thirty years with
respect to their interesting crystal chemistry.'™ Since the
pioneering theoretical studies by Burdett, Whangbo, and
Hoffmann on YCoC (Figure 1a) these species are considered
as organometallic [T,C.]°" polyanions embedded in an ionic
matrix provided by the rare-earth-metal atoms.”! Within the
zero-, one-, two, or three-dimensional polyanionic networks,
the carbon atoms can be isolated (carbometallates™®) or they
can form C, pairs!! or C; units.
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Figure 1. Structural models of the [T,C,]°~ polyanions in a) YCoC,
b) LaNiC,, ¢) Y,FeC,, and d) Sc;CoC,.

Today, the RE,T,C, carbides are again the focus of intense
research owing to their unprecedented physical properties.
For example, the carbometallate YCoC which is the proto-
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type of a low-dimensional RE,T,C, carbide, forms infinite
linear -Co-C-Co-C- chains (Figure 1a) and is characterized by
its unusual high electronic heat capacity (Sommerfeld coef-
ficient of 14.0 mJK?mol™') suggesting the presence of
narrow conduction bands.”! The ternary nickel carbides
RENIC, in particular, exhibit a variety of magnetic-ordering
scenarios which depend on the nature of the rare-earth
metal.®*® However, the most prominent representative of
this compound family is the noncentrosymmetric unconven-
tional superconductor LaNiC, (7.=2.7 K; Figure 1b).B"
Superconductivity has been also observed in Y,FeC, (7,=
3.6 K) which has quasi one-dimensional [FeC,] moieties with
iron in a distorted tetrahedral coordination environment
(Figure 1¢).”* We note, that the superconductors LaNiC, and
Y,FeC, both have dicarbido C, moieties as common structural
features. This observation supports the idea that the presence
of antibonding t*(C—C) states near the Fermi level (which
are absent in the carbometallate YCoC) might provide a
prerequisite for the onset of superconductivity in the RE,T,C,
carbides.”™ The same argument also holds for the super-
conductivity in binary REC, carbides or the ternary RE,X,C,
carbides (X = halogen).’ The absence of paramagnetic RE
cations might be another criterion.

To identify further chemical control factors of the
electronic-transport properties in covalent dicarbido com-
pounds we analyzed the electronic structure of Sc;TC,
carbides (T=Fe (1), Co (2), Ni (3))*” by experimental
charge-density studies in combination with physical-property
measurements down to ultra-low temperatures. The carbides
1-3 display quasi one-dimensional [TC,] ribbons with bridg-
ing u-n*-C, moieties (Figure 1d). On the basis of topological
analyses of the experimental charge densities of 1 and 2 we
showed earlier that the bonding in the Sc;TC, species is
primarily controlled by covalent 1) o(T «<C) donation, 2) T—
7*(C-C) back donation, and 3) partially covalent Sc—(1n>-C,)
bonding."" This situation is also true for the nickel compound
(Figure 2) which shows characteristic bond-path topologies in
line with the presence of covalent Ni—C bonds and C—C
bonds displaying significant t-bonding character (Table 1 and
Supporting Information).!'”

Analyses of the atomic charge suggest that all [TC,]*"
polyanions carry approximately the same negative charge
(6=~4) in 1-3. Accordingly, the dicarbido (C,)>~ moieties
display an atomic charge of approximately —2 (Q(C,) = —1.98
(1); —2.11 (2) and —2.04 (3)) while the transition-metal atoms
appear to be only slightly oxidized (Q(T) =+ 0.5 (Fe), +0.27
(Co), +0.13 (Ni).**1% Hence, the iron species 1 can thus be

Angew. Chem. Int. Ed. 2010, 49, 1578 -1582


http://dx.doi.org/10.1002/anie.200904956

Figure 2. Experimental contour maps of the negative Laplacian of the
charge density, L(r) = —</%0(r), in the plane defined by the [Ni(C,),]
structural moiety of 3; positive values (solid lines) and negative values
(dashed lines); bond paths (solid lines), bond critical points (BCPs;
closed black circles), and ring critical points (RCPs; open squares).
Note, the definition of the local coordinate system and the transition-
metal atom’s crystallographic site symmetry as D,,, which is close to
D,y if only the TC, moieties are considered.

