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DFT calculations have been carried out for CusBisS;¢ and Bi,S; to provide an analysis of the relation
between electronic structure, lone electron pairs and the local geometry. The effect of pressure is
considered in Bi,S; and the results are compared to published experimental data. Bi** in CuyBisSq is
found at both symmetrically and asymmetrically coordinated sites, whereas the coordination
environments of Bi in Bi,S3 are asymmetric at room conditions and get more regular with increasing
pressure. The charge density maps of the asymmetric sites show the lone pairs as lobes of non-shared
charge. These lobes are related to an effective Bi s-Bi p hybridization resulting from coupling to S
p orbitals, supporting the modern view of the origin of the stereochemically active lone pair. No
effective Bi s—p hybridization is seen for the symmetric site in CuyBisS;o, Whereas Bi s—p hybridization
coexists with a much reduced lone pair in Bi,Ss3 at high pressure.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

The coordination environment of a cation with a single filled
s-orbital in the last valence shell (like Sn?*, Sb>*, TI*, Pb?>* and Bi**)
is in most crystal structures highly asymmetric. Traditionally the
two electrons in the s-orbital have been regarded as a lone pair and
the distortion of the coordination environment has been explained
as accommodating the spatial requirements of this inert pair,
which points away from the shortest bonds in the coordination
polyhedron.

As the distortion of the coordination environment cannot be
explained as an effect coming from the symmetric s-orbital, Orgel
[1] put forward the idea that the hybridization of cation s and p
orbitals is at the root of the lone pair behavior. This hybridization
was meant to be a result of the net crystal field at the cation site,
which is determined by the coordination environment, and in
particular by the nature of the surrounding anions. For example,
the crystal structure of PbO at room conditions is a tetragonal
distortion of the cubic rocksalt structure with a stereochemically
active lone pair, whereas PbS remains in the undistorted rocksalt
structure without any geometrical effect of a lone pair.

New knowledge about the nature of lone pairs emerged from a
density functional theory (DFT) study on PbO [2]. The Pb 6s electrons
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were found to take part in bonding with the O 2p-electrons and
could therefore not be considered as an inert pair. From further DFT
studies on PbO, PbS and SnX (X=0, S, Se, Te) a more complete lone
pair model took form [3-6]. The s-orbital of the valence shell of
the cation mixes with the p-orbitals of the anion creating filled
anti-bonding states near the Fermi level. Stabilization of these
unfavorable states is possible through a secondary mixing with the
p-orbitals of the cation. Such mixing is hindered in the highly
symmetrical rocksalt-type structure of PbS, where only the primary
interactions Pb 6s-S 3p and Pb 6p-S 3p are present and separated in
energy, but is allowed in the structure of PbO which has a lower
symmetry. Fig. 1 shows a schematic orbital diagram which presents
the basic ideas of this model.

In this view, the distortion of the coordination environment is
caused by the combination of cation s, cation p and anion p
orbitals. An asymmetric distribution of charge around Pb is
observed in charge density maps from DFT calculations on PbO
[5]. Part of the charge is concentrated on the side opposite to the
shortest bonds in the coordination polyhedron. A strong localiza-
tion of this charge, as implied by the term “lone pair”, is
confirmed by employment of the electron localization function
(ELF) [8]. A number of studies on lone pair compounds such as the
ternary oxides, SnWOQ,4, PbWO, and BiVO,4 [9] and thallium halides
[10] have now reached conclusions in agreement with the model
described above.

In this paper we provide a supporting but complementary
view for this model based on detailed DFT analyses of the
electronic structures of two systems. First, we study CuyBisS;o, a
compound that allows us to study Bi** in both a symmetric and
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Fig. 1. Schematic orbital diagram for PbS (a) in rocksalt-type structure and PbO (b) with tetragonal symmetry. Shaded blocks represent occupied states. Modified from

Yang and Dolg [7].

asymmetric coordination environment in a single crystal struc-
ture, with a single type of anion. The former coordination is
unusual for Bi in sulfides.

The crystal chemical behavior of the lone pair elements Pb?*
and Bi®>* has been studied in detail in a series of high pressure
experiments with single crystal X-ray diffraction on sulfosalts and
sulfides of metalloids [11-14]. The distortion of a coordination
polyhedron can be quantified by the cation eccentricity which is
defined as the displacement of the cation from the centroid (ideal
center) of the coordination polyhedron divided by the fitted-
sphere radius [15]. The cation eccentricity is taken as a measure of
the stereochemical activity of the lone pair. The general behavior
of the Pb and Bi polyhedra is a decreasing cation eccentricity, i.e.
less distortion, at increasing pressure as long as no phase
transition is observed. This leads to the crystal chemical
interpretation of a less stereochemically active lone pair at higher
pressure.

