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INTRODUCTION

Burns and Vaughan (1970) proposed that Fe-S molecular 
orbital (molecular orbital) values occurred in the outer valence 
band of pyrite which, along with Fe-S σ bonding molecular or-
bitals, were responsible for the short Fe-S bond length of pyrite. 
Numerous early theoretical considerations (Goodenough 1972; 
Li et al. 1974; Bullett 1982; Lauer et al. 1984; Raybaud et al. 
1997) indicated that the upper valence band (0 to 2 eV binding 
energy) was composed of non-bonding (atomic-like) Fe 3dt2g 
orbitals, even though the calculations predicted small S 3d and S 
3p contributions to the upper valence band (their state of mixing 
was not addressed). Recently, detailed calculations of Eyert et al. 
(1998), using an appropriate basis set for pyrite, indicated signifi-
cant π molecular orbital character at the top of the pyrite valence 
band. In addition to the theoretical considerations, Nesbitt et al. 
(2002) demonstrated that the Fe6L–1 final state contributed to 
the top of the valence band thus confirming a significant ligand 
contribution (and Fe-S orbital mixing) located at the top of the 
pyrite valence band. The nature of the contribution at the top 
of the pyrite valence band consequently is uncertain and is the 
focus of this communication. 

Additional ambiguities relate to the nature and location of 
Fe 3d-S 3p π bonding contributions in the valence band, the 
ambiguity arising because these contributions generally have not 
been discussed or identified in earlier theoretical or experimental 
studies. The ambiguities are addressed experimentally by collec-

tion of pyrite valence band spectra at various photon energies, 
using synchrotron radiation X-ray photoelectron spectroscopy 
(SRXPS). The source energy is appropriately tuned to accentuate 
signals derived from S 3s, S 3p, Fe 3d orbitals, and to accentu-
ate signals derived from localized and delocalized orbitals. An 
interpretation of bonding and valence band structure is provided 
which is in accord with results of X-ray emission experiments 
recently conducted to derive the atom-decomposed partial density 
of states of pyrite and other sulfides containing inequivalent sulfur 
sites (Kurmaev et al. 1998).

EXPERIMENTAL ASPECTS

Samples
Pyrite from Soria Spain was used for the experiment and is the same material 

studied by Mycroft et al. (1990) and Nesbitt et al. (1998; 2000). Laths of pyrite, 
each with the same orientation, were cut from a large sample with the long axis of 
each lath parallel to the c axis of the mineral. Each lath was fractured sub-paral-
lel to the (001) plane in the introduction chamber of the synchrotron-based and 
conventional XPS instruments used in the study. 

The binding energies of crystal orbitals vary somewhat depending on their 
orientation relative to the crystallographic axes of the crystal, as shown in Figure 
1 (discussed subsequently). There is consequently a need to know the orientation 
of the crystal if highly accurate deconvolution of orbital energies is to be achieved 
(Hüfner 1995). Such studies are almost impossible for minerals such as pyrite which 
do not cleave readily. Fracture of pyrite leaves a rough or conchoidal surface with 
exposed faces having different orientations. XPS valence bands collected from 
these surfaces provide an “averaged” DOS signal with weighting favoring (001) 
surfaces. The lack of perfect cleavage precludes detailed probing of the Density of 
States (DOS) and its relationship to Brillouin zones. Four different surfaces were 
prepared for these studies, and although each surface was fractured sub-parallel 
to the (001) face, minor differences may arise due to the signal being weighted 
slightly differently. * E-mail: hwn@uwo.ca
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band are understood and energetically quantified. Additional study is required to identify positively 
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INSTRUMENTAL AND ANALYTICAL ASPECTS
The pyrite structure was determined by powder X-ray diffraction study using 

a Rigaku instrument with a CuKα source. Electron microprobe analyses were 
conducted with a JOEL JXA-8600 Superprobe (U.W.O), revealing a composition 
close to ideal (FeS2). No impurities were detected at a 0.1 wt% level.

One pyrite lath was fractured in the analytical chamber of a Kratos Ultra Axis 
XPS instrument (base pressure of 10–8 Pa) with a monochromatized AlKα source. 
The exposed surface was immediately analyzed (1487 eV source energy) with the 
results shown in Figure 2a. The spectrum was collected at about 1 × 10–8 Pa, a 10 eV 
pass energy and with a standard “Kratos” slit (equivalent to a 300 μm spot size).

The 100, 80, and 30 eV spectra (Figs. 2b, 2c, and 2e) were collected from 
one lath, fractured under the vacuum (about 10–7 Pa) of the introduction cham-
ber attached to a SCIENTA SES 200 analyzer (Synchrotron Radiation Center, 
Wisconsin). After fracture, samples for SRXPS analysis were transferred to the 
SCIENTA analyzer chamber (base pressures of 10–8 Pa) and spectra were collected 
immediately after the beam was focused. Monochromater resolution (E/dE) was 
either 17 000 or 10 000 with a pass energy of 10 eV, giving an electron resolution 
better than 20 meV. The three spectra (100, 80, and 30 eV spectra) were collected 
sequentially using the PGM line at SRC. The spectra were collected from the same 
surface with the same orientation, so that changes to signal intensity are solely a 
response to changes in source energy. Spectra were taken at ambient temperature 
and at a take-off angle of 78°. 

The 50 eV spectrum (Fig. 2d) was collected from a third pyrite lath (fractured 
normal to the c axis) using the PGM beam line and SCIENTA SES 200 analyzer at 
the Synchrotron Radiation Center (see Nesbitt et al. 2002 for details). The valence 
band spectrum collected at He(I) photon energy (21.2 eV), and here illustrated in 
Figure 2f, was taken from the study of Pettenkofer et al. (1991). The spectrum 
was again collected from a (001) surface. Experimental conditions pertaining to 
its collection may be found in the reference. The top of the valence band of each 
spectrum was aligned with that of Figure 2a and the spectrum of Figure 2a was 
standardized to the Au 4f line (84.00 eV) and calibrated using the Cu 2p3/2 and Cu 
3s orbital energies of Cu metal. 

