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Sulfide minerals contain sulphur in a large variety of coordination environments. Consequently, the S 2p XPS of various
mineral surface states undergo different shifts in binding energy (BE) relative to the bulk, depending on the charge
distribution on the surface. This in turn depends on the number, type and position of the atoms on the fracture surface, which
is determined by the fracture mechanism.

We have investigated three sulfide minerals: pyrite (tetrahedrally-coordinated S), chalcopyrite (tetrahedrally-coordinated S)
and molybdenite (layered structure with trigonally-coordinated S). Comparison of conventional with surface sensitive
synchrotron XPS shows that the S 2p spectrum displays two additional doublets at lower BE than the bulk signal for pyrite, and
one doublet each at lower and at higher BE for chalcopyrite. Each of these signals is derived from surface states. Molybdenite
shows no additional states. A BE shift to lower (higher) BE suggests a charge increase (decrease) on the S atoms relative to those
in the bulk because of higher (lower) charge screening.

We have used ab initio density functional calculations to validate this interpretation of the experimental evidence, obtaining
Mulliken population analyses for the possible fracture surfaces and comparing their charge distribution with the corresponding
bulk charge distribution. Our calculations support the assignments of S 2p surface contributions as follows: the lower BE peak
of chalcopyrite (160.84 eV) as under-coordinated surface S states, the higher BE peak of chalcopyrite (161.88 eV) as surface S
polymers, the lowest BE peak of pyrite (161.3 eV) as surface S monomers, and the next lowest BE peak of pyrite (162.0eV) as

under-coordinated surface S dimers. The absence of any surface states in molybdenite is also confirmed by the models.

Keywords: Sulfide minerals; Ab initio quantum chemical calculations; X-ray photoelectron spectroscopy; Surface states

1. Introduction

Chalcopyrite (CuFeS,, space group 1424, figure 1) is an
antiferromagnetic semiconductor with a structure similar to
that of sphalerite. In chalcopyrite, four Zn atoms of sphalerite
are replaced by two atoms of Fe and Cu each, with the S atoms
remaining unchanged [1]. The Fe and Cu positions are
alternated in the lattice; the unit cell size in the z-direction is
doubled from the cubic sphalerite. The antiferromagnetic
nature of chalcopyrite results from the alternation of high-
spin Fe’ ™ with opposite polarity in successive layers in
the z-direction. Chalcopyrite displays poor cleavage in any
direction. Both sulphur and metal atoms are tetrahedrally-
coordinated—each S atom to four metal atoms and each
metal atom to four S atoms, respectively.

Pyrite (FeS,, space group, Pa3 figure 2) is a common
iron sulfide mineral in nature and is a semiconductor.

*Corresponding author. Email: bill.skinner@unisa.edu.au

Industrially, pyrite has applications in solar energy
conversion [2,3], Li/FeS, batteries [4,5] and, potentially,
hydrogen generation [6,7]. Pyrite is cubic with Fe atoms at
the corners and face centres of the cube, and S—S dimer
pairs cantered on the cube edges and at the centre of the
cube [1]. The orientation of the dumbbell-shaped S—S
dimers is respectively parallel to the four different
body diagonals. Sulphur atoms are tetrahedrally-coordi-
nated to one S and three Fe atoms, while Fe atoms are
octahedrally-coordinated to six S atoms. Pyrite displays
poor cleavage in the {001} directions.

Two different geometries are generally given for
molybdenite (MoS,); hexagonal, space group P6(3)/mmc
(figure 3) or trigonal, space group: R3m (figure 4).
As molybdenite is a layered structure, the difference
between the two is in the detail of the layer stacking. In the
trigonal form, stacking forms three distinct layers, whereas
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Figure 1. Conventional unit cell for chalcopyrite. In this an all the
following ball and stick diagrams, large light grey spheres denote S
atoms, small dark grey circles denote Cu atoms, and medium-sized
medium grey spheres denote Fe atoms. The z-direction is down in this
figure.

in the hexagonal form there are only two distinct layers.
This makes no difference to the binding properties,
however, as in both cases S atoms are trigonally-
coordinated to Mo atoms, which in turn are six-fold
coordinated to two planes of S atoms arranged in a triangle,
one each above and below the Mo atom. The layer structure
results in perfect (0001) cleavage.