The second part of the paper presents an analysis of the effect of
pressure on the lone pair and the related electronic configuration of
bismuthinite (Bi,Ss). Bismuthinite is a simple representative of a
compound for which experiments have shown that the distorted
coordination environments around Bi>* get more regular with
increasing pressure [12].

Our work combines the knowledge that can be obtained from
DFT calculations with the geometrical and crystal chemical
approaches, providing an analysis of the electronic structure and
its relation to the geometry of the coordination environment.

2. Computational methods

We employ the SIESTA DFT code [16], which is ideally suited to
analyze bonding effects due to its use of a basis set of finite-range
atomic-like orbitals. It also offers other powerful tools for electro-
nic-structure analysis, among them energy-resolved pseudo-
charge density maps, the projected density of states (PDOS), and
the crystal orbital Hamilton population (COHP), the latter giving the
bonding or anti-bonding character of orbital interactions [17]. All
the calculations use norm-conserving pseudopotentials and the PBE
exchange-correlation functional [18].

Pseudopotentials were generated with the following valence
configurations: 652 6p> 6d° 5/° for Bi, 3s% 3p* 3d° 4f° for S and 4s’
4p° 3d'° 4° for Cu. Cutoff radii were taken close to the outer
maximum of the atomic wavefunctions. With shorter radii, no

major differences were found in the density charge maps for the
areas close to the atomic cores, where the effects of lone pairs can
be observed. This remains true even when high pressure is
applied to Bi;Ss.

The pseudo-atomic-orbital (PAO) basis sets used in the
calculations included two orbitals for each occupied electronic
state, and one for each unoccupied state. The radii of the basis
functions were optimized following the method described in
Ref. [19]. Convergence tests on the energy were performed to
obtain the mesh cutoff parameter (which controls the fineness of
the real space grid used to perform real space integrations) and
number of k points (used to approximate reciprocal space
integrations). For CuyBisS19, a mesh cutoff of 7500 eV and 10 k
points were used, whereas the corresponding values for Bi,S; are
10000 eV and 36 k points. Using these parameters and starting
from experimental data we performed a full optimization of the
atomic positions and cell parameters of each structure considered,
reaching atomic forces lower than 0.005 eV/A, and differences in
the stress tensor components of less than 0.1 GPa.

3. CU4Bi5510

The crystal structure of synthetic? Cu4BisS;o [20] is monoclinic
C2/m with two distinct positions for Cu and three distinct positions
for Bi (Fig. 2). The two Cu-sites are coordinated by tetrahedra of
sulfurs. The point symmetry of the Bil site is 2/m but it is
coordinated by an almost perfect octahedron, with four S-atoms
(S1) forming the equatorial plane perpendicular to the mirror plane
and two S-atoms (S2) in the polar trans-position. The high
symmetry of the coordination environment is unusual for a Bi
atom in sulfides. Bi2 and Bi3 are coordinated by distorted mono-
capped trigonal prisms and represent the more usual asymmetric
coordination environment of Bi. Both sites have three short Bi-S
distances and four Bi-S distances which are markedly longer
(Table 1). The former can be considered as indicating important
bonding interactions, whereas the lone pair is oriented towards the
latter. The cation eccentricities of Bi2 and Bi3 are 0.175 and 0.206
(values from ab initio calculations), respectively.

2 The mineral kup¢ikite (Cus ¢Feg 4BisS10), a natural iron-containing equivalent
to the synthetic CuyBisS;o has also been described [21]. The crystal structure of
kupcikite is almost identical to Cu4BisS;o with minor variations in lattice
parameters and interatomic distances.
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Fig. 2. Crystal structure of CuyBisS1o. Dark circles represent atoms on the y=0 mirror plane, white circles represent atoms on the y=0.5 mirror plane.

Table 1

Comparison of bond lengths (A) in the ab initio and synthetic [20] CuyBisS;o crystal
structures.

Bond Ab initio Synthetic
Bi1-S1 ( x 4) 2.84 2.85
Bi1-S2 ( x 2) 2.84 2.82
Bi2-S1 2.64 2.62
Bi2-S4 ( x 2) 2.70 2.67
Bi2-S2 (x 2) 3.14 3.13
Bi2-S3 ( x 2) 3.40 3.42
Bi3-S5 2.66 2.63
Bi3-S3 (x 2) 2.72 2.74
Bi3-S5 ( x 2) 3.10 3.04
Bi3-S1 ( x 2) 3.56 3.51

Starting from the experimental data a full optimization of the
lattice parameters and atomic positions was performed. This
optimized structure has been used in all the remaining calcula-
tions. The equilibrium (zero pressure) volume obtained in the
calculations is 428.9 A% per formula unit, in fair agreement with
the experimental value of 421.2 A> [20], with the usual over-
estimation caused by the GGA approximation. Table 1 compares
the Bi-S interatomic distances for the ab initio and experimental
structures. Cu-S bond lengths show a similar agreement.

