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The metals in the sixth row of the periodic table exhibit
pronounced differences to the lighter homologues because
the energy levels of the valence electrons are fundamentally
affected by relativistic effects.[1] Thus, post-transition ele-
ments, such as thallium, lead, and bismuth, feature the highest
electron density of all metallic elements, and the pronounced
spin–orbit splitting can cause the inert or the lone-pair effect.
The unique properties of these metals also show in their
chemical behavior; for example, most binary phase diagrams
with 3d transition metals evidence the absence of compounds
and wide miscibility gaps in the liquid state.[2] On the atomic
scale, this thermodynamic property corresponds to the
preferred formation of homoatomic contacts. Overcoming
this obstacle for compound formation requires promoting
heteroatomic connections, for example by treading a kineti-
cally controlled reaction path. Alternatively, a thermodynamic
stabilization of mixed atomic configurations may be realized
by selecting appropriate state-variable combinations during
synthesis.

The observation that a significant proportion of the few
binary transition-metal–bismuth compounds exhibit super-
conductivity[3–7] motivated the current search for new inter-
metallic phases of Bi. In this study, we report the concerted
experimental and theoretical investigations of the first binary
compound in the cobalt–bismuth system.[2, 8] The new phase is
synthesized at pressures between 5.0(5) and 10(1) GPa and
temperatures from 640(40) K to 1470(150) K before quench-
ing to ambient conditions.

The maximal yield (95 %) is obtained at 5 GPa and
720(50) K, that is, the reaction is realized at conditions close
to the melting curve of bcc bismuth[9,10] and the transition
from hcp to fcc cobalt.[10, 11] The molar volume of the binary
compound is 10 % smaller at ambient conditions (2 % at
5 GPa) than the sum of the elemental increments.[12] There-
fore, the realization of phase formation by application of high
pressure is in full accordance with Le Chatelier�s principle.

At ambient pressure, optical metallography reveals only
a single binary reaction product of the high-pressure synthesis
(Supporting Information, Figure S1), and electron-probe
studies (Supporting Information, Figure S2) reveal its com-
position as Co1.00(1)Bi3.00(1). The phase decomposes exother-
mally at about 500 K (Supporting Information, Figure S3)
into elemental cobalt and bismuth, which manifests the
metastable character of the binary compound.

The cobalt compounds of the lighter analogues, namely
CoP3, CoAs3, and CoSb3, all form skutterudite-type arrange-
ments,[13] whereas CoBi3 forms a NiBi3-like motif.[14, 15] Results
of the crystal structure refinement[16] (Supporting Informa-
tion, Figure S4 and Tables S1–S3) show that in the structure
pattern (Figure 1, top) cobalt atoms are coordinated by seven
bismuth atoms in the form of a monocapped trigonal prism.
These polyhedra condense into one-dimensional building
units by sharing prism faces. The resulting [CoBi6/3Bi] columns
are arranged in the form of a distorted hexagonal rod packing.
This unusual structure pattern and especially the occurrence
of short distances d(Co-Co) within the interconnected seg-
ments (Figure 1, top) motivated an investigation of the atomic
interactions with quantum-chemical methods.

Application of the quantum theory of atoms in molecules
(QTAIM[18]) reveals atomic basins with complex shapes
(Figure 1, bottom) comprising 27.0 electrons for Co, 82.8 for
Bi1 and for Bi2, and 83.4 for Bi3. Taking into account the
atomic numbers of 27 for Co and 83 for Bi, this corresponds
to essentially uncharged atoms, in full agreement with the
small electronegativity differences of the elements.[19]

The distribution of the electron-localizability indicator
(ELI-D[20]) within the inner shell of the cobalt atoms exhibits
deviations from spherical symmetry (Figure 2, top). The
topological organization of the short contact d(Co�Bi1) is
taken as a fingerprint for covalent interactions. The absence
of definitive ELI-D maxima on the contacts d(Co�Co) imply
that the short interatomic distances are caused indirectly by
the Co�Bi and not by direct Co�Co interactions. Clear ELI-D
attractors close to the bismuth atoms, which show lone-pair-
like shapes, are located at the outer face of the columns
(Figure 2, bottom). Consequently, the crystal structure is
organized by covalent heteroatomic Co�Bi interactions
within the columns complemented by lone-pair-like interac-
tions between these one-dimensional building units. These
findings are in agreement with the earlier observation that
even chemical modification of the structure motif, for
example by subtle oxidation in the sub-iodide Bi3NiI0.75,
leaves the covalently bonded columns intact.[21]

