Phys Chem Minerals (2006) 33: 445-456
DOI 10.1007/s00269-006-0095-9

ORIGINAL PAPER

Siew Wei Goh - Alan N. Buckley - Robert N. Lamb
Liang-Jen Fan * Ling-Yun Jang * Yaw-wen Yang

Pentlandite sulfur core electron binding energies

Received: 23 March 2006 / Accepted: 11 May 2006 / Published online: 11 July 2006

© Springer-Verlag 2006

Abstract A number of freshly abraded surfaces of
pentlandite have been characterised by X-ray photo-
electron spectroscopy to establish whether the initial
intensity of the S 2p component near 161.4 eV, previ-
ously assigned to the 25% of S atoms in fourfold coor-
dination by metal atoms in pentlandite, was always at
least 25% of the total S 2p intensity. It was found that
the intensity of this S 2p component could be lower than
20% for surfaces that were not significantly oxidised. To
assess whether the proposed 0.75-0.8 eV 2p binding
energy difference for the two sulfur environments in
pentlandite was justified, ab initio calculations of
the difference in core electron binding energies and of
the densities of unfilled states have been carried out. The
corresponding simulated S K near-edge X-ray absorp-
tion fine structure (NEXAFS) spectra have been com-
pared with experimental spectra. The calculated S 2p
and S 1s binding energy differences were 0.45 and 0.5 eV
at most, in agreement with the experimental NEXAFS
spectra. It was concluded that the S 2p component near
161.4 eV arises entirely from violarite present at the
pentlandite surface rather than from 4-coordinate S in
pentlandite itself. Ab initio calculations of the difference
in S 2p binding energies for the 2- and 3-coordinate S in
stibnite have also been carried out and found to be quite
small, in agreement with previously reported experi-
mental values. Nevertheless, for both pentlandite and
stibnite, calculations have confirmed that an increase in
coordination number is associated with an increase in
sulfur core electron binding energies, even although that
increase is barely measurable for the latter sulfide.
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Introduction

Pentlandite, (Fe,Ni,Co)q. ,Sg, is difficult to investigate
by means of spectroscopic techniques because naturally-
occurring specimens of the mineral are often inti-
mately associated with its supergene alteration product
violarite, ideally FeNi,S; but of general composition
(Fe,Ni)3;S4 (Misra and Fleet 1974). Moreover, pentlandite
usually occurs as intergrowths with pyrrhotite (Francis
et al. 1976). In particular, the study of pentlandite by using
X-ray photoelectron spectroscopy (XPS) to characterise
fracture surfaces has been unsatisfactory because cleav-
age appears to take place typically along an interface
with an altered phase (Buckley and Woods 1991a;
Legrand et al. 1997). Surfaces prepared by abrasion have
proved superior in this regard, but whereas fracture
surfaces can be prepared under ultra high vacuum, it is
difficult to prepare swarf-free abraded surfaces in the
total absence of residual oxygen, and hence without the
possibility of some surface oxidation.

The lower binding energy region of the S 2p spectrum
from an abraded or fracture surface of pentlandite can
be fitted adequately with two unresolved doublet com-
ponents at 2ps, binding energies near 161.4 and
162.2 eV, with the latter component usually being sig-
nificantly more intense than the former. Buckley and
Woods (1991a) concluded that the 162.2 eV component
arose from unaltered pentlandite, and the component at
161.4 eV was due to a violarite-like altered phase, in
broad agreement with the findings of Richardson and
Vaughan (1989). However, Legrand et al. (1997) ob-
tained a fracture surface from pentlandite, entirely sur-
rounded by millerite, that appeared to be largely
unoxidised notwithstanding the observation of a rela-
tively intense O 1s peak from the same surface, and as-
signed both 2p doublets in the S 2p spectrum from that
surface to unaltered pentlandite. The O 1s peak was
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attributed predominantly to water. The lower binding
energy S 2p component was assigned to the 25% of S
atoms in 4-coordinate metal atom environments and the
higher binding energy component to the 75% of S atoms
in 5-coordinate environments. The intensity ratio they
observed was 1.2:3, close to the expected ratio of 1:3.
More recently, Legrand et al. (2005) observed an
intensity ratio of 8:3 (2.7:1) from a freshly abraded
surface, and rationalised the much higher than expected
component near 161.3 eV in that particular S 2p spec-
trum as having arisen from violarite in addition to the
pentlandite 4-coordinate S.

The interpretation of the pentlandite S 2p spectrum
proposed by Legrand et al. (1997, 2005) appeared to be a
reasonable one. Nevertheless, it is of some concern that
the relative intensity of the lower binding energy com-
ponent can vary markedly for different surfaces pre-
pared by fracture or abrasion, especially as the intensity
of that component changes comparatively slowly on
subsequent exposure of the surface to air (Buckley and
Woods 1991a). It is possible that the S 2p binding energy
for the 4-coordinate S in pentlandite is very similar to
that for the (4-coordinate) S in violarite. It is also pos-
sible that the S atoms in pentlandite have 2p binding
energies that differ by significantly less than 0.8 eV, and
that essentially all of the lower binding energy compo-
nent arises from violarite or a related sulfide phase. In
that case, the surface concentration of violarite at the
fracture surface examined by Legrand et al. (1997)
would have been fortuitously close to 25%. An appre-
ciable difference in binding energy for the two S coor-
dination environments in pentlandite is not a foregone
conclusion, as it has been shown that there is no nec-
essary relationship between core electron binding ener-
gies and coordination for S atoms in Ni sulfides (Goh
et al. 2006a), and the S 2p binding energies for the 2- and
3-coordinate S in stibnite (Sb,S;) have been shown to
differ by 0.4 eV at most (Zakaznova-Herzog et al. 20006).
On the other hand, to date there are no known reports of
pentlandite S 2p spectra for which the intensity of the
lower binding energy component is less than 28%.