3.1. Electronic structure of CuyBisS;g

The PDOS and COHP have been calculated in order to examine
the electronic structure of Cu4BisS;o and get a quantitative
measure of the Bi-S interactions. The main S s states lie between
—18 and —16 eV. From preliminary tests these S states are found

to have a small effect on the higher part of the valence band and
on the electronic features relevant to this work. Also note that in
most of the preceding studies on lone pairs the s-electrons in the
valence shell of the anion were left out from the treatment of
chemical bonding, as they are considered to be semi-core
electrons and hence chemically inactive. Therefore we only take
the S 3p orbitals into further consideration. In the same way, as
the aim of this study is an investigation of Bi-S interactions, we do
not go into details of the Cu-S interactions. To enhance the
readability the n quantum number is taken as implicit in the
subsequent text since only the highest levels, 6 for Bi and 3 for S,
are considered.

The PDOS decomposed by I-quantum number is shown in
Fig. 3. For simplicity only one of the asymmetric Bi sites (Bi2) is
shown along with the symmetric Bi site (Bi1) and two S sites (S1
and S2). The calculations for Bi3 are presented in the
Supplementary Material. The properties of the two asymmetric
Bi sites are almost identical and the properties of other S atoms
are intermediate between S1 and S2. The energy range from
—15eV to the Fermi level around —4 eV presents the valence
band, whereas the lowest part of the conduction band lies from
—3to0eV.

The PDOS is distributed in three regions separated by two band
gaps. Region I between —15 and —13 eV is split off from the
upper part of the valence band and consists mainly of Bi s states
with small contributions of S p states. Region II (Ila and IIb) from
—10to —4 eV has mainly S p and Bi p character, but also some Bi s
states are present. Region Il features mainly Bi p states, along
with some contributions of S p states.

Region II has been divided in two subregions in some of the
previous studies on lone pairs [5,10]. Such subdivision is most
relevant for the Bil position where the Bi s states are concentrated
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Fig. 3. PDOS plot for CuyBisS;o. Top panel: solid and dashed lines are S1 p and S2 p, respectively. Middle and bottom panels: solid and dashed lines are Bi s and Bi p,

respectively.
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Fig. 4. COHP per bond for the Bi2-S (only S1 and S4 are taken into account), Bi1-S2 and Bi1-S1 interactions in Cu4BisSqo. Solid lines are used for Bi s-S p interactions,

dashed for Bi p-S p. A negative COHP value means a bonding interaction.

at the top of the band (region IIb), whereas Bi p states are mainly
concentrated in the lower part of the band (region Ila). For the Bi2
site a broader distribution of Bi s and Bi p states, with no
separations, is seen in region II.

The Bi-S interactions and their bonding/anti-bonding char-
acter can be studied in Fig. 4 where the COHP per bond is shown.
The COHP for Bi1-S was found to have a strong dependence on
the direction and is therefore decomposed into Bi1-S2
interactions and Bi1-S1 interactions. The COHP for Bi2-S is
shown as an average over the three shortest bonds. Quantitative
details of each interaction are given in Table 2 which shows the
integration of the COHP (ICOHP).

The Bi s and S p states described in region I of the PDOS
produce a bonding Bi s-S p interaction in region I of the COHP. The
corresponding anti-bonding interaction is distributed in regions II
and III for Bi2-S, in region II for Bi1-S2 and exclusively in region
IIb for Bi1-S1. Bi p-S p bonding is observed in region II for Bi2-S
and Bi1-S2, and only in region Ila for Bi1-S1. Bi p-S p anti-
bonding is limited to the conduction band in region III.

The ICOHP in Table 2 confirms that the three short bonds (one
Bi2-S1 and two Bi2-S4) represent the main interactions in the Bi2
polyhedron. The Bi2-S2 bond of intermediate length has mark-
edly weaker interactions and the interactions between Bi2 and S3
are further reduced.



