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Abstract. A study of the electronic structure of about thirty transition-metal sulphides (TMS) of
various stoichiometries and crystal structures is presented, supplementing recent studies of their
structural and cohesive properties (P Raybaud, G Kresse, J Hafner and H Toulhoat, preceding
paper). The electronic structure of the TMS is found to be determined by short-range interactions
in the S 3p–TM d band complex, with the ligand-field splitting of the TM d states in the
environment of the S atoms determining the structure of the d band. For the layered group VI
disulphides, for ReS2 and for the group VIII pyrites this leads to the formation of a gap at the
Fermi surface. Semiconducting properties are predicted also for the monosulphides PtS and PdS
and for Rh2S3 and Ir2S3. We show that the semiconducting TMS have a higher catalytic activity
for hydro-desulphurization than the metallic sulphides. We suggest a correlation between the
catalytic activity and the characters of the highest occupied states (the frontier orbitals).

1. Introduction

In the preceding paper of this series (hereafter referred to as I) [1] we have presented a
comprehensive investigation of the structural and cohesive properties of more than thirty
transition-metal sulphides (TMS) within the local density approximation (LDA) [2, 3].
We have shown that for most sulphides there is a quite pronounced trend towards an
overbinding which manifests itself in the prediction of too small atomic volumes and too
large cohesive energies. Non-local corrections to the LDA in the form of a generalized-
gradient approximation (GGA) [4] correct for the overbinding (albeit with a certain tendency
for the sulphides of the heavier transition metals to overcorrect the LDA error) and lead
to accurate crystal structures and cohesive energies. We have also demonstrated that there
is a clear correlation between the cohesive energies calculated in the LDA+ GGA and
the catalytic activities of the TMS in hydro-desulphurization processes. In this paper we
supplement these investigations with a comprehensive study of the electronic structure of
the TMS.

The layered TM disulphides belong to a family of structures consisting of different
stacking variants of tightly bound two-dimensional S–TM–S sandwiches. Depending on the
relative arrangement of the two S layers, the coordination of the TM atoms by six S atoms is
trigonal prismatic or octahedral. Early band-structure calculations [5–7] demonstrated that
the electronic structure is determined by the combined effects of the ligand-field splitting of
the d levels in the trigonal-prismatic surrounding and the d–d hybridization of the Mo 4d
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states. Huismanet al [6] demonstrated that due to the ligand-field splitting a two-electron
band of mainly d3z2−r2 character is separated from the main part of the TM d band and
hybridizes strongly with the S p band. The trigonal-prismatic coordination is stabilized
with respect to the octahedral coordination for disulphides with d1 or d2 configurations.
More advanced band-structure calculations confirmed this picture [8–11].

In the cubic pyrite structure and the closely related marcasite structure, each TM
atom is again surrounded by six nearest-neighbour sulphur atoms in a distorted octahedral
environment while each S atom sits at the centre of a distorted tetrahedron formed
by one S and three TM atoms. The S–S pairs are a characteristic feature of both
structures. Electronic structure calculations for this class of compounds have first been
performed by Li et al [12], Tosselet al [13], Khan [14] and Bullett [15]. The main
characteristics of the electronic band structure may be derived from the assumption that
the sulphur pairs may be considered as divalent molecular anions, S2−

2 , with empty
antibonding pσ ? states. In the distorted octahedral surrounding, the TM d band splits
into t2g and eg manifolds. Hence FeS2 will be a semiconductor with the Fermi level
in the t2g–eg gap, while the compounds with a higher degree of filling of the d band
are expected to be metallic up to ZnS2. In fact CoS2 is a ferromagnetic metal, while
NiS2 is an antiferromagnetic Mott–Hubbard insulator and becomes metallic only under
pressure [16]. The general picture of the electronic structure of pyrite compounds has been
confirmed by more recent band-structure calculations [17–23] and various spectroscopic
studies [20, 23–25].

In this paper we shall concentrate on the trends in the electronic structure of both layered
and cubic disulphides with increasing filling of the d band, and the relation of these trends to
the relative stability of both types of structure. Our investigations also include the distorted
ReS2-type and marcasite-type structures appearing at the limits of the stability ranges of
both classes of compound.

The electronic structure of the hexagonal NiAs-type transition-metal monosulphides
has been investigated mainly from the point of view of the magnetic properties of the 3d
monochalcogenides and the isostructural pnictide compounds [27, 28]. Schematic band-
structure models based on ligand-field arguments have been proposed by White and Mott
[29] and Wilson [30]. The thermodynamically stable low-temperature phases, however,
have either low-symmetry structures (FeS: troilite (complex superstructure of NiAs); NiS:
trigonal millerite) or off-stoichiometric phases like Co9S8. The pioneering band-structure
calculations for NiAs-type compounds (mostly for NiS) by Tyler and Fry [31], Mattheis [32],
and Kasowski [33] point to a predominantly ionic band structure. The more recent band-
structure studies of Motizukiet al [34] and Dijkstraet al [35] emphasize the importance
of TM–TM interactions along the hexagonal axis; see also the related work on the pnictide
compounds [36, 37]. Recent work by Fujimoriet al [38, 39] has challenged the interpretation
of NiS as a Mott–Hubbard insulator and led to the proposal of an alternative explanation in
terms of a S 3p–Ni 3d charge-transfer gap.