2. Method

2.1 Experimental

Sulphur 2p core-line spectra of the vacuum fractured
mineral surfaces were collected using a Kratos Axis
Ultra X-ray photoelectron spectrometer with a monochro-
matic Al Ka source. The source spot size used was
300 X 700 wm. High resolution scans of the S 2p lines
were collected at 10 eV pass energy. The spectrometer was
calibrated using the metallic Cu 2p;/, and Cu 3p3,; lines.
Surface contributions to the spectral intensity were
minimized by collecting all spectra at a take-off angle
normal to the sample surface. Pristine surfaces of samples

Figure 2. Conventional unit cell for pyrite.
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Figure 3. Row of 3 conventional unit cells for molybdenite R3m. In this
and all following ball and stick diagrams, tiny dark spheres denote Mo
atoms.
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Figure 4. Row of 3 conventional unit cells for molybdenite P6(3)/mmc.

of pyrite and chalcopyrite were prepared by fracture in
vacuum (~ 107 °Pa) in the electron spectrometer prep-
aration chamber before XPS analysis. Molybdenite
surfaces were prepared by peeling to reveal a fresh
surface just prior to pump down.

Synchrotron Radiation X-ray Photoelectron Spectro-
scopic (SR-XPS) experiments were performed using the
HERMON beam line at the University of Wisconsin
Synchrotron Radiation Centre. The line utilizes a
spherical, variable line density grating and a special
grating translation/rotation mechanism with which to
minimize grating aberration effects such as defocus,
coma and spherical aberrations over the entire scan range
[8,9]. For slits of 10mm, the energy resolution of the
monochromator varies between AE = 50—100meV over
the scan range of the low energy grating (E = 50-550eV)
and between AE =50-200meV over the range
500-1100eV [10]. Samples were cleaved in situ in the
preparation chamber (about 10~ Pa) and transferred in
vacuum to the photoemission chamber with typical
pressure of 10~ % Pa during data accumulation. The S 2p
spectrum was taken at 50 meV photon energy resolution.
The samples were cooled at liquid helium temperature
during analysis using photon energies in the range 245—
450eV. The surfaces of the minerals were prepared in an
identical fashion to those for conventional XPS.

2.2 Theoretical

The geometry optimization and population analysis
calculations herein were performed using Materials Studio
CASTEP [11], a density functional theory (DFT) based
plane-wave pseudopotential program within which the

1 1 L 1 L 1 1 n 1 L
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Figure 5. Conventional (left) and Synchrotron (250 eV excitation, right)
XPS of the S 2p core line in chalcopyrite.

generalized gradient approximation (GGA) has been
employed [12], using the Perdew-Burke-Ernzerhof (PBE)
exchange-correlation functional [13]. Ultrasoft pseudo-
potentials were used within a plane wave basis with cutoff
energy of 300eV.

3. Results and discussion

3.1 Experimental

The conventional and synchrotron (250eV excitation
energy) XPS of the S 2p corelines of the three minerals
is shown in figure 5 (chalcopyrite), figure 6 (pyrite)
and figure 7 (molybdenite). The conventional S 2p XPS
spectra of the three minerals are very similar to each other,
displaying a strong doublet originating from the spin—
orbit splitting into py/, and p3,, peaks. In accordance with
quantum theory, the ratio of the peak areas is 2:1
(p3nip12), With p3 being at the lower BE, respectively.
When comparing the spectra with the Synchrotron
counterparts at 250 eV, the distinguishing features of the
spectra become clear. At this low excitation energy, the
emitted photoelectrons typically traverse between 1 and 4
monolayers before being attenuated, in contrast to about
20 monolayers in the case of conventional spectra at an
excitation energy of 1487 eV. Consequently, about 40% of
the SXPS signal should originate from the surface,
whereas in the conventional case this contribution is
reduced to a few percent.