In order to assess the validity of the assignment of the
S 2p spectrum for pentlandite in terms of a binding en-
ergy difference of ~0.8 eV for the two S environments in
that mineral, a number of abraded surfaces of pent-
landite have been characterised by XPS to establish
whether the initial intensity of the lower binding energy
S 2p component was always at least as great as 25%.
Photoelectron spectra after prolonged exposure of the
abraded surfaces to air were also obtained. In addition,
to determine whether a binding energy difference as
large as ~0.8 eV for the two S environments might be
justified, ab initio calculations of the difference in core
electron binding energies and of the densities of unfilled
states have been carried out. The corresponding simu-
lated S K near-edge X-ray absorption fine structure
(NEXAFS) spectra have been compared with experi-
mental spectra to gauge the accuracy of the calculated
densities of states and core electron binding energy

differences. To further assess both the ability of ab initio
calculations to correctly estimate S core electron binding
energies, and the validity of the previously postulated
relationship between S coordination and core electron
binding energies, S 2p binding energies for stibnite have
been calculated and compared with recently reported
experimental values (Zakaznova-Herzog et al. 2006).

Experimental and computational details

A low Co pentlandite from Kambalda, Western Aus-
tralia was investigated. Based on electron microprobe
analysis, the mineral was Ni-rich, with a composition
Niy 7Fe45C00.05Ss. SEM analysis revealed some small
inclusions of chalcopyrite and pyrrhotite but no pyrite.
However, no Cu peaks were observed in the photoelec-
tron spectra, eliminating the possibility that inclusions
of chalcopyrite contributed to the S 2p spectra discussed.
The heazlewoodite (Ni3S,) used as a reference material
in this study was synthesised by treating a sintered
compact of Ni powder in a 4:1 H,/H,S atmosphere at
380°C. A dense, coherent ~2 mm thick layer of the
sulfide was produced on the surface of the Ni metal, and
XRD and electron microprobe analyses confirmed that
this layer had the heazlewoodite structure (Buckley and
Woods 1991b). Each pentlandite or heazlewoodite sur-
face to be examined was abraded in air while wet with
propan-2-ol before being transferred as quickly as pos-
sible to the insertion chamber of the photoelectron
spectrometer or soft X-ray beam-line end-station.

Conventional monochromatised Al K, XPS analyses
were carried out on a VG ESCALAB 220-iXL spec-
trometer. An analyser pass energy of 20 eV and an
electron take-off angle of 90° were used. Included in the
binding energies used for calibration were 932.67 eV and
83.96 eV for Cu 2ps;; and Au 4f7,, from metallic copper
and gold, respectively.

S 2p spectra were fitted with the VG Eclipse, Casa-
XPS and XPSPEAK 4.1 (Kwok 2000) programs
assuming a Shirley background. When symmetric
Gaussian-Lorentzian lineshapes were used, the addi-
tional doublet to account for the high binding energy
region of the spectrum was restricted to a binding energy
no lower than 163 eV and a linewidth of no more than
2eV. The 2p;;, and 2p;, components were assigned
equal linewidths, an energy separation of 1.19 eV and an
intensity ratio of 1:2. In the fitting of the S 2p spectrum
from an oxidised surface with doublets from the 5-
coordinate S in pentlandite and from violarite, the
linewidths were not constrained to be the same. Simi-
larly, in the fitting of the spectrum from a briefly air-
exposed surface with a doublet from the 5-coordinate S
in pentlandite, a doublet of one-third the intensity of,
and the same linewidth as, the principal component
from the 4-coordinate S, and a doublet from violarite at
a binding energy 0.85 eV lower than that for the prin-
cipal component, the linewidths of the components from
the two phases were not constrained to be the same.



Lineshapes with Lorentzian proportion varying from 30
to 50% were used, with 40% giving the best fit to the low
binding energy edge.

The NEXAFS spectra were determined in a UHV
end-station on the bending magnet beam-line 15B at the
NSRRC in Hsinchu. Each specimen was held in place on
the manipulator sample holder by stainless steel screws.
Both total electron and total fluorescence yield S K-edge
spectra were determined using a Kohzu double Si(111)
crystal monochromator, which provided a resolution at
that edge of ~0.4 eV. The photon flux incident on the
specimen, [;, was monitored by a proportional counter
incorporating He gas contained between two 75 pm Be
windows. Spectra shown have been normalised (//1y).
Pyrite was used for energy calibration; the initial (white
line) S K-edge peak maximum was taken to be
2471.3 eV, as that value had been determined relative to
the corresponding peak for elemental sulfur at 2472.0 eV
(Li et al. 1995).