Table 1: Comparison of the salient bond lengths of the [TC,]>~ moieties
in 1-3 and the charge density, p(r), at the respective bond critical
points !

1 (T=Fe) 2 (T=Co) 3 (T=Nj
T-C[A] 2.1074(6) 2.0886(4) 2.094(1)
(). [eA7] 0.590 [0.553]  0.581[0.572]  0.515[0.563]
C-C [A] 1.4498(11) 1.4539(8) 1.4561(13)
p(N [eA 1.750[1.765]  1.813[1.769]  1.689 [1.746]
7 [M/K2mol P 17.0[7.8] 5.7 [8.3] 7.7 [5.3]
N,/N(E7) 0.90 [0.42] 0.30 [0.44] 0.41[0.28]

[a] The calculated values (DFT)'™ are based on the experimental
geometries and are specified in square brackets (see ref. [12]). [b] The
experimental Sommerfeld coefficient, y, is based on specific heat
measurements. [c] The theoretical DOS at the Fermi energy, N(E;), and
the related experimental DOS, N,, are specified in [states/eV atom]
(Supporting Information).

formally considered as 16 valence-electron (VE) species in
which the Fe(d®) center is coordinated by four (C,)*~ ligands
in a square-planar manner. Accordingly, 2 and 3 represent 17
and 18 VE [TC,]®~ polyanions, respectively.

The close structural relationship of the isotypic
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energetic states—virtually decoupled from any pronounced
differences in the chemical bonding in the [TC,]*~ polyanions
(Table 1). The increasing electron count at the transition
metal which subsequently leads to an increasing population of
*(C—C) states is reflected in a slight increase of the C—C
distances in going from 1 to 3 (Table 1).14!

Major differences in the band structure of 1-3 are
revealed by inspecting the site and state projected density
of states (DOS) of the transition metal atom (Figure 3b,c and
Supporting Information). Only the iron carbide 1 displays a
sharp and large peak at the Fermi level (N(Er) =0.42 states/
eVatom) which is due to Fe(ds;._,.) states and a minor
contribution from C(p,) states. For symmetry reasons, these
states represent basically nonbonding interactions in the
[FeC4] ribbons of approximate local D,, symmetry. The
contributions of these states to the conduction band are,
however, better revealed in the “fat band” representation of
Figure 3a. In this case, the d;._,. state contribution is only
dominant along the R-W and T-W lines, where the con-
duction band crossing the Fermi level is characterized by a
rather weak dispersion—in line with the nonbonding charac-
ter of these states. We suggested earlier™! that these localized
d;._. states in the reciprocal-space picture appear to be the
origin of two axial valence-shell charge concentrations
(denoted VSCC,, in Figure 4) at the iron atom. Note, that
the cobalt carbide 2 as well as the nickel carbide 3 do not
reveal any axial charge concentrations in the negative Lap-
lacian maps, L(r)=—v/’0(r), of the experimental charge-
density distributions (Figure 4). This difference is due to the
lack of localized d;._,.states at the Fermi level in 2 and 3
which is raised relative to that of the iron species.**!" As a
consequence the nature of the conduction bands in the cobalt
and nickel species differ significantly from that of the iron
species and display basically antibonding T(d,,d,.)/n*(C—C)
character (Figure 3¢ and Supporting Information).[* !