In the present work we shall extend the investigations to the complete series of 3d
monosulphides and some of the 4d compounds. At the end of all three transition-metal series,
monosulphides with different structures (tetragonal PdS and PtS, trigonal NiS (millerite))
and slightly off-stoichiometric compounds (cubic Co9S8) are stabilized. We discuss the
stability of these compounds in relation to their electronic structure. We also include
some TMS of composition intermediate between the monosulphides and disulphides and
some substoichiometric sulphides in our investigations (Rh2S3, Ir2S3, Ni3S2). Finally we
return to the correlation between the electronic spectrum and the catalytic activity of the
TMS.
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Figure 1. Total and angular-momentum-decomposed electronic densities of states of the pyrite-
type compounds MnS2, FeS2, CoS2 and NiS2. Full line: total DOS; dotted, dashed, chain lines:
s, p, d partial DOSs.
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Figure 2. Total and angular-momentum-decomposed electronic densities of states of the FeS2,
RuS2 and OsS2 pyrites. The key to the curves is the same as in figure 1.

2. Computational aspects

Our electronic structure calculations have been performed using the Viennaab initio
simulation program VASP. The most important aspects of the technique have been briefly
described in I; for all technical aspects we refer the reader to the papers by Kresse and
Furthm̈uller [40].

We emphasize that the electronic structure has been calculated for the equilibrium
structure determined from the LDA+ GGA calculation and not for the experimentally
determined structure. Hence our calculations represent the true ground state as given by
density functional theory and documented in I.
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Figure 3. Total and local Ru and S densities of states in RuS2, decomposed into angular-
momentum components. The key to the curves is the same as in figure 1.

3. Electronic structure of the transition-metal disulphides

3.1. Pyrite-type compounds

The total and angular-momentum-decomposed electronic densities of states (DOS) of the
pyrite-type compounds MnS2, FeS2, CoS2 and NiS2 with an increasing filling of the d band
are represented in figure 1. The variation of the DOS in a homologous series of compounds
is shown in figure 2 for an example of the series: FeS2–RuS2–OsS2. For RuS2 we present
in addition the decomposition of the DOS into the transition-metal and sulphur contributions
(figure 3).

The valence bands plus the lowest conduction bands form six groups neatly separated
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Figure 4. A schematic model for the electronic band structures of transition-metal disulphides in
different crystal structures. (a) MoS2-type layered structure: S s band/S p band/TM a1g(d3z2−r2)
band (two electrons)/TM (dt2g + dx2−y2) bands. (b) ReS2 structure: S s band/S p band/TM a1g

band/TM eg band. (c) Pyrite structure: bonding and antibonding Sσ andσ? bands/S pσ , pπ ,
pπ? states hybridized with TM eg states/TM t2g band/antibonding TM e?g and S pσ? bands. The
position of the Fermi level in sulphides of transition metals from groups Vb (a), VIIb (b), and
VIIIb (c) is indicated.

by narrow gaps. Since there are four formula units in each elementary cell, for FeS2, RuS2

and OsS2 the occupied bands must accommodate 4(8+2×6) = 80 valence electrons. This
corresponds to a complete filling of the first four groups of bands, so the pyrites of the Fe
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group are narrow-gap semiconductors with a gap varying betweenEg = 0.38 eV in FeS2,
Eg = 0.56 eV in RuS2 andEg = 0.11 eV in OsS2; the other pyrites are metallic due to
an incomplete filling of the fourth or fifth group of bands. The experimentally determined
optical gaps areEg = 0.95 eV (reference [41]) andEg = 1.15 eV (reference [42]) for RuS2
as determined from single-crystal data. The underestimation of the gap width reflects the
fact that the LDA is a ground-state theory and cannot rigorously be used to study excited
states—this problem is not solved by the GGA.

The rigidity of the pyrite band structure reflects the dominant influence of short-range
interactions, as discussed in the literature [13, 15, 19]. These short-range interactions can
be described to a first approximation in terms of crystalline eigenstates derived from S2−

2
molecular orbitals and from the TM d orbitals split in the octahedral crystal field. The S
3sσ and 3sσ ? states form the two narrow bands centred atE ∼ −15 eV andE ∼ −12 eV,
respectively. The S 3p states are split into four groups of bands. The bands extending
in RuS2 from −6.8 eV to −1.6 eV can be associated with the S 3pσ , 3pπ and 3pπ?

states, while the antibonding 3pσ? states are shifted above the Fermi level. The TM atoms
are located in an octahedral environment of S atoms (slightly trigonally distorted). In
the octahedral crystal field the fivefold-degenerate TM d orbitals split into the threefold-
degenerate t2g (dxy , dyz, dxz in the coordinate system oriented along the cubic axes) and
the twofold-degenerate eg (dx2−y2, d3z2−r2) orbitals. The t2g orbitals are oriented away from
the TM–S bonding directions, so they are essentially non-bonding. These levels form the
groups of 12 narrow bands just below the Fermi level in FeS2 and RuS2. The eg orbitals
extend along the direction of the TM–S bonds and hybridize strongly with the S 3p states.
This hybridization occurs in such a way that the bonding TM eg–S 3p levels form a group
of 20 bands just below the non-bonding t2g bands, in exact correspondence to the 20 bands
that could be formed by the S 3pσ , 3pπ and 3pπ? levels alone. The antibonding TM eg–
S 3p hybrids form a set of 12 bands (four from the S 3pσ ? states and eight from the TM eg

states) above the t2g bands, separated by a narrow gap of a few tenths of an eV. A schematic
sketch of the pyrite band structure is given in figure 4(c).

This general form of the band structure does not change appreciably with the number
of d electrons contributed by the TM (figure 1): as we go from MnS2 to NiS2, the width of
the bonding and antibonding TM eg–S 3p complexes is nearly unchanged; the non-bonding
TM t2g band narrows because of the more strongly localized TM 3d states. Within the
isoelectronic series FeS2–RuS2–OsS2 the main effect is a broadening of the t2g band arising
from the increasing spatial extension of 4d and 5d orbitals.

