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The electronic structure of K3Bi2 is discussed on the basis of first-
principles DFT calculations. It is shown that the dimers are formally
(Bi2)3-, even though this might seem to be in contradiction with
the metallic character of the salt. The apparent puzzle is explained
by the sizable participation of the K levels in the bonding.

A large number of phases result from the solid-state
reaction of post-transition elements with alkali or alkali-earth
metals.1 Many of them obey traditional electron counting
rules, which basically associate chemical stability with the
existence of a closed-shell electronic configuration for the
anionic clusters or networks in the structure, thus suggesting
that these phases should be insulators or semiconductors.
However, an increasing number of these phases have been
found to exhibit metallic properties, either because of the
existence of an excess/deficit of electrons according to these
rules or because the stability of some of the structural
fragments is related to an odd number of electrons. K10Tl7,2a

Ba5In4Bi5,2b and K5Bi4,2c respectively, are examples of the
three categories.

From the conceptual viewpoint, one of the more chal-
lenging problems concerning these phases is to have an idea
of the relationship between the crystal structure, the formal
electron count,and the transport properties of the materials.
Here, one must remember that the transport properties are
dictated by a small subset of energy levels, i.e., those near
the Fermi level. The presence of an odd number of electrons
does not guarantee metallic behavior because the electrons
can remain localized. For instance, whereas both K10Tl72a

and Na9K16Tl18Cd3
3 are phases with an excess number of

electrons, the first is metallic whereas the second is not. Thus,
it is important to examine a representative set of phases in
order to develop some understanding of the problem. As an
extension of our work along this line on K5Bi44 and Ba5In4-
Bi5,2b we report here on the electronic structure of K3Bi2, an
example of the A3Bi2 (A ) K, Rb, Cs) metallic phases.5

The calculations reported in this work were carried out
using a numerical atomic orbitals density functional theory
(DFT)6 approach, recently developed and designed for
efficient calculations in large systems and implemented in
the SIESTA code.7-9 We employed the generalized gradient
approximation to DFT and, in particular, the functional of
Perdew, Burke, and Ernzerhof.10 Only the valence electrons
were considered in the calculation, with the core being
replaced by norm-conserving scalar relativistic pseudopo-
tentials11 factorized in the Kleinman-Bylander form.12 We
used a split-valence double-ú basis set including polarization
orbitals for all atoms, as obtained with an energy shift of
100 meV.13 The integrals of the self-consistent terms of the
Kohn-Sham Hamiltonian were obtained with the help of a
regular real space grid onto which the electron density was
projected. The grid spacing was determined by the maximum
kinetic energy of the plane waves that could be represented
in that grid. In the present work, we used a cutoff of 150
Ry. The Brillouin zone was sampled using a grid of (6× 6
× 6) k points.14 Except when otherwise stated, the experi-
mental crystal structure5,15 was used in the calculations.
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The crystal structure K3Bi2 is very simple and contains
dimeric Bi2 units surrounded by K atoms (see Figure 1a).
However, these Bi2 units are less isolated than it might appear
at first view; two of them are separated along the direction
of the Bi-Bi bonds (3.014 Å) by a distance of 4.420 Å,
certainly long but nonnegligible, leading to chains of Bi2

dimers. As shown in Figure 1b, the structure can also be
seen as a quasihexagonal packing of these‚‚‚Bi-Bi‚‚‚Bi-
Bi‚‚‚ chains surrounded by K atoms. In our recent work on
the closely related K5Bi4,4 we found that the fourπ-type
orbitals of the Bi4 units lead to pseudo-one-dimensional (1D)
bands along the direction perpendicular to the plane of these
units despite having Bi-Bi contacts along this direction
longer than 5.5 Å. The interactions are mediated through
the K atoms. Thus, we anticipated that K3Bi2 could well be
a new pseudo-1D metal species and thus exhibit an interest-
ing physics, an additional motivation for our study.

The first step in correlating stoichiometry, structure, and
transport properties is to guess the charge of the Bi2 dimers.
As discussed by Gascoin and Sevov,5 once the absence of
protons in the structure is confirmed, one can imagine two
different situations. First, the dimers are (Bi2)3- units
immersed in a sea of K+ cations. Second, the dimers are
(Bi2)2- units, and an extra electron must be delocalized
though the potassium subnetwork. As pointed out by these
authors, these two views lead to different descriptions of the
physical behavior of A3Bi2 salts: temperature-dependent
paramagnetism due to the unpaired electrons localized in the
dimers in the first case, but temperature-independent Pauli
paramagnetism and metallic behavior in the second. Because
of the Pauli paramagnetism and metallic behavior exhibited
by the A3Bi2 phases, they concluded that the latter alternative
was the appropriate one.

As a check for our computational approach, we first
optimized the structure. The calculated Bi-Bi bond length
is 3.037 Å, i.e., 0.7% larger than the experimental value,
and the cell constants are within 1.5-2.5% of the experi-

mental values. In addition, we considered possible nonmetal-
lic states and found a ferromagnetic state 0.3 eV above the
metallic state but no antiferromagnetic state. All of these
results are in excellent agreement with the experimental
information.5,15

The calculated band structure along three representative
lines in reciprocal space are shown in Figure 2. TheΓ f
M, Γ f N, andΓ f Y lines describe the interactions along
the directions (c - a), (a + c), andb, respectively. Several
bands cut the Fermi level, in agreement with the metallic
character of the salt. However, the situation is considerably
more complex than in K5Bi4. Here, several bands overlap
near the Fermi level, making the orbital analysis considerably
more involved. Bands cross the Fermi level in all directions,
which means that, in contrast to our initial expectations, K3-
Bi2 is a stable three-dimensional metal.