ADb initio calculations were carried out using the
FEFF8 (Ankudinov et al. 1998, 2002) and WIEN2k
(Blaha et al. 1990; Schwarz et al. 2002) codes. For the
FEFF8 calculations, potentials were calculated self
consistently within a 0.7 nm radius cluster (about
100 atoms) around the absorbing S atom with 15%
overlap of the muffin-tin radii. Calculations using the
partially non-local Dirac-Fock/Hedin-Lundqvist poten-
tial were carried out for both an unscreened and a fully
screened core hole with full multiple scattering up to
[ = 2 with cluster radii of at least 1 nm, equivalent to
about 450 atoms. With an unscreened core hole, the
relative intensity and position of the leading absorption
peak in a simulated spectrum were lower (typically by
~10% and ~0.5 eV, respectively, for S K-edge absorp-
tion) than for a fully screened core hole. The form of an
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experimental spectrum was usually between those of the
corresponding spectra simulated with an unscreened or a
fully screened core hole. The input files were generated
by the program ATOMS via the graphical interface
TkATOMS (Ravel 2001). For the WIEN2k calculations,
the unit cell parameters were entered into the structure
generation subroutine. For both codes, the crystallo-
graphic structure data used in the calculations were
those reported by Pearson and Buerger (1956) and
Rajamani and Prewitt (1973) for Ni, Fe pentlandite, by
Chauke et al. (2002) for Co pentlandite, by Fleet (1977)
for heazlewoodite, and by Kyono et al. (2002) for stib-
nite.

Results and discussion

X-ray photoelectron spectra of freshly abraded
pentlandite surfaces

The photoelectron spectra from all the freshly abraded
pentlandite surfaces examined in this investigation dis-
played peaks from carbon and oxygen. At least some of
that carbon and oxygen would have arisen from con-
tamination during the abrasion, but some could also
have been due to the presence of weathered mineral
within the depth analysed and/or the products of
pentlandite that had become oxidised during surface
preparation. It was clear that the concentration of oxygen-
containing species was significantly lower at some surfaces
than at others, notwithstanding the similar preparation
procedure. The Ni 2p, Fe 2p and O 1s spectra from a
surface for which the O 1s intensity was relatively low
(Fig. 1a), indicated that at least a small proportion of
the oxygen was associated with pentlandite oxidation
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Fig. 1 Ni 2p, Fe 2p and O 1s spectra from the same abraded pentlandite surface exposed to air for: a less than 1 min; b 68 h; ¢ 782 h
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products. The small O 1s peak near 529.9 eV would al-
most certainly have arisen from Ni or Fe oxide, but the
significantly more intense peak above 533 eV would
have been due to physisorbed water. Assignment of the
O 1s peak near 532 eV is less straightforward, as
chemisorbed water and hydrated Ni or Fe oxides are
possible sources (Knipe et al. 1995; Legrand et al. 1997).
The low intensity peak near 8§56 eV in the corresponding
Ni 2p spectrum is consistent with the presence of a small
concentration of Ni-oxygen species, while the main 2p;),
peak at 852.6 eV is at the binding energy previously
observed for pentlandite (Buckley and Woods 1991a;
Legrand et al. 1997). The main 2p;,, peak at 706.8 eV in
the Fe 2p spectrum is also at the binding energy expected
for pentlandite, but a broad contribution in the range
709-711 eV would have arisen from Fe-oxygen species
(Buckley and Woods 1991a; Legrand et al. 1997). The
poorly-resolved peak at 712.6 eV can be assigned to Ni
LMM Auger electrons (Legrand et al. 1997). An
apparently greater concentration of Fe-O than Ni-O
species is quite consistent with the initial oxidation of the
pentlandite (vide infra). Thus, the O 1s, Ni 2p and Fe 2p
spectra in Fig. la all indicate a small degree of oxidation
of the surface, as did the corresponding spectra obtained
by Legrand et al. (1997) for their fracture surface.

The S 2p spectrum (Fig. 2a) corresponding to the
spectra shown in Fig. 1a for a freshly abraded surface
consists predominantly of a doublet at a 2p;, binding
energy of 162.2 eV with a shoulder just discernible near
161.4 eV. The spectrum in Fig. 2a is similar to the
spectrum reported by Legrand et al. (1997), except that

S2p
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168 166 164 162 160
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Fig. 2 S 2p spectrum from the same abraded pentlandite surface
exposed to air for: a less than 1 min; b 1 h; ¢ 68 h; d 782 h

the shoulder in Fig. 2a is slightly less evident, and the
overall width of the spectrum at half height is ~5%
smaller. It is the origin of the incipient shoulder near
161.4 eV that is the crux of the issue being addressed in
this paper.

X-ray photoelectron spectra of pentlandite surfaces
exposed to air

The same pentlandite surface from which the spectra in
Figs. 1a and 2a were obtained, was exposed to air under
ambient conditions for up to 32 days, with Ni 2p, Fe 2p,
O 1s and S 2p spectra determined at various stages
throughout that period. Spectra obtained after exposure
of the surface for 68 h are shown in Figs. 1b and 2¢, and
those after exposure for 782 h are shown in Figs. 1c and
2d. The S 2p spectrum after exposure for 1 h is shown in
Fig. 2b.