L.A. Olsen et al. / Journal of Solid State Chemistry 183 (2010) 2133-2143 2137

The features of the COHP for Bi1-S1 can easily be understood
by looking at the orbital diagram for a structure with high
symmetry (Fig. 1a). Only the Bi s-S p and Bi p-S p interactions are
needed to explain the COHP in the four regions, and the boundary
between the Ila and IIb regions can be seen to correspond roughly
to the position of the S p level. The COHP for the Bi2-S and Bi1-S2
interactions are more complex, with a broader distribution and in
particular a significant overlap of Bi s-S p and Bi p-S p weight in
region II. From a fundamental point of view, the overlap would
seem to reflect the participation of all three types of orbitals (Bi s,
Bi p and S p) in the same wavefunctions, a configuration which is
usually associated with the lone pair. In particular, Bi s and Bi p
would be mixed in the wavefunctions as a kind of local cation
hybrid. This view could be understood in terms of the so-called
“secondary interactions” in the orbital diagram for low symmetry
structures (Fig. 1b).

However, in some cases the analysis of the overlap of the COHP
(or PDOS) curves may not be enough to determine if two orbitals are
hybridized. The overlap might simply be the result of the existence
of separate bands (i.e., separate wavefunctions) with the appropriate
character in the same energy range. A proper quantification of the
hybridization of two orbitals ¢ and v in the same wavefunction can
be obtained (in a convenient energy(¢)-resolved form) as

Hybu(e) = | CuiCuil d(e—&i) (1)

Eq. (1) is basically the COHP expression without the Hamiltonian
weight, so that only the wavefunction coefficients C,; and C,; appear,
with i as the wavefunction index.

Fig. 5 shows the “hybridization curve” obtained from the
application of Eq. (1) to the Bi2 s-Bi2 p orbitals (accumulated for
all p orientations). In this case, the evidence coming from the

Table 2
ICOHP ( x 103) for the Bi1 and Bi2 sites in Cu,BisS;0. The six groups of interactions
correspond to the first six lines in Table 1.

PDOS and the COHP curves is translated into real cation s-p
hybridization, which is seen in all three regions. The mixing of
cation s and p states, which is usually related to distorted
coordination environments and stereochemically active lone pairs
[5,6], is seen explicitly to originate through their coupling to anion
p-orbitals. Even though the “secondary interactions” picture is
compelling, it is not really necessary to think of the complete
interaction as a two-step process. Any coupling in the
Hamiltonian which mixes Bi s and Bi p, even indirectly, can
result in wavefunctions with non-zero contributions for both.

The situation is rather different for the Bil site. Despite the
sizable overlap of the Bil s-S2 p and Bil p-S2 p COHP curves, the s
and p orbitals of the Bil atom are not hybridized. The hybridiza-
tion curve for Bil s-Bil p would appear as a horizontal line in
Fig. 5 as the values of are several orders of magnitude smaller
than those corresponding to the Bi2 site. This could have been
predicted qualitatively, since the 2/m site symmetry involves a
center of inversion and is thus incompatible with any net
hybridization that might introduce a polar asymmetry (let alone
generate a stereochemically active lone pair).

On the other hand, a difference between the Bi1-S1 and Bi1-S2
behaviors could be expected, since a directional dependence of
the electronic configuration is compatible with the specific site
symmetry of Bil and might be influenced by the different
character of the atom groups, in which S1 and S2 participate, in
terms of their bonding and structural freedom. Even though the
Bi1 octahedron is nearly ideal with six bond lengths of 2.84 A, S1
is bonded to three Bi atoms, whereas S2 is bonded to three Cu
atoms and has only one medium-to-long contact to Bi.

Additional pictorial support for the analysis of the lone-pair
expression can be obtained by the consideration of the ELF
[22,23]. We provide plots in the Supplementary Material.