These differences should be also reflected in the physical
properties of 1-3. We therefore searched for additional
experimental evidence to clarify whether a real-space prop-
erty (local valence charge concentrations) might influence or

carbides 1-3 is clearly reflected in their electronic
structures. In earlier reports™! we pointed out that
the individual electronic bands of 1 and 2 show

ik

o

rather similar dispersions along selected symmetry
lines within the first Brillouin zone of the body-
centered orthorhombic unit cell; this is also true for
3. Furthermore, the presence of the linear [TC,]
ribbons is signaled in all three cases by reduced
dispersions along the X-T" and T-W lines (Figure 3 a
and Supporting Information). The major difference 4
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between the band structures of 1-3 is therefore
mainly due to an increase of the d-electron count in
the [FeC,J*” (16 VE), [CoC,*" (17 VE), and
[NiC,]*" (18 VE) moieties and is responsible for
the subsequent lifting of the Fermi level in the
sequence 1-3. Accordingly, the isotypic carbides 1-3
represent ideal model systems to study the electronic
consequences of a stepwise population of higher
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Figure 3. a) Electronic bands based on DFT calculations (see ref. [12]) of 1 (y axis
in eV) along selected symmetry lines within the first Brillouin zone of the body-
centered orthorhombic unit cell. The radius of the circles given for each band
weights the Fe(d;_,.) orbital contribution to the partial densities of states (DOS)
at each k point. For a definition of the Brillouin zone and other relevant orbital
contributions; see Supporting Information. b),c) Site and state projected partial
DOS of 1 and 3 (in states/eV) in the energy range E—E;=—4 to 2 eV. The position
of the Fermi level (E;) is indicated by a horizontal black line.
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Figure 4. Experimental L(r) envelope map of 1, 2, and 3; L(r) =777,
1400, and 1301 e A, respectively. The location of the local charge
concentrations (red spheres) and depletions (blue spheres; (3, —3)
and (3, +1) critical points) in the valence shell charge concentration
(VSCQ) of the transition metal atoms are shown. Note the additional
charge concentrations (VSCC,,) above and below the [TC,] plane in the
case of 1 which are absent in 2 and 3.

even control a reciprocal-space property (e.g. the electronic
conductivity). Indeed, the presence of a narrow conduction
band and the resulting high density of states is reflected by a
high electronic heat capacity contribution in case of the iron
carbide 1 (Sommerfeld coefficient y =17.0 mJ K ?mol ;¥
Table 1). In contrast, the lack of a narrow conduction band
(and axial VSCCs at the transition metal) might be correlated
in 2 and 3 with their smaller Sommerfeld coefficients (y =5.7
and 7.7 mJ K?mol~!; Table 1). These findings provide strong
experimental evidence for our earlier suggestion*! that the
fine structure of the Laplacian pattern—in real space—can be
employed as an electron-localization function in reciprocal
space to trace the presence of narrow conduction bands in
solids.

To our surprise, the cobalt carbide 2 can be discriminated
from its nickel congener 3 by comparing their electronic
conductivities, despite their similar y values. Only the cobalt
compound displays superconducting behavior below 4.5 K
and a structural phase transition around 70 K. We therefore
analyzed the physical properties of 2 in greater detail.

In Figure 5a the electronic contribution of the specific
heat divided by temperature, AC/T, of 2 reveals two distinct
anomalies at 143K and 72 K. These features were also
observed in the temperature-dependent DC-susceptibility,
x(T), and the electrical resistivity, p(T), (Figure 5b). The
anomaly at 143 K is most likely due to a charge-density wave
formation. The hysteretic behavior between the cooling and
warming cycles in x(7) and p(7T) at about 70 K, however,
suggests a structural phase transition. Indeed, a single-crystal
X-ray diffraction study at 9 K reveals the presence of a low-
temperature (LT) modification of 2, denoted LT-Sc;CoC, in
the following (Figure 6). Structural and charge-density analy-
ses clearly reveal a Peierls-type distortion with alternating
out-of-plane displacements of the cobalt atoms above and
below the [CoC,] ribbons. This displacement leads to alter-
nating shorter (3.159 A) and longer (3.601 A) Co-Co dis-
tances between adjacent one-dimensional [CoC,] ribbons.