It can be seen from Fig. 1 that with increasing
exposure to air, the concentration of Ni-oxygen species
in the surface layer increases moderately, the concen-
tration of Fe-oxygen species increases markedly, and the
relative intensity of the 5299 eV O 1ls component
attributed to unhydrated oxide increases noticeably. It is
evident from the deteriorating signal/noise ratio of the
Ni 2p spectra in Fig. 1b and ¢ (which had a similar total
scan time as that in Fig. 1a) that the Ni remaining in the
sulfide lattice becomes decreasingly represented in the
depth analysed. The relative intensity of the S 2p spectra
too decreased with increasing exposure time, but this is
not obvious from Fig. 2 as the total scan time was in-
creased and the S 2p analysis depth is greater than that
for the Ni 2p. Also not evident from Fig. 2 because of
the limited binding energy range shown is the absence of
peaks from sulfate or other S-oxygen species even for the
longest exposure time. What is clear from Fig. 2 is that
the relative intensity of the component near 161.4 eV
increases with exposure time, and curve fitting reveals
that the increase is in fact asymptotic for extended
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Fig. 3 Intensity of violarite component relative to that of total S 2p
spectrum as a function of exposure time of surface to air



exposure (Fig. 3). These observations are in broad
agreement with previous studies (Buckley and Woods
1991a; Legrand et al. 1997) and are consistent with the
oxidation of pentlandite to a thiospinel such as violarite
with the concomitant formation of metal-oxygen species
that cover the violarite layer. It should be noted that
even if a small part of the intensity in the 161-162 eV
binding energy region had been due to minor inclusions
of pyrrhotite, which has a S 2ps,, binding energy near
161.2 eV, that intensity would have decreased rather
than increased on oxidation (Buckley and Woods 1985).

The notional reaction for the oxidation of pentlandite
in air under ambient conditions:

8Fe4 sNig 5Sg + 170, — 16FeNi;S4 + 10Fe;, O3 + 4NiO
(1)

is consistent with the photoelectron spectra, in that the
surface concentration of oxidised Fe is significantly
greater than that of oxidised Ni (notwithstanding the
slightly greater surface sensitivity of Ni 2p compared
with Fe 2p photoelectrons). However, as noted above,
FeNi,S, is no more than an ideal representation of vi-
olarites, and the stoichiometry of the phase actually
produced could be somewhat different while still being
within the general composition (Fe,Ni);S,. At least some
of the Fe and Ni oxides produced would most probably
be hydrated; i.e. present as FeOOH and Ni(OH),. Of
particular importance for the issue being addressed is the
S 2p3, binding energy of the violarite formed. After
extended exposure to air, the 2p3, binding energy for
that species can be determined by curve fitting (Fig. 4) to
be 0.85 eV below that for the 5-coordinate S in pent-
landite; i.e. 161.35 eV relative to 162.2 eV for pent-
landite, close to the 161.4 eV determined by Buckley and
Woods (1991a). The binding energy is slightly lower
than the 161.44 eV obtained for a fracture surface not
exposed to air by Legrand et al. (1997) and assigned to
4-coordinate S in pentlandite.

Interpretation of the S 2p spectrum from a relatively
unoxidised pentlandite surface

It is possible to force an approximate fit to the S 2p
spectrum in Fig. 2a on the same basis as that obtained
by Legrand et al. (1997), namely with a principal doublet
near 162.2 eV assigned to the 5-coordinate S in pent-
landite, a secondary doublet near 161.4 eV attributed to
4-coordinate S, and low intensity components at binding
energies above 163 eV to account for S-rich environ-
ments such as oligosulfides (or to compensate for the use
of a symmetric lineshape). However, such an approxi-
mate fit, forced by constraining the intensity ratio of the
doublets from 4- and 5-coordinate S to be 1:3, and which
results in 2p;), binding energies of 161.35 and 162.1 eV,
respectively, is poor on the key low binding energy edge
of the spectrum (Fig. 5a). An unconstrained intensity
ratio results in a better fit, with the intensity of the
doublet from 4-coordinate S being no more than 25% of
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Fig. 4 S 2p spectrum from pentlandite surface exposed to air for
782 h fitted in the low binding energy region with doublets from
unaltered pentlandite and violarite (residual also shown)

the intensity of the doublet near 162.2 eV (equivalent to
20% of the sum) (Fig. 5b). In both cases, the linewidth
for the two doublets was constrained to be the same. In
the latter fit, the 25% intensity of the lower binding
energy component is in contrast to the 40% reported by
Legrand et al. (1997) and the 33% expected if it indeed
arose from 4-coordinate S in pentlandite.

Because of the metallic conductivity of pentlandite,
its S 2p component lineshape is expected to be asym-
metric, and Legrand et al. (1997) reported that they were
also able to fit their S 2p spectrum with two asymmetric
doublets at 2ps, binding energies of 161.44 and
162.19 eV. However, they noted no effect on the fitted
intensity ratio of these two doublets resulting from the
use of an asymmetric lineshape, and only a minor effect
has been observed in the present work. Fits to the higher
binding energy region of the S 2p spectra obtained in the
present work were not as good when asymmetric line-
shapes were used.

Legrand et al. (2005) explained the much higher than
expected component near 161.3 eV from a freshly
abraded pentlandite surface by proposing that the S 2p
binding energy for violarite was essentially the same as
that for the 4-coordinate S in pentlandite. However, it
would appear from the poor fit in Fig. 5a and the fitted
intensities in Fig. 5b that this proposal is probably not
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Fig. 5 Low binding energy region of the S 2p spectrum from
pentlandite surface exposed to air for less than 1 min fitted with
doublets from: a 5- and 4-coordinate S in pentlandite with intensity

tenable. Nevertheless, this does not necessarily mean
that the 4-coordinate S in pentlandite does not have a
lower binding energy than that for the 5-coordinate S,
but it does mean that the binding energy difference is
likely to be significantly less than 0.8 eV.