3.2. Charge density of Cu4BisS;o

Charge density maps help to visualize the distribution of charge

Bond Reg 1 Reg Ila Reg IIb Reg III . . . 5
in the crystal structure. Fig. 6a and b shows sections cutting through
Bil s-S1p -9 1 44 5 Bi2 and S1 (the 010-plane), and S4, Bi2 and S2 (~_L[100]),
Bil p-S1p 0 —49 =2 122 respectively. Both cross sections show charge in the energy range
Bil s-S2 p -14 22 30 3 of regions I and II. The low charge at the center of the atoms is an
Bil p-S2 p 0 -35 -13 104 effect of the pseudopotentials used in the calculations.
Bi2 s-S1 p 17 32 20 38 Attention should be drawn to the following features of the Bi2
Bi2 p-S1p 0 =73 —-10 185 charge density maps: a strong shared charge can be observed
Bi2 5-S4 p _18 31 25 25 between Bi2 and S1, and Bi2 and S4. The density of charge seen
Bi2 p-S4 p 0 —-56 —-16 155 between Bi2 and S2 is clearly weaker. This feature is further
Bi2 5-S2 p _s5 1 12 2 pronounced between Bi2 and S3 (not shown in the two cross
Bi2 p-S2 p 0 -21 =2 58 sections). These observations are in agreement with the bond
Bi2 5-S3 p 1 1 6 0 lengths (Table 1) and ICOHP (Table 2) as the strongest shared
Bi2 p-S3 p 0 _12 0 31 charge lies along the shortest bonds and between the
atoms showing the largest interactions in the ICOHP. A strong
03 T T T T I T T I T I
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Fig. 5. Hybridization curve for Bi2 s-Bi2 p in CusBisS;o. The curve is calculated using Eq. (1).
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Fig. 6. Partial charge density map sections of Cu4BisS;o through Bi2 parallel to
(010) (a) and ~_L to [100] (b). (c) shows the same section as (a) but has only the
contributions from Bi2 s to Bi2 p. All maps show density of charge in the energy
range of regions I and II. Dashed atoms are above and below the shown planes. A
cross indicates the atom position of Bi2 and a square indicates the polyhedron
centroid. The scale in (a) applies to all three maps.

concentration of charge is observed on the side of Bi2 facing into
the void between two S2 and two S3. This charge can be described
as a Bi lone pair which is clearly not shared with the coordinating
sulfurs. Removing the contributions from all orbitals except Bi s
and Bi p results in the charge density map shown in Fig. 6¢c where
the lone pair represents the predominant charge. Thus this charge
consists of the mixed contributions of Bi s and Bi p, but the lone
pair is, as seen from the PDOS and COHP, eventually an effect of
the mixing of both Bi orbitals with S p. The distribution of charge

in Fig. 6¢ is in agreement with the model suggested by Walsh and
Watson [6], saying that the cation orbitals interfere destructively
on one side (towards S1 and S4) and constructively on the
opposite side (towards S2 and S3).

The polyhedron centroid is marked along with the atom
position of Bi2 in Fig. 6a and c. The Bi2 atom is displaced from the
centroid in a direction opposite to the lone pair. This confirms the
crystal chemical interpretation of the orientation of the lone pair.

Charge density maps for the Bil polyhedron in the full energy
range of regions I and Il show a predominantly spherical
distribution of charge around Bil with shared charge between
Bi1 and each of the six coordinating sulfurs (not illustrated). The
energy range in Fig. 7 is narrowed down to region IIb in order to
investigate the specific features in the region where Bi1-S1 has
pure anti-bonding character and Bi1-S2 shows overlap between
COHP curves. Fig. 7a shows the density of charge in a section
which includes Bil and the four coordinating S1 atoms. The Bil
s-S1 p anti-bonding interaction results in a weak charge around
Bi1 with no specific concentrations in this plane. The distribution

a

Bi1

0.0 08 16  >20
elA® (x 10°)

Bi1

S1

Fig. 7. Partial charge density map sections of CuyBisS;o through Bil with the
orientations ~_1 [100] (a) and parallel to (010) (b). The maps show density of
charge in the energy range of region IIb. Dashed atoms are above and below the
shown planes. A cross indicates the atom position of Bil. The scale in (a) also
applies to (b).
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of charge looks different in a section oriented to include Bil and
the two coordinating S2 atoms (Fig. 7b). A double-lobed charge is
concentrated on Bil pointing towards S2. The above discussion of
the electronic structure suggests that this is not an effect of any Bi
s-Bi p hybridization in this direction, but simply a superposition
of the charge densities associated to the s and p orbitals
separately. In contrast to the case of Bi2, this “diagonal”
superposition does not introduce any asymmetry.

3.3. Conclusions on CuyBisS;g

The study on Cu4BisSio has shown indications of Bi s-Bi p
hybridization at the Bi2 site resulting from the Bi s-S p and Bi p-S
p interactions. The mixing of orbitals on this site occurs in a
distorted coordination environment and shows charge density
features interpreted as a lone pair. The distribution of charge is in
line with observations from other lone pair studies [5,6]. The lone
pair is oriented towards the longest Bi-S distances in the
polyhedron but does not extend far from the bismuth atom.

The Bil site is a symmetrical environment and no indications
of Bi s-Bi p hybridization are found, despite the existence of
sizable Bi s-S p and Bi p-S p interactions and some degree of
overlap between the respective COHP curves. It is clear that the
site symmetry (a minimal 2/m, but with a crucial center of
inversion) is responsible for the absence of s-p mixing.