The same type of structural distortion has been observed
for the remaining Group 9 carbides Sc;RhC, and Sc,IrC,.['*
In case of the Group 8 and 10 carbides 1 and 3 we could,
however, not find any evidence for such a structural phase
transition above 2 K. This result might provide first evidence
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Figure 5. a) The temperature-dependent electronic contribution of the
specific heat of 2, AC, divided by temperature. b) The magnetic molar
susceptibility, y, at B=1T (triangles, right scale) and the electrical
resistivity, p (solid lines, left scale). The arrows specify the cooling and
warming sequences of the measurements. The dashed lines in (a) and
(b) indicate the two anomalies at 72 K and 143 K. Inset: C/T versus T?
plot from which the Sommerfeld coefficient y was derived by a linear
fit between 7 K and 14 K (solid line).
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Figure 6. Structural model of LT-2 illustrating the alternating out-of-
plane distortions of the Co atoms in the [CoC,] ribbons leading to
[Co—Co-+-Co] chains with alternating short (gray arrows) and long (
black arrows) Co—Co distances [A]; m denotes the location of the
crystallographic mirror plane in the transition-metal carbide moiety;
the location of Co—Co bond critical points (BCPs) is depicted by black
closed circles.

that the superconducting transition below 4.5 K in Sc;CoC,
critically depends on the presence of a Peierls-type transition
along the transition-metal chains. This suggestion is further
supported by the change in electrical resistivity of 2 on cooling
(Figure 5b), which reveals a distinct increase of the
p(T) values below the structural transition temperature at
72 K. This change reflects a reduced electronic conductiv-
ity along the Co chains below the Peierls transition temper-
ature. Such increasing electronic isolation of the quasi one-
dimensional [CoC,] ribbons is also in line with the increase of
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N(Eg) by 66 % below the structural transition temperature of
2. We further note, that symmetry reduction during the
Peierls-type transition in 2 also has consequences with respect
to the phonon spectrum. Hence, the out-of-plane distortion
modes of the Co atoms (Figure 6) and the increase of the
density of states might be the prerequisites for the establish-
ment of superconductivity in the quasi one-dimensional
Sc;TC, carbides and explain the absence of the superconduc-
tivity in the iron and nickel species. Thus we tried to find more
experimental evidence for the quasi one-dimensional behav-
ior of 2 at ultra low temperatures.

Figure 7 summarizes the magnetic-susceptibility, electri-
cal-resistivity, and specific-heat measurements of the cobalt
carbide below 10 K. The onset of superconductivity is clearly
marked by a sudden drop in the resistivity at 4.5 K, which is
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Figure 7. Temperature dependency of a) the volume susceptibility,
at B=0.1 mT, the electrical resistivity, p, and b) the electronic contri-
bution of the specific heat divided by temperature AC/T of 2 below

10 K. The superconductivity begins below 4.5 K (broken vertical line).

accompanied by a diamagnetic response of the sample just
below 4.5 K (Figure 7a). This result suggests that 2 can be
classified as a bulk superconductor, since both, p(7) as well as
%(T), simultaneously decrease below 4.5 K.'”! Also the large
value of the volume susceptibility y,~ —0.3 at 50 mK and the
specific heat anomaly (Figure 7b) provide further character-
istic signatures of bulk superconductivity. The unusual shape
of the specific-heat feature compared to a BCS-type super-
conductor (see for example, ref.[18]), however, may be
characteristic for the presence of quasi one-dimensional
[CoC,]*" ribbons of 2.7 Hence, the quasi one-dimensional
structural features and the unusual specific heat behavior
might qualify 2 as one of the few model systems (e.g.
poly(sulfur nitride) (SN),*) to study the chemical and
physical prerequisites for the rare phenomenon of quasi
one-dimensional superconductivity.

The isotypic Sc;TC, carbides 1-3 are highly suitable
benchmark systems because single crystals of excellent
quality, suitable even for experimental charge density studies
can be obtained. Careful inspection of the charge-density
distribution in the valence shell of the transition metal atoms
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in 1-3 allowed differences in their electronic structures to be
identified which is the key to understanding the quite
different physical behavior of these otherwise electronically
and structurally highly related systems.
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