In order to estimate the binding energy for the 4-
coordinate S in pentlandite from the S 2p spectrum for a
slightly oxidised surface (Fig. 2a), the low binding en-
ergy region has to be fitted with three S 2p doublets; one
near 162.2 eV from the 5-coordinate S, another of one-
third the intensity at a binding energy between 162.2 and
161.4 eV from the 4-coordinate S in pentlandite, and
one at 161.35 eV from the 4-coordinate S in the violarite
present. It was expected that the precise binding energy
obtained for the intermediate peak would depend on the
parameters and constraints used in the fitting (sum-
marised in the experimental details section) and for this
reason, several different fitting routines were used to
allow access to different lineshapes. Nonetheless, regard-
less of the routine or precise lineshape used, the fitted
intermediate doublet had a binding energy no more than
0.45 eV lower than that for the 5-coordinate S. One such
fitting is shown in Fig. 5c, and the corresponding fitted
parameters listed in Table 1. Notwithstanding the
essentially invariant fitted binding energy for the doublet
corresponding to the 4-coordinate S in pentlandite, this
result alone does not represent unequivocal confirma-
tion that the 2p binding energy difference for the 4- and
5-coordinate S in pentlandite must be as large as 0.4 eV
or less than 0.5 eV.

ratio constrained to 3:1; b 5- and 4-coordinate S in pentlandite with
unconstrained intensity ratio; ¢ 5- and 4-coordinate S in pentlandite
and violarite

Table 1 S 2p doublet parameters for the fit shown in Fig. 5¢

Doublet assignment  2p3, binding  Linewidth  Lineshape

energy (eV) V) (% Gaussian)
[5]-S in pentlandite  162.2 0.75 60
[4]-S in pentlandite 161.8 0.75 60
S in violarite 161.35 0.97 60
S-rich surface 163.5 2.0 60

Experimental NEXAFS spectra

In principle, it should be possible to corroborate the S 2p
binding energy difference deduced from the fitted S 2p
photoelectron spectrum by means of experimental and
simulated NEXAFS spectra. Corroboration should be
feasible at both the S K- and L-edges provided a suffi-
ciently high photon energy resolution were available and
provided the absorption linewidth were sufficiently
narrow. The core-hole lifetime broadening for the S K-,
L;- and L, 3-level has been calculated to be 0.59, 1.49
and 0.05 eV, respectively, (Krause and Oliver 1979)
therefore absorption at the L; edge is unlikely to be
informative. Although an absorption edge energy de-
pends on both the relevant core electron binding energy
and the energy of an appropriate unfilled state, in the
case of two environments within a single material of
metallic conductivity, the absorption energy difference
would predominantly reflect the binding energy differ-
ence. This is illustrated in the next section when the



densities of states for the two environments are calcu-
lated. One advantage of X-ray absorption spectroscopy
(XAS) at the S K-edge, especially if absorption is
determined in fluorescence yield mode, is the lower
surface sensitivity compared with that at the L-edge or
even for S 2p photoelectrons excited by less than 1.5 keV
photons. Hence, minor oxidation should not confound
the K-edge data provided the violarite is present at the
surface rather than at weathered interfaces within the
mineral. The magnitude of a S 1s binding energy dif-
ference is ~1.2 X the corresponding S 2p difference
(Sodhi and Cavell 1986; Chassé et al. 1993), so that a S
1s binding energy difference of ~1 eV would be expected
if the S 2p difference were 0.8 eV.

The S K-edge absorption spectrum for pentlandite is
shown in Fig. 6a, with the spectrum for heazlewoodite
obtained under the same experimental conditions shown
in Fig. 6b for comparison. It is immediately obvious that
the leading absorption peak in the pentlandite spectrum
is broader than that for Ni3S,, but still symmetrical. One
possible reason for the greater broadening is a significant
difference in the core electron binding energies for the
two S environments in pentlandite, however, because
only 25% of the S atoms would have the lower binding
energy, a large binding energy difference would give rise
to a noticeable asymmetry or even shoulder at the
absorption edge. Another possible reason is a distribu-
tion of environments for S atoms in 4- or 5-coordination
arising from a mostly random distribution of Ni, Fe and
Co atoms in the metal sites. MGssbauer spectroscopic
measurements have established that there is a slight
preference for Fe atoms to occupy octahedral sites
(Knop et al. 1970; Vaughan and Ridout 1971), but
otherwise it is expected that metal atom distribution
would be random. If this second reason were to be
applicable, there should be some evidence to support it

Pentlandite
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in the S 2p linewidth. The fitted linewidth of 0.75 eV
(Table 1) is slightly broader than that (~0.70 eV) fitted
to the S 2p spectrum for Ni3zS, determined under the
same experimental conditions, therefore metal atom
distribution is likely to have contributed to the broad-
ening of the absorption peaks, but not to have been the
sole cause. A third possible reason is a significantly
broader energy distribution of the unfilled S p-states
immediately above the Fermi level for pentlandite
compared with heazlewoodite, and this possibility is
considered in a subsequent section.