4. Bi,S;

The crystal structure of Bi,Ss has been studied in detail between
0 and 9.2 GPa in a single crystal X-ray diffraction experiment [12].
Starting from the experimental data we have performed a full
optimization of the lattice parameters and atomic positions at
several pressures within the experimental pressure range. The
calculated equilibrium volume of Bi,Ss at zero pressure is 515.1 A3
in fair agreement with the experimental value of 498.4(7)A°.
Table 3 compares the Bi-S interatomic distances of the ab initio and
experimental structures at 0 and 9.2 GPa.

The crystal structure of Bi,Ss has two distinct cation sites both
coordinated by seven sulfurs (Fig. 8). Looking along the b-axis the Bil
polyhedron is a lying-down mono-capped trigonal prism, whereas
the Bi2 polyhedron is a standing mono-capped trigonal prism. There
are small differences in the distribution of bond lengths for the two
sites at room pressure (Table 3). Bil exhibits three short-to-
intermediate bonds plus four substantially longer ones, similar to
Bi2 and Bi3 in Cu4BisS;o, whereas Bi2 has one short bond, four
intermediate and two long bonds. No phase transition is observed in
Bi,S3 within the studied pressure range and the bond lengths show a
continuous evolution with pressure. At room pressure Bil and Bi2
have cation eccentricities of 0.142 and 0.160 (values from the ab
initio calculations), respectively, decreasing to 0.043 and 0.087 at

Table 3

Comparison of bond lengths (A) in the ab initio and experimental [12] Bi,S5 crystal
structures at 0 GPa/9 GPa.

Bond Ab initio Experimental
Bi1-S2 (x 2) 2.71/2.71 2.64/2.67
Bi1-S3 2.73/2.78 2.69/2.74
Bi1-S2 3.01/2.79 3.05/2.78
Bi1-S1 (x 2) 3.06/2.87 3.03/2.85
Bi1-S3 3.47/2.91 3.39/2.91
Bi2-S1 2.63/2.67 2.59/2.63
Bi2-S3 ( x 2) 2.76/2.72 2.74/2.68
Bi2-S1 ( x 2) 2.98/2.89 2.98/2.87
Bi2-S2 ( x 2) 3.36/3.03 3.33/3.01
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Fig. 8. Crystal structure of Bi,S3 at 0 GPa. Dark circles represent atoms on the
y=0.25 mirror plane, white circles represent atoms on the y=0.75 mirror plane.

9 GPa. Both sites get less asymmetric with pressure, but some cation
eccentricity is still present and they never reach a fully isotropic
geometry within this pressure range.

4.1. Electronic structure of Bi,S3

In the following section the focus will be on the Bil polyhedron,
which is the one showing the largest change as a function of
pressure. The calculations for Bi2 are presented in Supplementary
Material. The study will be limited to the pressure range of the
experimental data where we know that the crystal structure is stable.
Fig. 9 shows the PDOS for Bi1 and S1. The main features of the PDOS
of Bi,S; at 0 GPa are similar to what has been described for both
types of sites in CuyBisS;o. Region I contains a band which has
contributions from Bi s and S p and is split off from the upper valence
band. The upper valence band in region II spans from approximately
—9eV to the Fermi level at —4.5 eV. This band has contributions
from all orbitals. Region II is subdivided in regions Ila and IIb based
on a pronounced change in the number of Bi s, Bi p and S p states
between the two subregions. Region III is the lowest part of the
conduction band and contains mainly Bi p and S p states. The Bi s
states in region IIb are concentrated in a peak close to the Fermi level.
This is in contrast to the situation in CusBisS;o where the Bi s states
have a broader distribution. The increment of pressure from 0 to
9 GPa does not substantially change the PDOS of Bi,Ss (Fig. 9). The
PDOS flattens and the band gaps are closing, with a simultaneous
slight decrease in the number of Bi p states in region IIb.

The COHP averaged over the three shortest bonds in the Bil
polyhedron is shown in Fig. 10. Looking at the COHP at 0 GPa we
again see the same main features as described for CuyBisS;o. The
bonding part of the Bi s-S p interactions is found in the energy
range of region I and the anti-bonding part is distributed in region
Il with the main contribution in region IIb. Bi p-S p is bonding in
region Il and anti-bonding in region IIl. By comparing the details
of the COHP of Bil in Bi,S3 at 0 GPa with the asymmetric Bi2 site
in CuyBisSqo (Fig. 4) we observe differences in the distribution
of interactions in region II. The Bi2 site in CuyBisS;¢ has a strong
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Fig. 9. PDOS for Bil and S1 in Bi,S; at 0 and 9 GPa. Dashed line is S p, solid line is Bi s and dotted line is Bi p.
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Fig. 10. COHP per bond for the Bi1-S (only the three shortest bonds are taken into account) interactions in Bi,Ss. Solid lines are used for Bi s-S p interactions, dashed for Bi

p-S p. A negative COHP value means a bonding interaction.