Although a chemical analysis of the band structure of
Figure 2 is possible, in cases such as this, it is preferable to
consider the density of states (DOS). In the present case,
the analysis can be made transparent by using a Cartesian
system of axes in whichx andy lie on theab plane in such
a way thaty runs along the Bi-Bi bond direction andx runs
perpendicular to it. Thez axis is perpendicular to theab
plane. The calculated DOS as well as the partial contributions
of the Bi px, py, and pz orbitals are shown in Figure 3. On
the basis of these projections and consideration of the wave
vectors at some special points, the Bi contribution to the DOS
can be easily analyzed in terms of the different orbitals of a
Bi2 unit (see Figure 4). The contributions of the 1σg

+ and
1σu

+ levels are found at energies lower than those shown in
Figure 3. The peak between-3 and-1 eV is the superposi-
tion of three contributions, that of the 2σg

+ level (red curve)
and those of the twoπu bonding levels (blue and green
curves). The peak between-1 and 0.5 eV contains two
contributions originating from the twoπg antibonding levels.
These levels are partially filled. The contribution of the
antibonding 2σu

+ level (upper red curve) is very broad and
occurs above the Fermi level. Integration of each contribution
allows for the determination of the formal occupation of the
different levels and thus the formal charge of the diatomic
unit. For a (Bi2)n- unit, formally 75%, 87%, and 100% of
the π levels are filled forn ) 2, 3, and 4, respectively.

Figure 1. (a) Crystal structure of K3Bi2. (b) View along the [-1 0 1]
direction showing the K3Bi2 structure as a pseudohexagonal packing of
‚‚‚Bi-Bi‚‚‚Bi-Bi‚‚‚ chains.

Figure 2. Calculated band structure for K3Bi2, where the dashed line
indicates the Fermi level.Γ ) (0, 0, 0), Y) (0, 0.5, 0), M) (-0.5, 0, 0.5)
and N) (0.5, 0, 0.5) in units of the monoclinic reciprocal lattice vectors.
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Integration of thex and z contributions of Figure 3 gives
88% occupation, showing that the diatomic units are clearly
(Bi2)3- units even though the system is metallic. As discussed
in ref 5, the Bi-Bi distance is intermediate between those
of typical single and double Bi-Bi bonds, in harmony with
the (Bi2)3- formal description.

As shown in the case of K5Bi4, the key to understanding
this apparent paradox is the notable participation of the K
levels around the Fermi level (in fact, in large parts of the
filled portion of the DOS). That potassium is not just
providing electrons to the bismuth dimers, with some kind
of Coulombic force keeping together the K3Bi2 structure, is
clear from the participation of the K levels in the filled part
of the DOS. (Recall that, in DFT approaches using localized
basis sets such as the present one, the total DOS is simply
the addition of those of the different atomic contributions.)
To obtain a somewhat more precise idea of this involvement,
we carried out a Mulliken population analysis and found that
the valence electron population of a K atom (the difference
among the two types of K atoms is practically nil) is 0.85e,

i.e., the charge is+0.15. This value is notably smaller than
that calculated adopting exactly the same computational
details for typical ionic salts of K (for instance,+0.64 for
KF). Bearing in mind the possible shortcuts of Mulliken
analysis, we also determined these values using the Voronoi
Deformation Density (VDD)16 and Hirshfeld (H)17 ap-
proaches. The K charge in K3Bi2 is +0.04 (VDD) and+0.02
(H), whereas in KF, it is+0.32 (VDD) and+0.35 (H). These
values are all quite clear in showing a significant mixing of
the potassium and bismuth orbitals in the present compound.

We emphasize that, by writing (Bi2)3-, we do not imply
that the dimers are discrete units with an unpaired electron,
as we are counting not electrons actually transferred but
rather the number of occupied orbitals mainly centered on
the dimers.18 As shown in Figure 2, the bands in the region
around the Fermi level have theπg dimer orbitals as the
major component,but the K orbitals mix into them, providing
a link between neighboring dimers and leading to the spread
of the orbitals into bands. This mixing decreases thetrue
charge of the dimers because part of theformal 3- charge
is shared with the K atoms. Yet, the formal description is
pertinent because it grasps the main features of the electronic
structure of the material.

The levels responsible for conduction are based on the
two πg orbitals of the (Bi2)3- units. The band structure of
Figure 2 does not show the existence of one-dimensional
bands along the chain direction (i.e.,Γ f M). The bands
that could lead to direct Bi-Bi interactions along this
direction are those based on the 2σg

+ level, which, in fact,
do interact but are far below the Fermi level. As for K5Bi4,4

it is because of the mixing with K orbitals that the different
unitsseeeach other, leading to the delocalization and hence
to the metallic properties of the salt. The difference from
the case of K5Bi4, which showed a quite pronounced low-
dimensional character,4 lies in the fact that the elementary
bismuth units now have two orthogonalπ-type levels
partially filled that communicate through the K atoms, thus
leading to a typical three-dimensional metal. Despite the
sizable mixing of the alkali and post-transition metal atom
orbitals that leads to the metallic character of both systems,
it is clear that the nature of the partially filled levels of the
post-transition metal units is extremely important in deter-
mining the nature of the bands at the Fermi level and thus
the transport properties of these phases.
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Figure 3. Density of states for K3Bi2 (black line). The partial contributions
of Bi (broken line) and the Bi px (blue line), Bi py (red line), and Bi pz
(green line) orbitals are also shown.

Figure 4. Qualitative orbital diagram for a (Bi2)4- unit.
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