Because the leading S K-edge absorption peak for
pentlandite is symmetrical, fitting with two components
of equal width and of intensity ratio 1:3 but at different
energies can only be effected if the maximum linewidth is
constrained or if a minimum separation is specified.
Forcing fits on the basis of such constraints indicated
that an energy separation of no more than 0.6 eV would
be possible, as a separation of even this value resulted in
a noticeable asymmetry or incipient shoulder on the
absorption edge (the low energy side of the fitted
absorption peak). Thus, the XAS data suggest a S 1s
binding energy difference of no more than 0.6 eV,
equivalent to a S 2p binding energy difference no greater
than 0.5 eV. Although this finding corroborates that
from the fitting of the S 2p spectra, it is still insufficient
to constitute unambiguous confirmation that the 4- and
S-coordinate S 2p binding energy difference must be as
large as 0.4 eV or can be no greater than 0.5 eV, as the
linewidth (1.55 eV) for the two components fitted to the
pentlandite S K-edge absorption peak was greater than
that for the heazlewoodite absorption peak shown in
Fig. 6b. Therefore, additional evidence is necessary,
such as that from a theoretical estimation of the core
electron binding energy difference. Estimation of the
binding energy difference is an integral part of any

Heazlewoodite

(a) WIEN2k

Experimental

Simulated:

[41+[5] S

(b)

Experimental

Experimental

Simulated:

[41+[5] S

WIEN2k
FEFF8
18
T T T T T T T T T T
0 10 20 2470 2480 2490 2470 2480 2490
Energy (eV) Photon Enegy (eV) Photon Energy (eV)

Fig. 6 S K-edge NEXAFS spectrum, and spectra simulated using FEFF8 and WIEN2k for: a pentlandite; b heazlewoodite



452

simulation of the sulfur NEXAFS spectra for pent-
landite via codes such as FEFF8 or WIEN2k.

Calculated sulfur core electron binding energies

Previous attempts to calculate core electron binding
energies using FEFF§ have provided absolute values
much closer to those determined experimentally by XPS
than expected (Goh et al. 2006a), but binding energy
differences that moderately underestimate observed
values (Goh et al. 2006b). By contrast, while default
absolute binding energies determined using WIEN2k
were typically underestimated quite markedly, binding
energy differences for different sites in the same lattice
appear to agree well with experimentally determined
values (Goh et al. 2006b). Energies are calculated for all
atomic levels at the same time in WIEN2k relative to
exactly the same Fermi level, whereas a separate FEFF§
calculation is required for each level. Accordingly,
greater weight should be given to the core electron
binding energy differences for the S atoms in pentlandite
estimated by WIEN2k than by FEFF8S.

Calculating the electronic properties of a synthetic
pentlandite such as CogSg is computationally demanding
but relatively straightforward as the same metal (Co) is
present in all 36 metal sites in the crystal structure.
However, calculations for natural pentlandites are
complicated because either Ni or Fe atoms can occupy
each of the 32 tetrahedral and 4 octahedral metal sites.
The input file for both ab initio codes has to be adapted
to accommodate this complexity, but in a slightly dif-
ferent way for FEFF8 and WIEN2k.

TKATOMS produces only five unique potentials
from the pentlandite unit cell parameters, two for metal
sites, two for S sites and one for the selected absorbing

Z Axis

10 -10

Fig. 7 Pentlandite tetrahedral metal site cluster for FEFF8 input
file showing an evenly distributed allocation of Ni and Fe atoms

atom. Before this can be used as an input file for
(N1,Fe)oSg for FEFFS, two additional potentials must be
added, with the appropriate associated stoichiometry,
for the second metal atom (Ni or Fe) in tetrahedral and
octahedral sites. For example, to model a pentlandite
containing an equal proportion of Ni and Fe, the tet-
rahedral and octahedral site Ni and Fe potentials had to
be assigned stoichiometries of 16 and 2, respectively.
Additionally, in the list of ~250 metal atoms in the ~450
atom cluster generated by TkKATOMS and radiating out
from the absorbing atom, half of the atomic sites of each
coordination had to be assigned to Ni and half to Fe, as
only undifferentiated metal atom sites appear in the
atoms list. This manual assignment must be done sys-
tematically for both the octahedral and tetrahedral sites
to ensure the dispersal of each metal is as even as pos-
sible to model a random distribution. Calculations for

Table 2 Binding energies or

binding energy differences Mineral S at(zlr}n ar_ld Calculated binding energy or difference (eV)
calculated using FEFF8 or coordmation a
WIEN2k for the two S sites in S Is ALS 14] ALS 1] AlS 27]
(Fe,Ni) and Co pentlandites (FEFFS) (FEFFS) (WIEN2k) (WIEN2k)
Niy sFe4 5Sg S1 [4] 2469.85
0.31 0.52 0.49
Niy sFe4.5Sg S2 [5] 2470.04
NisFeySg S1 [4] - -
0.51 0.46
NisFe,Sg S2 [5] - -
NiyFesSg S1 [4] - -
0.438 0.43
NiyFesSg S2 [5] - -
NigSg S1 [4] 2469.65
0.24 0.51 0.46
NigSg S2 [5] 2469.8
FeoSg S1 [4] 2470.15
0.30 0.28 0.23
e FeoSg S2 [5] 2470.35
Takmg into account the small CooSg S1 [4] 2469.9
dlﬁergnce in the calculated 0.16 0.45 0.41
Fermi level for the two CooSg S2 [5] 2470.1

calculations




four such arrangements, one of which is illustrated in
Fig. 7 for tetrahedral sites, resulted in only minor dif-
ferences, and representative values are listed for
Ni4'5Fe4'SSg in Table 2.