X-ray photoemission spectra have been taken for RuS2 by Kuhneet al [18], van der
Heideet al [43] and Laueret al [17] for FeS2, CoS2 and NiS2; the structure of the conduction
band has been probed for FeS2, CoS2 and NiS2 by inverse photoemission experiments
[20, 25]. Figure 5 demonstrates the very good correspondence of the positions and widths
of the occupied S 3p and Fe 3d (t2g) bands and of the empty Fe 3d(eg), S 3pσ ? and Fe
4sp–S 3d bands. A similarly good agreement is also found between the XPS data of Kuhne
et al [18] and the calculated DOS for RuS2: a strong emission peaked at−1.2 eV below
EF corresponds to the Ru 4d (t2g) states; structures between−2 eV and−7 eV can be
associated with details of the S 3pσ , 3pπ , 3pπ? band (see figure 3). Emission peaks
at about−12.9 eV correspond to the S 3sσ and σ ? bands. Compared to the calculated
band positions, the emission peaks are shifted to higher binding energies due to self-energy
corrections of the order of 1 eV. These corrections are characteristic for photoemission
spectra for narrow bands.

For CoS2 the DOS at the Fermi level (n(EF ) = 1.25 states eV−1/atom; see figure 1) is
sufficiently high that according to the Stoner model the paramagnetic state is unstable against
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Figure 5. Comparison of the total density of states of FeS2 pyrite (a) with the x-ray photo-
emission and inverse photoemission spectra of Folkertset al (reference [20]) (b). The transitions
labelled A to D correspond to the main peaks in the measured optical adsorption and electron-
energy-loss spectra. See the text.

the formation of a magnetic moment. Indeed CoS2 is a ferromagnetic metal with a small
magnetic moment (0.8µB per Co atom; reference [46]). The photoemission spectra recently
taken by Fujimoriet al [45] show a broadening of the characteristic t2g peak about−1.6 eV
below the Fermi level compared to FeS2 and a less distinct S 3p–Co t2g separation. The
broadening of the t2g peak must be interpreted as resulting from the exchange splitting that
persists on the short timescale of the photoemission experiment even in the paramagnetic
state as proposed in a local band picture [47]. The exchange splitting also leads to a
broadening of the Co d(eg) band observed via IPES (reference [25]). The IPES spectra also
confirm the onset of the Co 4sp–S 3d band at 5 eV (cf. figure 1).
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Figure 6. Total and local Fe and S (angular-momentum-decomposed) densities of states in FeS2

marcasite (the key to the curves is the same as in figure 1).

For NiS2 the band calculations predict a metallic behaviour, albeit with the Fermi level
within a DOS minimum in the middle of the Ni d(eg) band which is now distinctly separated
from the empty S 3pσ ? band. However, correlation effects lead to the formation of a gap at
the Fermi level, but there is still some debate about whether the gap is of the Mott–Hubbard
d–d type [5, 48] or a charge-transfer p–d gap [44, 45].

3.2. Marcasite FeS2

In the orthorhombic marcasite structure the characteristic distorted octahedral cation units
share edges (and not only corners like in the pyrite structure), forming chains along the
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Figure 7. Total and angular-momentum-decomposed densities of states of the layered
disulphides NbS2 and MoS2 (the key to the curves is the same as in figure 1).

orthorhombicc-direction. The stronger distortion of the octahedral environment and the
Fe–Fe interactions across the triangular faces lead to a splitting of the t2g bands (figure 6).
The S 3s and 3p bands are slightly broadened relative to the pyrite structure; the S 3p bands
now overlap with the lower edge of the t2g band. The width of the optical gap is increased
from Eg = 0.38 eV in the pyrite structure toEg = 0.58 eV in the marcasite structure. This
is a consequence of the increased bonding–antibonding splitting in the Fe eg–S 3pσ band
complex resulting from stronger Fe–Fe interactions. The 20 meV/atom energy gain relative
to the pyrite form (cf. I) can be attributed to the improved metal–metal bonding.



Density functional studies of TM sulphides: II 11117

Figure 8. Total, local and partial Mo and S densities of states for MoS2 (the key to the curves
is the same as in figure 1).

3.3. Layered MoS2-type disulphides

The layered dichalcogenides of the group IVb, Vb and VIb transition elements form a
class of structures for which the coordination of the metal atom is either trigonal-prismatic
(e.g. NbS2, MoS2, TaS2, WS2), or octahedral (e.g. the Ti, Zr, Hf and V dichalcogenides and
a second polymorph of TaS2). Figure 7 shows the total and angular-momentum-decomposed
DOSs for NbS2 and MoS2; figure 8 presents in addition the local Mo and S DOSs for MoS2.
MoS2 is found to be semiconducting with a gap ofEg = 0.89 eV, while NbS2 is found
to be metallic with a sharply peaked DOS at the Fermi level. The band structures of the
homologous 5d compounds show no characteristic differences; WS2 is semiconducting with
an optical gap ofEg = 0.91 eV.