Bi s-S p interaction at the top of region Ila, whereas the
corresponding interaction for Bil in Bi,S3 is more concentrated
in region IIb, closer to the Fermi level. Although both sites are
asymmetric, they have different coordination environments
which are reflected in the COHP. However, a common feature of
the COHPs is the presence of Bi s-S p interactions in region Ila and
Bi p-S p in region IIb. For the Bi1 site in Bi,Ss, the curves, resulting
from the application of Eq. (1), shown in Fig. 11 confirm that there
is a corresponding Bi s-Bi p hybridization.

The quantification of interactions in Table 4 shows a simple
relationship between ICOHP and bond length in Bi,S; at 0 GPa.
The ICOHP is very similar for the three shortest bonds (one Bi1-S3
and two Bi1-S2) and they comprise the main interactions in the
polyhedron. The interactions along the four longer bonds are
markedly weaker and the Bi s-S p and Bi p-S p are more
concentrated in region IIb and region Ila, respectively.

The COHP of the three short bonds decreases as the pressure is
increased from 0 to 9 GPa. This can be seen in both Fig. 10 and
Table 4. The ICOHP of the short Bi1-S2 bond decreases in most
regions despite an unchanged bond length of 2.71 A. The length of
the Bi1-S3 bond increases from 2.73 to 2.78 A and this is reflected

in an overall decrease in ICOHP. The decrease in ICOHP along the
three shortest distances is a general effect of the rearrangement of
bonding interactions as the ICOHP of the four longer bonds
increases at higher pressure. This is in agreement with the marked
shortening of the latter four bonds.

The curves of Bi s-Bi p hybridization on Fig. 11 suggest that the
degree of s—p mixing is only slightly reduced in going from 0 to
9 GPa, following the aggregate trend of the ICOHP, and becomes
somewhat more extended in energy.

4.2. Charge density of BisS3

In the experimental study on Bi,S3; by Lundegaard et al. [12] the
orientation of the Bil lone pair was estimated from the atom
position and the polyhedron centroid. Based on this geometrical
approach the lone pair at 0 GPa is facing the S3 atom which is 3.47 A
away from Bil. The charge density map in Fig. 12a shows a section
of the 010-plane which cuts through Bil and three of the
coordinating sulfurs. The distribution of charge clearly supports
the geometrical interpretations [12]. The cation is shifted away from
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Fig. 11. Hybridization curves for Bil s-Bil p in Bi,S3 at 0 and 9 GPa. The curves are calculated using Eq. (1).

Table 4

ICOHP ( x 10%) at 0/9 GPa for the Bil site in Bi,Ss. The rows are ordered according
to increasing interatomic distances. The five groups of interactions correspond to
the first five lines in Table 3.

Bond Reg I Reg lla Reg IIb Reg 11l
Bil s-S2 p —-13/-12 10/8 19/22 12/10
Bil p-S2 p 0/0 —61/—47 —7/-8 112/91
Bil s-S3 p —-11/-8 10/6 17/17 11/7
Bil p-S3 p 0/0 —53/-38 -9/-5 105/74
Bil s-S2 p —4/-8 0/3 16/24 -1/1
Bil p-S2 p 0/0 —29/-39 -1/-7 55/78
Bil s-S1 p —3/-7 1/4 12/18 2/4
Bil p-S1p 0/0 —26/-35 2/1 47/61
Bil s-S3 p -1/-5 0/4 3/15 0/3
Bil p-S3 p 0/-1 -10/-30 22 12/48

the polyhedron centroid and the strongest charge on Bil is
concentrated in a direction opposite to the shift. This charge can
be interpreted as a lone pair as it is concentrated on the bismuth
atom and not shared with S3. A strong shared charge can be seen
along the short Bi1-S3 (Fig. 12a) and Bi1-S2 (Fig. 12b) bonds.
The density of charge is weaker between Bi1-S1 and the longer
Bi1-S2, in accordance with the ICOHP and the bond lengths
(Tables 3 and 4).