For WIEN2k calculations, the unit cell parameters
must be entered into the structure generation subrou-
tine. The symmetry operations for the pentlandite
structure were generated initially for the same element in
all metal sites. When half these sites were assigned
manually to Ni and half to Fe, the symmetry was no
longer cubic, with the particular space-group transfor-
mation depending on which sites had been assigned to a
particular metal. Only those transformations that did
not change the nearest-neighbour distances were ac-
cepted, apart from that for NiysFes sSg for which the
nearest-neighbour distances were altered slightly.
WIEN2k calculations for several different stoichiome-
tries were carried out and the binding energy differences
for the two sites listed in Table 2. The preference by Fe
atoms for octahedral sites deduced from Mdssbauer
spectra was accommodated by assuming a stoichiometry
of NiyFesSg with Fe atoms in all four octahedral sites in
the unit cell. Calculations for NisFesSg could only be
achieved by artificially assigning Ni atoms to all octa-
hedral sites. The calculations for CogSg were carried out
using the cell parameters for that material rather than
for (Ni,Fe)oSs.

It can be seen from the data listed in Table 2 that the
S 1s binding energies for pentlandite calculated by
FEFFS are in good agreement with the experimental S
K-edge NEXAFS spectrum in Fig. 6a. It can also be
seen that both codes indicate measurable S core electron
binding energy differences for the 4- and 5-coordinate S
atoms, and that for most stoichiometries, the energy
difference calculated using FEFFS is significantly less

Fig. 8 Densities of S p-states
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than that obtained with WIEN2k. In all cases, the cal-
culated S 1s and S 2p binding energy differences were
less than 0.55 and 0.5 eV, respectively, findings consis-
tent with the S K-edge absorption and S 2p photoelec-
tron spectra. In all cases, the calculated binding energy
for the 5-coordinate S was greater than that for the 4-
coordinate S, in agreement with the general relationship
proposed on the basis of the pentlandite XPS studies by
Legrand et al. (1997).

Calculated densities of unfilled states and simulated
NEXAFS spectra

The densities of unfilled states and simulated S K-edge
NEXAFS spectra for pentlandite were calculated to
assess any contribution to the S K-edge linewidth from
the energy distribution of S p-states (as noted above),
and to assess the S ls binding energy difference needed
for an acceptable simulation of the experimental S K-
edge spectrum. Calculations using both FEFF8 and
WIEN2k were carried out starting with the various
stoichiometries and hence input files described in the
previous section. First, in order to evaluate how well the
calculated densities of unfilled states were able to
rationalise the observed data, the S K-edge spectra
simulated using FEFF8 and WIEN2k were compared
with the experimentally determined spectra for pent-
landite and heazlewoodite (Fig. 6). It is clear from Fig. 6
that both codes are able to simulate the experimental
spectrum reasonably well. Therefore, the density of S
p-states calculated by both codes (Fig. 8) should be a
fair representation of the true density of states.

The region of the density of unfilled S p-states of
relevance to the width of the leading absorption peak in

for pentlandite and
heazlewoodite calculated using:
a WIEN2k; b FEFF8

(@) (b)
WIEN2K FEFF8
S p-DOS
—— (FeNi)S,
——NiS,
T T T T T T T T T T T T T
-5 0 5 10 15 20 -5 0 5 10 15 20

Energy (eV)

Energy (eV)
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the S K-edge NEXAFS spectrum is the ~2 eV imme-
diately above the Fermi level, in that the sooner the
density falls to a low level after the Fermi level, the
smaller the contribution to the width of the absorption
peak will be. The density of S p-states calculated by both
FEFF8 and WIEN2k for heazlewoodite falls to near
zero at a lower energy than the corresponding density of
states for pentlandite (Fig. 8). It is to be noted that the
density of p-states is quite similar for both S sites in
pentlandite, so that any difference in S 1s binding energy
for the two sites will be reflected in the width of the S K-
edge leading absorption peak, and not be compensated
for by a similar energy shift in the distribution of unfilled
states.

Thus, the calculations indicate that at least some of
the broadening of the leading peak in the S K-edge
NEXAFS spectrum for pentlandite arises from the form
of the density of unfilled states. Hence not all the ob-
served broadening would be due to a difference in the 1s
binding energy for S atoms in 4- and 5-coordination.
Indeed, the WIEN2k as-calculated binding energy dif-
ference appears to simulate the experimental S K-edge
leading absorption peak quite well. On the other hand,
an imposed increase of the S 1s binding energy difference
to 0.9 eV (equivalent to a S 2p binding energy difference
of 0.75 eV) would give rise to a noticeable asymmetry or
incipient shoulder on the absorption edge, as illustrated
in Fig. 9. The simulated S K-edge absorption spectra,
then, are also consistent with a S 2p binding energy
difference of less than 0.5 eV.

