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“Lone-pair” configurations of nonbonding electron pairs
have always been used by chemists and physicists as a basis
for rationalizing the structures of elements, molecules, and
solid-state compounds.[1,2] Prominent examples are molecular
structures described with the valence-shell electron-pair
repulsion (VSEPR) model,[3] hypervalent compounds,[4] as
well as the structural properties of “lone-pair ions” with the
ns2 configuration, for example, In+, Sn2+, and Sb3+. The
stereochemical activity of a lone pair depends on the types
of ligands coordinated to the atom, on the temperature and
pressure,[2,5] and, in particular, on the atomic number.
Relativistic effects cause a larger decrease in energy for s
than for p states with the same principal quantum number,
resulting in an inert pair effect.[1c,d,6] This effect is also relevant
for s2pn configurations, for example, the s2p4 configuration of
the chalcogen elements.[7] These elements exhibit a rich
structural chemistry,[8] with phases ranging from insulating to
superconducting.[9]

Chemical bonding in the chalcogens has been analyzed
with the vector charge density wave (VCDW) model,[7b,c] by
treating the ns2 pair as a core state because of the large s–p
separation.[10] Interestingly, the resulting np4 valence electron
configuration is threefold degenerate ((px2pypz), (pxpy2pz), and
(pxpypz2)), which means that the lone pair can have three
different orientations. In spite of their crucial importance
within the VCDW model, the existence and ordering of p2-
type lone pairs in the structures of the chalcogens have not
been demonstrated quantitatively to date.

Herein, we present results from ab initio calculations,
which allow a quantitative description of these types of lone
pairs in a localized state, of their breakdown and delocaliza-
tion under pressure, and of their relevance for superconduc-
tivity. We chose the element tellurium, because the first
members, Te-I and Te-II, in a series of high-pressure phases
up to Te-V, are structurally well characterized and exhibit
semiconducting, metallic, and superconducting properties.

The ambient-pressure phase Te-I is composed of helical
chains with 283.5 pm intra- and 349.1 pm interchain distan-
ces.[11] In the structure of Te-II, which is formed above
approximately 4 GPa, these discrete chains are condensed
into puckered layers with intralayer Te–Te distances ranging
from 284.8 to 309.8 pm and shortest interlayer Te–Te dis-

tances of 333.3 pm.[12] Both structures are compared in
Figure 1.

The electron localization function (ELF)[13] is a measure
of the localization of an electron, which is based on the Pauli
exclusion principle.[13a] It is defined to take maximum values
in the “bosonic” regime of the electronic states.[13c] Since a
lone pair is composed of a pair of electrons with opposite spin,
it can be viewed as a localized boson. Thus, the ELF is often
used as a tool to visualize a lone pair.[13] In Figure 2a, the lone

pairs as described by the VCDW model for Te-I are shown.
For comparison, the result of an ab initio tight-binding linear
muffin tin orbital (TB-LMTO) calculation,[14,15] visualized
through the ELF is shown in Figure 2b. With respect to a
primitive cubic arrangement of the atoms, the lone pairs
lengthen four of the nearest-neighbor distances around each
site, while the two single-electron components are involved in
bonds, which are indicated by thick lines in Figure 2a. In the
VCDW model, the degeneracy of the lone pairs is removed by
lowering the symmetry from cubic to trigonal.

The chemical and structural significance of electron–
electron repulsion is incorporated within the VSEPR model;
however, this is only done qualitatively in terms of repulsion

Figure 1. Perspective drawings of the crystal structures of a) Te-I and
b) Te-II (Te1: light yellow spheres, Te2: yellow spheres). The red sticks
correspond to the short Te–Te distances (283.5 pm in Te-I, and 284.8–
309.8 pm in Te-II), and the thinner yellow sticks to longer Te–Te
distances (349.1 pm in Te-I, and 333.3–340 pm in Te-II).

Figure 2. a) VCDW model of a cubic primitive lattice of tellurium. For
clarity, only lone pairs and covalent bonds (thick lines) are shown; the
two one-electron components of the vector field on each lattice site
have been omitted. b) ELF visualization of the TB-LMTO model. The
calculated isosurface corresponding to a value 0.8 is shown for a
single helical chain of Te-I.
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between lone pairs, as well as between lone and bonding pairs.
As first suggested by Fukutome,[7b,c] the unusual lone pair in
the np4 configuration results from the Coulomb interaction
(U) among the p electrons, as the four valence electrons
should otherwise be evenly distributed over the px, py, and pz

orbitals with an occupancy of 4=3. Herein, we calculate Up for
the tellurium atom,[16] and for Te-I,[17] using the ab initio
constrained occupation number approach.[18] For the tellu-
rium atom, U0

p= 8.31 eV is calculated, which agrees well with
the value of 8.59 eV determined semiempirically from the
experimental atomic spectra.[19] The repulsion is significantly
reduced by Coulomb screening, which leads to calculated
values of Up= 1.16 eV for the atom and Usolid

p = 1.09 eV for
Te-I.[20] The small difference between both values clearly
indicates that the screening is mainly due to interaction of the
electrons on a single atom, and that the low value of Up is the
origin of the lone pair. The value of Usolid

p provides a rough
estimate for the stability of the lone pairs in Te-I. Hence,
energy changes on the order of 1 eV that, for example, occur
through a closer mutual approach of the tellurium atoms
under high pressure, can break the lone pair.