168 166 164 162 160 168 166 164 162 160
Binding Energy, eV

Binding Energy, eV

Figure 6. Conventional (left) and Synchrotron (250 eV excitation, right)
XPS of the S 2p core line in pyrite FeS,.
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The chalcopyrite SXPS signal displays a low BE
shoulder as well as a significant contribution to the signal
between the bulk py,, and ps,, peaks. As shown by Harmer
et al. [14], a good fit is achieved with three spectral spin—
orbit contributions: the bulk S signal at 2p3, BE of
161.33 eV, a lower-BE peak at 160.84 eV and a higher-BE
peak at 161.88eV. Harmer et al. [14] have ascribed the
low-BE doublet to surface S monomers and the high-BE
peak to surface S polymers.

The pyrite SXPS signal displays two low BE peaks. As
shown by Nesbitt et al. [15], a good fit is achieved with
three spectral spin—orbit contributions, the bulk S signal at
162.6 eV, and two lower-BE signals at 162.0 and 161.3 eV,
respectively. The two lower-BE peaks have been ascribed
by the same authors to surface S dimer (162.0eV) and
surface S monomer (161.3 eV) contributions.

The molybdenite XPS and SXPS (figure 7) are
practically identical—a single doublet is therefore a
sufficient fit for both.

3.2 Theoretical

The XPS spectra of pyrite and chalcopyrite suggest the
presence of different S species on the surface, whereas this
does not seem to be the case for molybdenite. On fracture,
bonds between the ligand (S) and metal ions are broken.
The ligands in compound semiconductors typically retain
the bonding electrons; an increase in (negative) charge on
ligand atoms, therefore, results on breakage of bonds.
Increased charge leads to an increase in shielding, thus
lowering the BE of the S 2p orbitals, amongst others.
An increase (decrease) in BE therefore suggests a decrease
(increase) in negative charge (electrons) on the respective
surface S atom relative to the S atoms in the bulk.
Chalcopyrite displays poor cleavage, and any fracture
will therefore be a combination of different surfaces. The
two most likely surfaces for fracture are shown in figure 8.
The (012) surface exposes the same number of metal and S
atoms, and there is therefore only one unique surface. The
(11 — 2) surface exposes only S atoms on one side and
only metal atoms on the other side of the cut, resulting in
two different surfaces. A (012) slab, when fully relaxed
without any constraints to the central atoms of the slab, is
extremely unstable and relaxes into an unsymmetrical

168 166 164 162 180 168 166 164 162 180

Binding Energy, eV Binding Energy, eV

Figure 7. Conventional (left) and Synchrotron (250 eV excitation, right)
XPS of the S 2p core line in molybdenite.

Figure 8. Left: Cut to arrive at the (012) surface. Right: Cuts to arrive at
the (11 — 2) surface.

irregular structure. The relaxation of the (11 — 2) surface
is even more dramatic when the central layers are not
constrained. When constraining all but the top two surface
layers, the (11 — 2) surface exposing metal atoms remains
very unstable, with significant relaxation, while the one
exposing S atoms is relatively stable. The surface
relaxation of the surface exposing metal atoms is in such
a way as to achieve a rearrangement exposing the lower-
lying S atoms instead.

We show a (11 — 2) slab in figure 9, with an exposed
surface of S atoms at the top of the slab and a surface of
exposed metal atoms at the bottom of the slab. After
geometry relaxation, the structure of the slab is changed to
expose S atoms at both types of surface. In addition, the
exposed S monomers on the top surface form polymer
chains by binding to each other. The Mulliken charges of
the exposed S monomers show that those S monomers
which have formed S polymer chains have their negative
charge decreased when compared to the fully coordinated
S atoms in the bulk layer below (to a positive value in this
case). This is in agreement with the interpretation by
Harmer et al. [14] who have assigned the S 2p core BE
shift to higher BE to the formation of S polymers.