Our results confirm the interpretation of the electronic structure given on the basis of
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Figure 9. Comparison of the photoemission spectra (a) measured by Abbatiet al (reference
[50]) at various photon energies with the theoretical DOS (b). The emission peaks labelled A
to E can be attributed to (A) the Mo a1g band, (B to D) the S 3p band and (E) the S 3s band.
See the text.

the ligand-field splitting of TM d states, resulting from the covalent TM d–S p bonding
rather than from a crystal-field effect [6–11]. Since the D3

3d and D4
6h space groups of

the octahedral and trigonal-prismatic layer structures contain a uniquez-axis, the S p states
subdivide into two groups (pz and px , py) and the TM d states into three groups (d3z2−r2; dxy
and dx2−y2; dxz and dyz). An octahedral ligand field splits the d level into triply degenerate
t2g (d3z2−r2, dxy, dx2−y2 in the coordinate system with thez-axis oriented along the hexagonal
(trigonal) axis) and doubly degenerate eg (dxz, dyz) sets. Under a trigonal distortion the t2g

set splits into a non-degenerate a1g and doubly degenerate eg sets (see also the discussion
of the electronic structure of marcasite). In a trigonal ligand field the t0

2g wave function is
equivalent to the non-degenerate a1g. It is dominated by the d3z2−r2 wave function and has
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the lowest energy. The t+2g and t−2g wave functions correspond to the doubly degenerate eg

state split from the t2g set and mix with the other eg set [49]. Assuming an essentially ionic
charge state we arrive at the band structure sketched in figure 4(a). The lowest group of
bands corresponds to the completely filled S 3s states. A full S 3p band overlaps with the
TM a1g band dominated by the TM d3z2−r2 states. For MoS2 and WS2 the Fermi level falls
at the upper edge of the a1g band; for NbS2 and TaS2 the a1g band is half-filled. The eg band
complex forms the lowest groups of conduction bands. This schematic model shows good
agreement with our band calculations, but we also note an appreciable TM eg/S p mixing.

In figure 9 we compare the calculated DOS for MoS2 with the photoemission spectra
taken by Abbatiet al [50] with synchrotron radiation at various photon energies. We note
an excellent correspondence between the principal emission features labelled A to E and
the main peaks in the theoretical DOS. The measured spectra show a strong dependence
on the photon energies, arising mainly from the presence of a Cooper minimum [51] in
the photoionization cross-section of the Mo 4d states [52, 53] at energies of ¯hω ∼ 100 eV.
This allows one to associate peak A with the Mo a1g band. However, since the ratio of the
photoionization cross-sections of the S 3p and Mo 5s states to that of the S 3s state remains
approximately constant whereas the relative intensity of the peaks B to E varies with the
energy of the incident photons, we conclude that there is an appreciable admixture of Mo
4d character to the S 3p band—in agreement with the theoretical DOS.

Further confirmation of the calculated band structure comes from the analysis of the
x-ray emission (XES) and x-ray adsorption near-edge structure (XANES) spectra (see
figure 10) reflecting the partial DOS of the corresponding valence-band states: the S L2,3M
spectrum corresponds to the S 3s band, the S Kβ1,3 spectrum to the S 3p band and the Mo
Lβ2,15 and Mo 5p 3d5/2 spectra to the Mo 4d and Mo 5p states (experimental data from
Šimunek and Wiech [54] and Haycocket al [55] as collected by Liet al [56]). All of
the XES spectra have been aligned with the UPS spectra of Abbatiet al [50]. The S K-
and S L-edge XANES features are attributed to transitions of S 1s and S 2p electrons to
the unoccupied p and s, d states at S sites. The Mo L3- and L2-edge XANES spectra are
assigned to transitions of Mo 2p3/2 and Mo 2p1/2 electrons, respectively, to the empty Mo
4d states. Again this assignment is in very good agreement with the calculated partial DOS.

3.4. ReS2

A rigid-band picture applied to the group VIIb disulphides would predict a metallic
behaviour in either the layered or the pyrite structure (see figure 11). Our calculations
presented in I have shown that at the band filling of the group VIIb metals, the two structures
are energetically almost degenerate in all three TM rows. Experimentally, an optical gap
of 1.33 eV has been found for ReS2 (a slightly narrower gap of 1.15 eV exists also in
ReSe2) [5, 57]. The formation of a semiconducting gap is due to the formation of triclinic
low-symmetry structures in ReS2 and in the isoelectronic compounds TcS2 and ReSe2 (see
table 1 in I for detailed references).

These triclinic structures can be considered as arising from a deformation of the
octahedral stacking variants of the layered disulphide structures. The situation is to some
extent similar to that for the group Vb disulphides in which both the octahedral and the
trigonal-prismatic polymorphs show charge-density-wave instabilities resulting in phonon
softening and the formation of incommensurate phases [5, 58]. For ReS2 it has been shown
that the triclinic structure may be derived from the octahedral layered structure by a shift
of the Re atoms such as to form approximate Re4 units in the central plane of the S–TM–S
sandwich [59]. The consequences of this distortion for the electronic structure have been
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Figure 10. (a) Comparison of the S XES (dashed lines) and S XANES spectra (full lines)
with the partial S DOS in MoS2. (b) Comparison of the Mo XES (dashed lines) and Mo
XANES spectra (full lines) with the partial Mo DOS in MoS2. Experimental data from Liet al,
reference [56].

discussed by Kertesz and Hoffmann [10] in terms of ligand-field arguments and extended
Hückel calculations. The essential point is that in the trigonal-prismatic environment the
d3z2−r2 states are lowered with respect to the remaining dxy and dx2−y2 states in the t2g triplet.
If the d3z2−r2-derived band is filled by the two d electrons of the group VIb ions, the trigonal-
prismatic arrangement is stabilized, whereas for the group Vb disulphides with a half-filled
band the two polytypes are of comparable stability. In the group VIIb disulphides the t2g

band complex would be just half-filled in an octahedral coordination. Hence the energy can
be lowered by forming a gap in the middle of it, i.e. the ratio of bonding and antibonding
regions (corresponding to short and long bonds) should be 1:1. For a lattice derived from
hexagonal structure this cannot be realized by a simple doubling of the unit cell, but requires
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Figure 10. (Continued)

four units. This is realized in the ReS2 structure with its characteristic Re4 units.
The total and partial DOSs for ReS2 shown in figure 12 demonstrate the existence of

a gap ofEg ∼ 1.16 eV, in good agreement with the experimental observation. The struct-
ural energy difference relative to the energetically degenerate MoS2 and FeS2 structures is
0.31 eV/atom (cf. section 5.1 in I, but remember that we did not consider the undistorted
octahedral layer structure). The bonding t2g band overlaps strongly with the S 3p band; the
antibonding t2g band overlaps with the Re eg band.