Stibnite S 2p binding energies
The S 2p spectrum from an (010) surface prepared by

fracture under UHV of a high-purity, natural specimen
of the ~1.7 eV band-gap semiconductor stibnite deter-

Experimental

WIEN2k: AS 1s =
0.00 eV
- -0.52 eV
—-1.00 eV

Absorption

Energy (eV)

Fig. 9 Observed S K-edge NEXAFS spectrum for pentlandite
compared with spectra simulated using WIEN2k with imposed S 1s
binding energy differences

mined at an instrumental resolution of about 0.35 eV
and with charge ‘neutralisation’ was found to be a single
symmetric doublet with 2p;, linewidth of 0.63 eV
(Zakaznova-Herzog et al. 2006). The position of this
spectrum, relative to a C 1s binding energy of 285 eV,
was in excellent agreement with that obtained for syn-
thetic Sb,S; by Grigas et al. (2002), but the resolution of
the S 2p doublet in the earlier study was poorer. The
better-resolved spectrum was fitted more satisfactorily
with three components each of linewidth 0.52 eV, equal
intensity and separated by 0.2 eV corresponding to the 3
S sites in the stibnite structure than with a single com-
ponent (Zakaznova-Herzog et al. 2006). An ab initio
molecular orbital calculation had determined that the
three non-equivalent S atoms had net charges of —0.46,
—0.51 and —0.62 (Grigas et al. 2002), and as expected
Zakaznova-Herzog et al. (2006) assigned the lowest
binding energy component to the most negative S atom
(S3). Assuming the validity of the fitting of the S 2p
spectrum for stibnite, the two 3-coordinate S atoms have
a 2p binding energy that differs by 0.2 eV, and the in-
crease in S coordination number from 2 to 3 gives rise to
a binding energy increase of an additional 0.2 eV, or an
average value of ~0.3 eV. This difference is considerably
less than the 0.8 eV difference postulated for 4- and 5-
coordinate S in pentlandite (Legrand et al. 1997, 2005),
but closer to the negligible binding energy difference
observed for a- and B-NiS (Goh et al. 2006a). The
stibnite data provide further evidence that a unit in-
crease in S coordination does not necessarily lead to an
increase in S 2p binding energy of ~0.8 eV as previously
believed (SchaufuB3 et al. 1998).

In order to obtain an estimate of the binding energy
difference for the three S atoms in stibnite, and to con-
firm that S atoms with the lower coordination corre-
sponded to the lowest calculated binding energy, FEFF§
calculations of S 1s and S 2p;, binding energies, and
WIENZ2k calculations of S 2p binding energy differences,
were carried out using the stibnite crystal lattice
parameters of Kyono et al. (2002) (Table 3).

It is clear from the FEFF8-calculated binding ener-
gies listed in Table 3 that the 2-coordinate S is indeed
expected to have a lower observed binding energy than
either of the 3-coordinate S atoms. However, it is also
clear from the binding energy differences calculated
using WIEN2k, that any experimentally observed
binding energy shifts would be small, and probably not
greater than 0.1 eV. The fitted binding energy differences
of 0.2-0.3 eV are slightly larger than expected from the
calculations, but even if correct, are considerably smaller
than might have been expected based on the previously
postulated fitting of the pentlandite S 2p spectrum.

Apart from the similar 1s and 2p binding energies
observed for the 5-coordinate S in f-NiS and the 6-
coordinate S in a-NiS (Goh et al. 2006a), and the 2p
binding energies for the 2- and 3-coordinate S in Sb,S;
differing by only ~0.3 eV (Zakaznova-Herzog et al.
2006), the results for pentlandite presented above add
to the increasing experimental evidence that the core
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Table 3 1s and 2p binding

energies calculated by FEFFS, S atom Coordination Fitted Calculated binding energy or difference (eV)
and 2p binding energy binding
differences calculated by energy (eV) S Is S2p A[S 2p]
WIEN2, for the 2- and 3- (FEFF8) (FEFF8) (WIEN2K)
coordinate S atoms in stibnite
Sl 3 162.2 2468.46 159.51
0.08
S2 3 162.0 2468.46 159.51
0.05
S3 2 161.8 2468.44 159.49
electron binding energies for S vary less with coordina-
References

tion number than previously believed. It is true that the
two S environments in covellite (CuS) have 2p binding
energies that differ by 0.8 eV (Laajalehto et al. 1996),
however those two environments are disulfide and
monosulfide (Evans and Konnert 1976) rather than
monosulfide in two different coordinations.

Conclusion

The component near 161.4 eV in the S 2p photoelectron
spectra from pentlandite surfaces freshly abraded in air
under ambient conditions can be explained by the
presence of the oxidation product violarite, which has a
2ps;> binding energy near that value. The S 2p photo-
electron spectra, S K-edge NEXAFS spectra, simulated
S K-edge spectra and calculated S core electron binding
energies were all consistent with a 2p binding energy
difference for the 4- and 5-coordinate S in pentlandite
being less than 0.5 eV, which is a smaller binding energy
difference than previously proposed. The calculations
did confirm, however, that the 5-coordinate S would
have measurably larger core electron binding energies
than the 4-coordinate S, in agreement with the earlier
hypothesis. Calculations also confirmed that the 2p
binding energy for the 3-coordinate S in stibnite would
be higher than for the 2-coordinate, but that the binding
energy difference was quite small, in accord with the S 2p
photoelectron spectrum for that mineral. Therefore, in
interpreting S 2p spectra for other sulfide minerals, it
should not be argued that a unit increase in coordination
gives rise to a binding energy increase of ~0.8 eV, or
even that the binding energy increase will necessarily be
significant.
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