Band-structure calculations for Te-I[21] and Te-II[22] reveal
the differences in the chemical bonding of the two modifica-
tions. In the energy window between �14 and 4 eV, the band
structure of Te-I is composed of four groups of bands
(Figure 3a). Each group comprises three bands which arise
from the helical modulation of a straight chain of tellurium
atoms. The group centered at �12 eV is of mainly s character,
while those at �3, �1, and 1 eV correspond to p-type bonding
states, or to p-type lone-pair states with antibonding charac-
ter.[23] The band gap determined from our TB-LMTO
calculations is 0.336 eV,[24] in very good agreement with the
experimental value of 0.334 eV.[25] Note that both our TB-
LMTO and our full-potential (FP) LMTO calculations clearly
show that the frontier orbitals have a significant s component.

Without sp hybridization, the band structure is dramatically
changed, and Te-I develops metallic character. This result is
consistent with the structure shown in Figure 2b, in which the
Te-Te-Te angle is, however, 103.148 instead of 908, and the
relative orientation of the lone pairs shown in the ELF plot
deviates from the 908 angle predicted by the VCDW model.
However, qualitatively, the VCDW model agrees quite well
with the ELF description.

Clearly, the treatment of the 5s2 level as a corelike state in
the VCDW model is over-simplified. The sp hybridization
stabilizes the lone pair and changes the relative orientation of
the lone pairs, as compared to the VCDW model. The
importance of sp mixing in understanding many puzzling
structural phenomena in hypervalent compounds has also
been emphasized by other authors.[4]

The localized lone pairs are lost under pressure in Te-II,
which is metallic. This change is clearly seen in the band
structure calculated for Te-II, which is presented in Figure 3b.
For better comparison, the first Brillouin zone was chosen to
be identical to that for Te-I,[26] because both crystal structures
are very similar. The results of earlier band-structure
calculations have to be revised,[27] as they were based on
monoclinic, instead of the recently discovered triclinic,
symmetry of Te-II.[12]

The separation of s and p bands remains for Te-II, and the
low-lying s bands do not change much, apart from the
removal of degeneracy at the zone boundaries as a result of
the triclinic distortion. In particular, the band dispersions
along G–A are almost identical in Te-I and Te-II, reflecting
similar interactions in the chain directions for both modifi-
cations. However, pronounced changes occur to the p-type
bands, because of the formation of interchain bonds in Te-II.
Figure 4 shows a comparison of the chemical bonding in Te-I

and Te-II, as measured with the crystal orbital Hamilton
population (COHP).[28] In Te-I, the intrachain interaction is
much stronger than the interchain one. The top of the lone-
pair bands has antibonding character, in agreement with an
earlier analysis.[29] It is clear from Figure 4 that for Te-II the
intra- and interchain interactions are comparable below the
Fermi level. However, both display a more pronounced
antibonding character near the Fermi level. This observation
is easily rationalized in terms of an increased Coulomb

Figure 3. Band structures along selected symmetry directions from FP-
LMTO calculations for a) Te-I and b) Te-II. In (b), the band states at
point H are numbered consecutively from bottom to top (for clarity,
only 1 to 4 are indicated).

Figure 4. Selected COHP curves for intra- and interchain Te–Te bonds
in Te-I and Te-II.
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repulsion between the lone pairs owing to reduced interchain
distances. The rather small absolute values of COHP around
the Fermi level in Te-I, as well as the band gap in this
modification, along with the changes in these features with
the transition from Te-I to Te-II give further evidence for the
existence of lone pairs in Te-I and their breakdown in Te-II.
The calculated orbital compositions of these bands confirms
their p character.[23]

The strong antibonding interaction near the Fermi level in
Te-II transforms lone-pair bands into highly dispersive
(“steep”) bands along several directions, for example, H–A
or A–L (Figure 3b). In addition, parts of the p-type anti-
bonding conduction band are pushed down in energy, for
example, at the H, K, L, and M points. This process results in a
band with little dispersion along the G–K direction, and in a
tiny flat feature near the Fermi level in the M–G direction.
Such characteristic sections of bands satisfy the conditions of
a “flat” band in the flat/steep-band scenario for supercon-
ductivity.[30] The localized lone pairs of Te-I are broken into
itinerant electrons in Te-II. Indeed, the ELF isosurface of Te-
II, calculated at the value of 0.8 used for Te-I in Figure 1b,
reveals only insignificant lone-pair characteristics for both
kinds of tellurium atoms.

Whereas Te-I is semiconducting, Te-II is a superconduc-
tor,[31] and its band structure satisfies the condition for
superconductivity in our flat/steep-band scenario. We have
shown earlier that this condition is necessary, but not
sufficient.[32] The required conditions are closely related to
the presence of a lone pair in Te-I and its “virtual” presence
through electron–phonon coupling in Te-II. The flat/steep-
band scenario for Te-II originates from the lone pair, that is, a
pair of electrons with opposite spin, which can be viewed as a
hard-core boson or Anderson bipolaron.[33] Under ambient
conditions in Te-I, the electron pair forms a boson lattice with
negligible hopping probability. In Te-II, these bosons exist
virtually in a “gaseous” state, which “condenses” to a “liquid”
in the superconducting state.

In summary, we have quantitatively characterized an
unusual type of lone pair formed by Coulomb interactions. Its
transition from a localized to an itinerant state has been
studied with first-principle methods. Our work documents the
origin of the flat/steep-band features in the electronic
structure of the high-pressure Te-II modification, which are
prerequisites for superconductivity. These arguments can also
be applied to other elements, for example, bismuth and its
transition from semimetal, to metal, to superconductor under
pressure[34] and in the amorphous state.[35] A quite general
perspective emerges, in that holes can be introduced into
lone-pair bands (for example, through chemical doping) to
make compounds with lone pairs metallic and even super-
conducting.
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