3.5. Electronic structure and structural trends

In I we have shown that total energy calculations in the LDA+GGA correctly predict the
change in the relative stability of the layered and pyrite-type disulphides with increasing
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Figure 11. The total electronic density of states for ReS2 in the layered MoS2-, triclinic and
pyrite structures (the key to the curves is the same as in figure 1).

filling of the transition-metal d band. We are now in a position to relate this trend to the
details of the electronic structure. The guiding principle is the formation of a strong covalent
bond in the S 3p–TM d band complex, associated with the formation of a semiconducting
gap at the Fermi level. For low band filling this is most easily achieved by forming
a fully occupied non-bonding d3z2−r2 band as in the trigonal layered structure; at high
band filling optimal stabilities are achieved for a completely filled (again non-bonding) t2g

band complex formed in the cubic pyrites. Partial filling of either band leads to various
structural instabilities: trigonal/octahedral polytypism and charge-density-wave instabilities
in the layered group Vb disulphides, formation of the distorted ReS2 structure in the VIIb
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Figure 12. Total and local angular-momentum-decomposed densities of states for triclinic ReS2

(the key to the curves is the same as in figure 1).

disulphides, magnetic instabilities in CoS2 and NiS2, structural instabilities of the heavier
IXb disulphides (PdS2, PtS2).

4. Electronic structure of the transition-metal monosulphides

4.1. NiAs-type compounds

The total and angular-momentum-decomposed electronic densities of states of the NiAs-
type monosulphides from VS to NiS (including a hypothetical MnS phase) are compiled
in figure 13. A decomposition into local and partial DOSs is given for the example FeS
in figure 14. In accordance with the predominantly ionic character of the compounds, the
bands may be arranged into four distinct groups: S 3s bands atE ∼ −15 to−14 eV, S
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Figure 13. Total and angular-momentum-decomposed electronic densities of states of the 3d
monosulphides with the NiAs structure (the key to the curves is the same as in figure 1).

3p bands between−8 eV and−3 eV, overlapping with the TM 3d bands around the Fermi
level, and a conduction band at energies>4 eV made up by TM 4s, p and S 3d states. The
most important points are the degree of covalent TM d–S p bonding and the structure of
the TM d band.

In the NiAs structure the transition-metal atoms are centred in distorted octahedra formed
by the S atoms (see I for crystallographic details). Face-sharing octahedra are stacked
along the hexagonal axis such that chains of metal atoms are formed. In the octahedral
ligand field the d-band manifold splits into triply degenerate t2g and doubly degenerate eg

sets (cf. section 3). Hence some similarity with the layered disulphide compounds with
octahedral coordination is expected. However, because of the chain-like arrangement of the
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Figure 13. (Continued)

TM atoms, the d3z2−r2 orbitals show appreciable overlap. Consequently the d3z2−r2 states
are not non-bonding (as is sometimes suggested [29, 35]), but form a broad band that tends
to obscure the ligand-field splitting.

The distance1Ep−d between the highest peaks in the S 3p and TM 3d bands (which is
a measure for the ionicity or covalency of the bonding) decreases from1Ep−d ∼ 6.5 eV in
VS to1Ep−d ∼ 3 eV in NiS, indicating an increasingly covalent character with increasing
filling of the d band. The S p–TM d mixing is also reflected by a substantial contribution of
antibonding S 3p states to the DOS at the upper edge of the d band. For CrS, MnS and FeS
the Fermi level falls very close to the main peak in the d band. This indicates the instability
of the paramagnetic state with respect to the formation of a high-moment antiferromagnetic
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Figure 14. Total, local and partial electronic densities of states of NiAs-type FeS (the key to
the curves is the same as in figure 1).

state (µCr ∼ ±2.6 µB for CrS,µFe = ±4 µB for FeS). For CoS the Fermi level falls at a
secondary maximum of the d-band DOS, resulting in a lower exchange splitting and a lower
AFM moment (µCo = ±1 µB). For NiS the Fermi level falls at a minimum of the DOS—
this is like the case for the NaCl-type MnS and NiO compounds which display a DOS
minimum atEF in the paramagnetic state and an insulating gap in the antiferromagnetic
state [60]. That the electronic structure of NiS hardly varies across the magnetic ordering
transition is confirmed by the recent photoemission measurements of Fujimoriet al [38, 39].
Figure 15 compares the ultraviolet photoemission spectra with the paramagnetic DOS. The
variation of the photoemission intensities with the energy of the incident photons is due
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Figure 15. Comparison of the total and partial Ni and S densities of states with the ultraviolet
photoemission spectra measured by Fujimoriet al (reference [39]) at different photon energies.
See the text. The vertical bars show the eigenstates for a NiS6 cluster, calculated by Fujimori
et al.

to the Cooper minimum in the S 3p photoionization cross-section at ¯hω ∼ 50 eV which
suppresses the contribution from the partial S 3p DOS [52]. Hence the photoemission
spectra confirm the calculated band structure of the paramagnetic phase in detail.