The sectors of different interaction types are separated by
periodic nodal surfaces (PNS; Figure 3, top).[22a] A PNS
separates the region in which the atoms are linked by covalent
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bonds from the compartment between the columnar units that
contains the lone-pair-shaped attractors. The covalent build-
ing units are conventional one-dimensional motifs in CoBi3.
The rhodium compound RhBi4 exhibits the same partitioning
principle, but here three-dimensional frameworks form
a hyperbolic layer-type structure of interpenetrating networks
(Figure 3, bottom).[22b]

Electrical resistivity measurements of polycrystalline
CoBi3 samples reveal metal-like temperature dependence
with an onset of superconductivity at Tc = 0.48 K (Figure 4).
This transition shows in an anomaly of the specific heat
(Figure 4) with the magnitude of the effect (“jump height”)
evidencing bulk superconductivity (DCp/T of the order
20 mJmol�1 K�2).

The determined Debye temperature[23] of CoBi3 (124 K)
corresponds approximately to that of NiBi3 (144 K[4]). This
finding is consistent with highly similar phonon spectra of
both compounds originating from isotypic crystal structures
with related lattice parameters and insignificantly different
average molecular masses. Provided that comparable DOS
values exist at the Fermi level, this would correspond to akin
critical temperatures, for example, according to the phenom-
enological description for electron-phonon coupled super-
conductors.[25] However, the superconducting transition tem-
perature of NiBi3 is considerably higher (Tc = 4.0 K) than that
of CoBi3. This remarkable discrepancy was inspected more
closely by a theoretical treatment of the electronic structure.

To estimate the effect of spin–orbit (SO) coupling in the
heavy metal compounds, both scalar and fully relativistic DFT

Figure 1. Top: Crystal structure of CoBi3 in a projection along [010].
Red spheres indicate the transition metal atoms; the different bismuth
species are shown in different shades of green. The seven shortest
distances d(Co�Bi) between 2.688(2) and 2.780(3) � are designated by
red lines. Two additional short distances d(Co�Co)of 2.612(3) �
(indicated by the light blue double arrow) complement the coordina-
tion of the transition metal atoms. These short distances d(Co�Bi) and
d(Co�Co) do not exceed the sum of the elemental radii[17] more than
5%. Bottom: QTAIM[18] atomic basins in CoBi3. The calculated electron
populations basically correspond to the nuclear charges of the
elements.

Figure 2. Electron localizability indicator Y of CoBi3: Top: distribution
of ELI-D in the plane of the Co�Bi1 contacts; Bottom: distribution of
ELI-D in the plane of the Co�Bi2 and Co�Bi3 contacts. Some lone-
pair-like attractors are marked by asterisks.
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band-structure computations were carried out. At the Fermi
energy (EF) of CoBi3, both Bi6p and Co3d states contribute
almost equally to the electronic density of states (DOS,
Figure 5). The significant amount of Co3d states that is
additionally promoted by the SO splitting (inset of Figure 5)
approaches the limit for band (itinerant) magnetism. Such
a magnetic instability is equivalent to strong spin fluctuations,
and these impede the formation of Cooper pairs. Therefore,
the substantial decrease of Tc in CoBi3 is finally attributed to
the high density of Co3d states at EF. This assignment is fully
compatible with the observation that NiBi3 (showing a con-

siderably higher Tc) exhibits a lower total density of states and
only about 1/3 Ni3d contributions at EF (Supporting Infor-
mation, Figure S5). Both features concordantly reduce the
density of the transition metal 3d states at the Fermi energy.
In agreement with these results, a substitution of cobalt with
nickel preserves a non-magnetic state, whereas the exchange
of cobalt with iron gives rise to magnetic order (Supporting
Information, Figure S6).

Regarding the pressure-induced changes, both solid Co
and Bi exhibit only minor changes of the orbital population
numbers upon moderate compression (Supporting Informa-
tion, Tables S4 and S5).[26] This behavior is in substantial
contrast to heavy s metals, such as Cs[27] or Ba,[28] or electron-
poor transition metals, such as Sc[29] or La.[30] The electronic
DOS of cobalt remains essentially unaffected by the hcp to fcc
transition and the compression to 5 GPa (Supporting Infor-
mation, Figures S7 and S8). For the heavy metal bismuth, the
fully relativistic treatment reveals pronounced spin–orbit
splitting (Supporting Information, Figure S9) and reliably
reproduces the pressure-induced semiconductor-to-metal
transition close to 5 GPa (Supporting Information, Fig-
ure S10). In both elemental Bi and bismuth-rich CoBi3, the
lower band edge of the (bonding) Bi6p states is shifted by
approximately �0.6 eV upon pressure increase to 5 GPa
(Supporting Information, Figures S10 and S11).