Figure 9. (11-2) slab of chalcopyrite, with S monomers exposed at the
top and metal atoms exposed at the bottom. Left: before relaxation, and
right, after relaxation, showing the Mulliken charges of S atoms. Note
that the four S monomers at the top surface have formed bonds with each
other.
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Figure 10. (012) slab of chalcopyrite, before (top) and after (bottom)
geometry optimization. Mulliken charges are given for the S atoms of the
relaxed structure.

A (012) slab is shown in figure 10. Again, the relaxation
is in such a way as to expose the S atoms. The Mulliken
charges of under-coordinated S atoms (those exposed on
the surface, both at the top and the bottom of the slab) are
clearly reduced over those of the fully coordinated S atoms
in the bulk layers below. This is consistent with the
interpretation of Harmer et al. [14] who have assigned the
S 2p core BE shift to lower BE to under-coordinated S
atoms on the surface.

Pyrite does not display perfect cleavage—therefore the
(001) surface will contain proportions of Fe—S and S—S
bond rupture as shown in figure 11. The top line results in
a bulk terminated surface with Fe—S bonds between
layers broken, but no S—S dimer bonds are broken. The
bottom line results in a surface in which, in addition, S—S

@.170
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lO(@

Jﬁ(

Figure 11. Left: Possible surface cuts of pyrite (001). Right: A
combination (001) pyrite surface (right), containing both surface S
monomers and S dimers. Mulliken charges are given for the S atoms, and
the surface is at the top of the figure, with the structure below the surface
representing several layers of bulk.
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Figure 12. Left: Side-on view of molybdenite (R3 m) with red dotted
line denoting cleavage direction. Right: molybdenite surface (at the top of
the figure), with the structure below the surface denoting several layers of
bulk. Mulliken charges are given for S atoms.

bonds are broken and which therefore contains surface
S monomers. The real surface is a combination of these
cases. A geometry optimisation of the bulk terminated
(001) surface shows this to be absolutely stable, with no
appreciable surface relaxation. When retaining surface
monomers on the (001) surface, this is still very stable,
with only a small lateral relaxation of the surface
monomers and no relaxation of the layers below them.
A Mulliken population analysis (while not giving correct
absolute values, nevertheless a good tool to demonstrate
relative trends) shows the charge distribution on a
modelled surface. The surface monomer clearly has the
largest negative charge, followed by the slightly smaller
charge on the topmost surface S dimers. The bulk dimers
have an even smaller charge (positive in this case). This is
consistent with the interpretation of Nesbitt ef al. [15] of
assigning the lowest BE peak to S monomers and the
next-lowest BE peak to S surface dimers, as shown by von
Oertzen et al. [16].

Molybdenite has perfect cleavage in the direction
separating layers, so only one type of surface in this
crystal direction is possible (figure 12). The Mulliken
population analysis shows that the bulk and surface
S charges are almost identical, explaining the absence of
any potential surface state peaks in the XPS spectra. This
is immediately understandable, as the bonding between
layers is not covalent, but of the van der Waals type. Bonds
are therefore not broken on cleavage, and the surface
S atoms have the same coordination as those in the bulk.

4. Conclusions

The S 2p spectra, taken with conventional (1487eV
excitation) and synchrotron (250eV excitation) XPS,
respectively, were compared for chalcopyrite, pyrite and
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molybdenite. Ab initio quantum chemical calculations
were performed for the minerals in question, by performing
a geometry optimisation of crystal slabs. A Mulliken
population analysis of the relaxed structures was then used
consistently to confirm the interpretation of the core line
shift features observed:

e In chalcopyrite, two additional peaks are observed, a
lower BE peak ascribed to under-coordinated surface S
atoms and a higher BE peak ascribed to the formation of
S polymer features.

e In pyrite, two additional lower BE peaks are observed,
ascribed to the presence of both surface S monomers
(lowest BE) and under-coordinated S dimers (lower BE
than bulk, but higher than monomer contribution).

e In molybdenite, only one S 2p3, peak is observed,
consistent with the fact that no S bonds are ruptured
during cleavage and therefore the S atoms on the surface
are not under-coordinated as they are in most other
sulfide minerals.
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