Among the 4d and 5d transition metals, only Nb forms a stable monosulphide with
the NiAs structure. Monosulphides with different crystal structures are formed only at
the ends of both series (PdS, PtS—see below). The electronic structure of the NiAs-type
4d monosulphides differs from that of the isostructural 3d compounds only by a modest
broadening of all sub-bands. This means that for all monosulphides with an approximately
half-filled d band the Fermi level falls close to a dominant maximum in the DOS (Cr to Fe in
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Figure 16. Total, local and partial electronic densities of states in troilite (FeS) (a) and millerite
(NiS) (b). The key to the curves is the same as in figure 1.

the 3d series, Mo to Ru in the 4d series). This is intrinsically an energetically unfavourable
situation. In the 3d monosulphides the total energy is lowered by the magnetic exchange
splitting. In the 4d monosulphides the band broadening reduces the DOS at the Fermi
level sufficiently that a magnetic contribution towards the stabilization of the NiAs phase
is suppressed.

4.2. Low-temperature phases of the 3d monosulphides

In addition to the NiAs phases of FeS, CoS and NiS, we have also studied the stable low-
temperature phases: FeS in the hexagonal troilite structure, NiS in the trigonal millerite
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Figure 16. (Continued)

structure and the slightly off-stoichiometric Co9S8 phase with a complex cubic structure. A
distinctive feature of all three structures is the formation of direct metal–metal contacts. The
hexagonal structure of troilite may be considered as a distorted superstructure of the NiAs
lattice (see table 1 in I for crystallographic details) where each TM atom has on average
four TM nearest neighbours in addition to the six S neighbours. The trigonal structure of
millerite can be described in terms of triangular nets of Ni and S alternating along thec-
direction. The average TM–S and S–TM coordination is reduced from six to five (compared
to the NiAs structure), but there are now two direct TM–TM neighbours.

In troilite the closer Fe–Fe coordination leads to a slight broadening of all of the bands
and to an increased S 3p–Fe 3d overlap (see figure 16(a)). Due to the distortion of the Fe
octahedra and to the stronger Fe–Fe interaction, the ligand-field splitting of the Fe 3d states
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Figure 17. Total, local and partial electronic densities of states in cubic Co9S8. The key to the
curves is the same as in figure 1.

is quite strongly smeared out. The broadening of the Fe 3d band increases the binding
energies of some of the eg states and this is the main reason for the stabilization of troilite
over the NiAs-type phase (by1E . 0.01 eV/atom; cf. table 8 in I). The DOS at the Fermi
energy is slightly reduced compared to that of NiAs at high temperature (n(EF ) = 1.21
states eV−1/atom).

Comparing the densities of states of millerite (figure 16(b)) with that of the NiAs-type
high-temperature phase (see figure 13) we find that the width of the pseudogap at∼−3.5 eV
separating the S 3p and Ni 3d band complexes is reduced, whereas the width of the t2g/eg

pseudogap at the Fermi level is increased. The slight shift of the Ni t2g states to lower
energies results from the existence of direct metal–metal neighbours and is the main reason
for the energetic stabilization of millerite.
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The cubic structure of Co9S8 may be considered as a close-packed array of sulphur
atoms, with the Co atoms lying at the centres of half of the tetrahedral holes and one
eighth of the octahedral holes. Note that relative to that of the monosulphide, the structure
contains an excess of metal atoms. Hence the bonding is expected to be different from
that in metal-deficient substoichiometric sulphides describable in terms of ordered arrays of
vacancies on the NiAs lattice (e.g. Cr2S3; see below). The complex structure is described
quite accurately in the GGA (see I). The octahedrally coordinated Co atoms have six S
neighbours; the tetrahedrally coordinated Co atoms have four nearest S neighbours plus
three S atoms at a distance that is only 0.009 Å larger and three Co neighbours (see table 1
in I). The S atoms are tetrahedrally coordinated by four Co atoms (plus at some sites an
extra Co neighbour). The mixed character of the Co–S coordination leads to a profound
modification of the electronic spectrum (see figure 17): instead of falling at a local maximum
of the DOS as for NiAs-type CoS, the Fermi level now falls at a deep pseudogap between
the lower part of the Co 3d band (which has only a weak interaction with the S 3p band)
and the upper part, showing appreciable hybridization with the S 3pσ ∗ states. The reduced
S–S coordination also leads to a narrowing of the S 3pπ, pπ∗, pσ band complex which is
separated from the Co 3d band. Hence the stabilization of the Co9S8 phase results mainly
from the formation of the structure-induced pseudogap atEF (for the energetics, see table 8
and figure 4(b) in I).

4.3. PdS and PtS

Among the 4d and 5d metals only Pd and Pt form stable monosulphides, albeit with quite
different crystal structures. In the tetragonal PtS structure the S atoms occupy the corners
of a simple tetragonal cell (axial ratioc/a = 1.76), while the Pt atoms lie at the centres
of two opposite faces, alternatingly, in the (100) direction. Hence like-atom bonds are
formed only parallel to the(x, y) plane, in the form of d(t2g)–π and px, py, pz–π bonds
between the S and TM atoms. Unlike-atom bonds are formed by linear combinations of
pz, dxy and pz, dyz orbitals in alternating rows. The d3z2−r2 orbitals remain essentially non-
bonding. Compared to the band structure of NiAs-type NiS, the main differences are a
weak bonding–antibonding splitting in the low-lying S 3s band and the increased bonding–
antibonding splitting in the S 3pσ–TM (dt2g+dx2−y2) band complex (see figure 18(a)). The
Fermi level falls at a very deep DOS minimum (essentially a zero-energy gap) at the upper
edge of the non-bonding d3z2−r2 band.