The effect of increased pressure is evident in the charge
density maps (Fig. 13). The charge around Bil becomes more
evenly distributed and the characteristic shape of the lone pair is
greatly reduced. The atom position and polyhedron centroid are
very close at 9 GPa and this leaves a very limited space for a lone
pair. The interatomic distance between Bi1 and S3 which is 3.47 A
at 0 GPa is decreased to 2.91 A at 9 GPa and a stronger shared
charge can now be observed between the two atoms. The weak
shared charge between Bi1-S1 and the longer Bi1-S2 at 0 GPa is
enhanced as the bonds are markedly shortened. The weakening of
interactions along the three short bonds in the ICOHP is not
clearly seen in the charge maps.

ELF plots which support the analysis for the Bi1 site in Bi,Ss at
0 and 9 GPa are provided in the Supplementary Material.

4.3. Conclusions on Bi,S3

The theoretical calculations show, in accordance with the
experimental study, that the coordination environment of the

Bil site in Bi,S; changes with pressure. The variation in bond
lengths is equalized at higher pressure and this is reflected in
the ICOHP. The interactions are decreased along the three short
bonds and increased along the four longer bonds. The degree of Bi
s-Bi p hybridization decreases slightly, and the distinct shape of
the lone pair which is seen in the charge density map at 0 GPa is
reduced with increasing pressure. Although the Bil site in Bi,S3
becomes more regular with pressure no restrictive site symmetry
in addition to the (010) mirror plane is applied and the
coordinating sulfurs are assumed to have a more uniform bonding
character. Hence, despite the existence of a certain degree of Bi s—
p mixing, the reduction of the anisotropy brought about by
pressure hampers the expression of an stereochemically active
lone pair.

5. General conclusions

The crystal structure of CuyBisS;q is interesting as it has both
symmetric and asymmetric coordination environments for bismuth.
The detailed study of the asymmetric site confirms a number of
observations from related studies. In particular, the analysis is
compatible with the view that Bi s, Bi p and S p are all mixed in
the same wavefunctions, with the two former orbitals forming a
local cation hybrid. A charge density map of the asymmetric
site shows a lone pair which is oriented along the longest
interatomic distances in the coordination polyhedron. The Bi at
the symmetric site exhibits coupling to the S p neighbor orbitals and
some degree of overlap between the Bi s-S p and Bi p-S p COHP
curves, but this does not result in an effective s—-p mixing of the Bi
orbitals.

The effect of pressure on Bi-S interactions has been studied in
Bi,Ss. The coordination environment of Bi is asymmetric at 0 GPa
and the electronic characteristics resemble those of the asym-
metric sites in CuyBisS;o. The shortest bonds contribute most to
the effective interactions leading to Bi s-Bi p hybridization and a
lone pair is clearly seen in the charge density maps. The variation
in bond lengths is equalized as pressure is increased from O to
9 GPa and the characteristic shape of the lone pair is greatly
reduced in the charge density map, in a manner that suggests that
the only slightly reduced s-p hybridization at 9 GPa seems to be
expressed more evenly around Bi.

The lone pair at distorted sites is oriented in a direction
opposite to the displacement of the cation from the polyhedron
centroid. This confirms that the displacement can be used to
determine the orientation of the lone pair for distorted sites. The
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Fig. 12. Partial charge density map sections of Bi,S; through Bil parallel to (010)
(a) and ~ parallel to (—101) (b). The maps show density of charge in the energy
range of regions I and II at 0 GPa. Dashed atoms are above and below the shown
planes. A cross indicates the atom position of Bil and a square indicates the
polyhedron centroid. The scale in (a) also applies to (b).

cation approaches the centroid as the pressure is increased and
the characteristic shape of the lone pair is reduced in the charge
density maps. The cation eccentricity is thus correlated to the
degree which the lone pair appears as a lobe of non-shared
charge.

We have seen that despite the existence of a certain degree of
Bi s-p mixing, the reduction of the anisotropy brought about by
pressure hampers the expression of a lone pair. The lone pair itself
has an influence in the elastic properties of the system (i.e., in its
response to the external pressure). In the event, the geometrical
distortion and the existence of a lone pair are both consequences
of the ultimate ground state of the system, and it is not really
appropriate to focus on which feature comes first and which is
caused by the other.

Fig. 13. Partial charge density map sections of Bi,S3 parallel to (010) (a) and
~ parallel to (—101) (b). The maps show density of charge in the energy range of
regions [ and II at 9 GPa. Dashed atoms are above and below the shown planes. A
cross indicates the atom position of Bil and a square indicates the polyhedron
centroid. The same scale as in Fig. 13 is used.

As a final thought: this kind of electronic-structure analysis
describes the state of affairs for a given structure, but is unable to
predict whether a given system will exhibit a structural instability
leading to a low-symmetry coordination polyhedron and the
appearance of a lone-pair. That will be determined in general by
effects outside the scope of this discussion.
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