In conclusion, high-pressure high-temperature synthesis is
a beneficial method in overcoming the obstacles of compound
formation in systems of basically immiscible metals. Consid-
ering the large number of binary phase diagrams with
extended miscibility gaps, a perspective for gaining access to
new metastable intermetallic compounds becomes apparent.

Experimental Section
Sample preparation before and after compression was realized in
argon-filled glove boxes (p(H2O)� 0.1 ppm and p(O2)� 0.1 ppm).
Powders of bismuth (99.999%, 100 mm mesh) and cobalt (99.99%,
200 mesh) were mixed and ball-milled using a substance amount

Figure 3. Crystal structures, periodic nodal surfaces,[22a] and lone-pair-
shaped ELI-D[20] attractors of CoBi3 (top) and RhBi4

[22b] (bottom). The
columns in CoBi3 which are located right and left in front are shown
without the enveloping PNS.

Figure 4. Heat capacity Cp and electrical resistivity 1 of CoBi3 at low
temperatures T. Discontinuous changes at 0.48 K indicate the transi-
tion into the superconducting state.[24] Cp data measured in a magnetic
field of 2000 Oe, at which superconductivity is completely suppressed,
are measured as a reference baseline.

Figure 5. Calculated electronic density of states (DOS) referring to the
number of states per unit cell and electron volt as a function of energy
E. The Fermi level (EF) is set to zero energy. The states at EF, which are
crucial for superconductivity, are essentially Co 3d and Bi6p states. The
Bi atoms, although located on different crystallographic positions,
provide analogue contributions to the DOS. The inset shows a compar-
ison of the DOS in the vicinity of EF obtained by a scalar relativistic
(marked sr) and a fully relativistic (labeled SO) treatment of the spin–
orbit coupling.

Angewandte
Chemie

9855Angew. Chem. Int. Ed. 2013, 52, 9853 –9857 � 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://www.angewandte.org


fraction of Bi/Co = 3:1. High pressures were generated by means of
an octahedral multi-anvil press[31] equipped with boron nitride
crucibles. To determine the optimal conditions of formation, the
mixtures of Bi and Co were exposed to pressures of 5 GPa or 10 GPa
for several hours at temperatures between 370 8C and 1200 8C. After
cooling to room temperature, the pressure was released. The polished
microstructures of the products were analyzed by light-optical and
scanning-electron microscopy using a Philips XL30 instrument (LaB6

cathode, acceleration voltage 30 kV). The compositions were deter-
mined by wavelength dispersive X-ray spectroscopy with Co and Bi as
references. Differential thermal analysis (DTA) was performed with
a Netzsch DSC 404 C instrument using Pt-Rh crucibles in the
temperature range from 298 K to 953 K with a heating rate of
10 Kmin�1.

X-ray powder diffraction data were collected at room temper-
ature in transmission alignment with a Huber Image Plate Guinier
Camera G670 using Cu-Ka1 radiation (l = 1.54056 �, 28� 2q� 1008,
D2q = 0.0058). Lattice and structural parameters were refined using
complete diffraction profiles (Rietveld method) by means of the
computer program WinCSD.[16] Measurements of the physical proper-
ties were realized with polycrystalline sample pieces. Electrical
resistivity was measured between 0.33 K and 300 K by an alternating
current four-point method utilizing a Quantum Design PPMS with
a 3He insert. Specific-heat measurements were carried out between
0.35 K and 300 K by a relaxation method using a PPMS.

Density-functional theory (DFT) band-structure calculations
were performed using the full-potential code FPLO9.01-35.[32] For
the exchange and correlation potential, local density approximation
(LDA) and generalized gradient approximation (GGA) parameter-
izations were used.[33, 34] Spin–orbit coupling was taken into account by
solving the full four-component Dirac equation. Spin-polarized
calculations employed a 14 080-points k-mesh (2277 points in the
irreducible wedge). All calculations were carefully checked for
convergence. Doping on the Co and Bi sites was modeled using the
virtual crystal approximation.[35] The calculated electron densities
were processed by the computer program DGrid.[36]
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