PdS forms a complex tetragonal structure which is most often described in terms
of alternating hexagon–triangle and square–triangle nets occupied by Pd and S atoms
respectively. As in PtS, the Pd atoms lie at the centres of a planar arrangement of four
neighbours (see I for detailed references). The electronic density of states (see figure 18(b))
indicates that as in the case of PtS—and as for the low-temperature phases of NiS and FeS—
the formation of a deep pseudogap at the Fermi level is the driving electronic mechanism
for the stabilization of the Pd and Pt monosulphides.

5. Sulphides of other stoichiometries

As representative examples for TMS with other stoichiometries we have considered Cr2S3

(whose crystal structure may be interpreted as an ordered defect superstructure of NiAs),
Rh2S3 and Ni3S2 (essentially filled-up derivatives of a body-centred cubic packing). The
comparison of the density of states of Cr2S3 (see figure 19) with that of NiAs-type CrS
(see figure 13) shows that the introduction of vacancies leaves the overall form of the DOS
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Figure 18. Total, local and partial electronic densities of states in hexagonal PdS (a) and in
trigonal PtS (b). The key to the curves is the same as in figure 1.

essentially unchanged. The reason for this is that as in the NiAs structure the S atoms in
Cr2S3 form hexagonal close-packed layers, with layers of Cr atoms occupying alternately all
and one third of the octahedral holes in the S network. Hence the octahedral coordination of
the TM atoms remains the determining factor for the structure of the Cr 3d band. Because of
the reduced Cr concentration the occupation of the essentially non-bonding Cr d3z2−r2 band
close to the Fermi level is reduced (this band contributes mainly to the Cr–Cr bonds). The
DOS at the Fermi level is reduced relative to that of CrS, but remains sufficiently high to
destabilize the paramagnetic state against ferromagnetic ordering. Our results for the band
structure of Cr2S3 are similar to the results of Dijkstraet al [35] for the substoichiometric
selenides and tellurides of Cr.

The crystal structure of Rh2S3 contains pairs of face-sharing distorted octahedra of
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Figure 18. (Continued)

S surrounding Rh. The S atoms have four Rh neighbours forming a strongly distorted
tetrahedron. The electronic structure turns out to be dominated by the splitting of the Rh 4d
band into t2g and eg manifolds induced by the distorted octahedral ligand field (similarly to
in the pyrite structure); see figure 20. Due to the reduced Rh concentration, the Fermi level
falls in the t2g/eg gap (Eg = 0.09 eV). However, the distortion of the octahedral environment
leads to relatively short Rh–Rh distances across the common triangular face of the octahedra,
so the t2g orbitals are no longer completely non-bonding but interact considerably with the
S 3p states.

In trigonal Ni3S2 the S atoms form a slightly distorted body-centred cubic array with
the Ni atoms at the centre of distorted tetrahedral holes arranged in such a way that they
form spirals running along the hexagonal axis. Besides the tetrahedrally arranged S atoms,
each Ni atom has four Ni neighbours at distances that are only∼0.2 Å larger than the NiS
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Figure 19. Total, local and partial electronic densities of states in trigonal Cr2S3. The key to
the curves is the same as in figure 1.

distances. The calculated DOS (see figure 21) shows an overall similarity to that of the
two NiS polymorphs, with the Fermi level separating the Ni orbitals interacting with the S
3pσ ∗, π band complex from the Ni 3d band.

6. Electronic structure versus catalytic activity

We are now in a position to return to one of the initial motivations of this study, i.e. a possible
correlation between the electronic structure of the TMS and their activity as catalysts in
hydro-desulphurization (HDS) reactions. In their studies of HDS activities of TMS, Harris
and Chianelli [61] and more recently Toulhoatet al [62] pointed to a correlation between a
high HDS activity and an intermediate TM–S bond strength or heat of formation, in the spirit
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Figure 20. Total, local and partial electronic densities of states in orthorhombic Rh2S3. The
key to the curves is the same as in figure 1.

of the principle of Sabatier [63]. In addition, Harris and Chianelli attempted to establish
on the basis of LDF cluster-calculation correlations between HDS activity and electronic
properties. One factor identified in their study was the ability of the TM to bond covalently,
via σ or π bonds, to the 3p orbitals of sulphur. Covalency was measured in terms of the
metal contributions to the bonding 2eg(σ ) and 1t2g(π ) TM–S states of an octahedral TM
Sn−6 cluster. The second factor is the number of TM d electrons in the highest occupied
molecular orbital (HOMO). In addition it was found that for the most active catalysts the
HOMO is the 2t2g orbital. The interpretation of these correlations is based on the fact that
one step in the catalytic process must be the bonding of the sulphur-containing molecule
(e.g. thiophene or benzothiophene) to the catalyst surface through a metal atom exposed by
the formation of a sulphur vacancy. The ability of the TM atoms to form a strong covalent
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Figure 21. Total, local and partial electronic densities of states in trigonal Ni3S2. The key to
the curves is the same as in figure 1.

bond with the sulphur atom in the thiophene ring could be a determining factor in the
adsorption process—if the molecule does indeed bind to the surface through a strong TM–S
bond. The correlation with the number of d electrons in the HOMO (or equivalently with
the density of states at the Fermi level of the bulk TMS) was interpreted in a similar spirit
in terms of the ability of the TMS to back-donate electrons to the ring sulphur.π back-
donation from the two t2g levels to the antibondingπ∗ orbitals of the ring was considered
as particularly effective because it contributes to the weakening of the carbon–sulphur bond
that must ultimately be broken in the HDS process. However, Harris and Chianelli [61]
also emphasized that it remains to be seen how well the cluster model correlates with the
actual electronic structure of the TMS and in particular with the surface electronic structure.

If we order the TMS covered in this study with respect of their HDS activity (see
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Table 1. Transition-metal sulphides ranked according to their catalytic activity for hydro-
desulphurization, together with the width of the semiconducting band gap and the symmetry
of the highest occupied molecular orbital.

Symmetry
Compound/structure HDS activitya Band gap (eV) of the HOMO

RuS2/pyrite 4× 1018 0.56 t2g

OsS2/pyrite 2× 1018 0.11 t2g

Rh2S3/Rh2S3 1× 1018 0.09 t2g

Ir2S3/Rh2S3 1× 1018 t2g

ReS2/ReS2 4× 1017 1.17 a1g(dxy , dx2−y2)

PtS/PtS 2× 1017 . 0.05
PdS/PdS 1× 1017 . 0.05
MoS2/layered 8× 1016 0.89 a1g(d3x2−r2)

WS2/layered 4× 1016 0.91 a1g(d3x2−r2)

NbS2/layered 1× 1016 Metallic
TaS2/layered 1× 1016 Metallic

a Measured in molecules of dibenzothiophene converted per second and millimole of metal in
the catalyst. After Pecoraro and Chianelli, reference [64].

table 1) we find that all TMS with a substantial catalytic activity are semiconducting. With
the sole exception of FeS2, all of the TMS comply with this correlation in the inverse
direction also: all semiconducting TMS are HDS active. The failure of FeS2 (both pyrite
and marcasite) to comply with this rule is probably related to the low stability of FeS2 under
the conditions of the catalytic reaction rather than to an intrinsic absence of HDS activity
(Pecoraro and Chianelli [64] do not offer a more precise characterization of the TMS on
which the measurements of the activity have been performed).

As the opening of a band gap in the DOS of the TMS is always the consequence
of a strong bonding–antibonding splitting in the S 3pπ–TM d band complex, the
correlation between semiconducting behaviour and high HDS activity simply re-expresses
the importance of a strong covalent contribution to the metal–sulphur bond (as already noted
by Harris and Chianelli [61]).

There is, however, no evident correlation with the width of the optical gap: Rh2S3 and
Ir2S3 with a very narrow gap of∼0.09 eV are more active than MoS2 and WS2 with a gap of
almost 1 eV. More important seems to be the character of the states in the highest occupied
valence bands: the highest HDS activity is found in the pyrite compounds RuS2 and OsS2
where the highest occupied band is the non-bonding TM t2g (dxy, dyz, dxz) band formed as a
consequence of the ligand-field splitting of the d levels in an octahedral environment. In the
semiconducting layered compounds with trigonal-prismatic TM environments (MoS2, WS2),
the highest occupied band split from the t2g triplet has a1g symmetry (i.e. mostly d3z2−r2

character in a coordinate system oriented along the hexagonal axis)—this corresponds to a
lower HDS activity. In ReS2 the structural distortion of the octahedral environment leads
to a Jahn–Teller splitting of the t2g band complex. Hence the increasing occupation of
the t2g band complex (1/3 in MoS2/WS2, 1/2 in ReS2, 1 in RuS2/OsS2) correlates with
an increasing HDS activity. The remaining HDS-active TMS also fit into this scheme: in
Rh2S3 and Ir2S3 the Fermi level falls in the t2g/eg gap produced by the distorted octahedral
ligand field—corresponding again to a high activity. In PdS and PtS the TM d band is
80% filled, according to simple valence rules. In both structures the TM atoms lie at the
centre of a planar arrangement of 4s atoms, so the largest bonding–antibonding splitting
occurs between states formed by S (pz + px) and TM dxz states (and similaryz-linear
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combinations). The occupied states show appreciable non-t2g admixture—corresponding to
lower HDS activity. However, if this really corresponds to an increasing ability of the t2g

states to back-donate the antibondingπ∗ C–S states in an adsorbed heterocyclic molecule
remains to be clarified by detailed calculations of the surface electronic structure—evidently
the orientation of the exposed surface will be important.

7. Conclusions

Our investigations extend and confirm earlier studies that had suggested that the electronic
structure of the TMS is determined largely by short-range interactions in the S 3p–TM d band
complex and in particular by the ligand-field splitting of the TM d states in the (eventually
distorted) octahedral or trigonal environment of S atoms. In particular we show that the
trend from layered disulphides through triclinic ReS2 and TcS2 to pyrite-type disulphides
with increasing filling of the d band is a consequence of the d-band splitting—the most
stable structure is always the one for which all of the states below the largest gap in the
d band are filled. Semiconducting properties are predicted for layered MoS2 and WS2, for
ReS2 and for the pyrites of the Fe-group metals. Strong covalent bonding and the formation
of a structure-induced gap or pseudogap (=the DOS minimum) at the Fermi level are also
important for understanding the stability of the late 4d and 5d monosulphides (PdS, PtS), of
substoichiometric sulphides such as Co9S8, and of sulphides of intermediate stoichiometry
(e.g. Cr2S3) that can be interpreted as defect NiAs-type phases.

Our new results also lead to a clearer picture of the correlation between the electronic
structure and catalytic activity for hydro-desulphurization: all TMS with a high HDS activity
are semiconducting and tend to have a high degree of t2g character in the highest occupied
orbitals.
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