STRUCTURE AND VALENCE BAND PROPERTIES

Structure
Pyrite displays rocksalt structure where Fe replaces Na and 

S dimers replace Cl. The mid-point of the S-S internuclear axis 

coincides with the Cl lattice position. Each sulfur dimer has its 
internuclear axis oriented parallel to the unit cell body diagonals 
with dimer axes of alternating sulfur layers aligned parallel to 
different diagonals.

Fe is octahedrally coordinated with the octahedron com-
pressed somewhat along a trigonal axis (S6 symmetry) and 
these complications yield a Pa3 space group. Each S atom of 
the S-S dimer is tetrahedrally coordinated to three Fe atoms and 
an adjacent S atom. The “tetrahedron” is appreciably distorted 
due in part to the shorter S-S bond length (2.08 Å) and longer 
Fe-S bond lengths (2.26 Å).

Photoionization cross sections
The likelihood of excitation of a photoelectron from an orbital 

is dependent upon the orbital angular momentum, orientation, 
and dispersion (localization) of the orbital in a solid (Yeh and 
Lindau 1985). As a result, the peak intensity derived from a 
specific orbital may be varied by appropriate choice of photon 
energy (Fig. 3). At about 20 eV, Fe 3d and S 3p photon-capture 
cross-sections are similar but at about 35 eV photon energy the 
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FIGURE 1. Angle-resolved X-ray photoelectron spectra of a 

conchoidally fractured pyrite surface approximately normal to (001). 
Take-off angle is minimum for the top spectrum and is maximum for 
the spectrum plotted at the bottom of the stack. 
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FIGURE 2. XPS spectra of the pyrite valence band collected at the 
photon energy indicated in each diagram. The ordinate is (count rate) 
and is scaled arbitrarily. The data of Figure 2a were collected at Surface 
Science Western using an AlKα source. The spectrum of Figure 2f is 
reproduced from Pettenkofer et al. (1991) who collected it with a He(I) 
lamp (21.1 eV photon energy). All other spectra were collected at the 
Synchrotron Radiation Center (Stoughton, Wisconsin).
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Fe 3d cross-section is more than tenfold greater than the S 3p 
cross-section (Fig. 3b). At greater photon energies, the S 3p cross-
section again approaches the Fe 3d cross-section so that at 1487 
eV photon energy the ratio, Fe 3d/S 3p, is about 2:1. The S 3s 
orbital cross-section is much smaller than either the Fe 3d or S 
3p at 20 eV photon energy, but the S 3s cross section approaches 
those of the other two at 1487 eV.

The intensities of photopeaks derived from S 3p and Fe 3d 
valence orbitals cannot be predicted quantitatively from pho-
toionization cross-sections for numerous reasons. The cross 
sectional dependence on photon energy is based on atomic 
orbital photoionization cross sections (Yeh and Lindau 1985) 
and molecular orbitals derived from Fe 3d-S3p mixing may have 
somewhat different cross-sections depending on the extent of 
molecular orbital delocalization. In spite of this, dependence 
of atomic orbital cross sections on photon energies provides a 
reasonable guide to intensities of valence band contributions, es-
pecially above about 50 eV photon energy (Gelius 1974; Bancroft 
and Hu 1999). Although not quantitative, these data are the first 
substantive experimental test of pyrite valence band theoretical 
calculations. In the future, and with additional detailed study, 
molecular orbital cross-sections of the pyrite valence band data 
can be made quantitative.

Surface and bulk contributions
The sensitivity of XPS spectra to surface layers is dependent 

in part upon photon energy (Briggs and Seah 1990; Tanuma et 
al. 1991). Maximum surface sensitivity is obtained where the 
photon energy is between about 40 and 100 eV and for such 
energies photoelectrons are derived primarily from the top two 
atomic layers of a solid. At lower and higher photon energies, 
photoelectrons are derived from deeper layers so that at 1487 eV 
photon energy, about 10 atomic layers are sampled. The valence 
band results presented here include both highly surface sensitive and 
bulk sensitive spectra and their interpretation necessarily includes 
consideration of the surface and bulk sensitivity of the spectra.

Backgrounds
Background intensities vary greatly depending on the photon 

energy and detailed comparison of spectra collected at different en-
ergies requires subtraction of background from spectra. The spectra 
and the background calculated for each is illustrated in Figure 2. 

Background simulation is achieved by combining a Shirley and 
quadratic contribution (Shirley 1972). The valence band spectra, 
with background removed, are plotted in Figure 4 and the resulting 
spectra are the basis for subsequent interpretation.

Terminology, peak intensities, and photon energies
The pyrite valence band is conveniently subdivided into an 

outer and an inner valence band separated by a minimum near 2 
eV (Fig. 4). The inner valence band extends from the minimum to 
about 20 eV binding energy. The outer valence band is character-
ized by a strong lone peak centered between about 0.6 and 1 eV. 
Binding energies of electrons contributing to the valence band of 
a single crystal are “k” dependent and may yield photoelectrons of 
different kinetic energy depending on the polar and azimuthal angle 
of emission relative to the crystallographic axes of the mineral 
(Brillouin Zones). Photoelectrons from a specific molecular orbital 
consequently may display a rather broad range of binding energies 
depending on the exciting photon energy or electron emission 
angle. Nevertheless, distinct “peaks” may be identified. 

Angle-Resolved Ultra-Violet Spectra of a conchoidal surface 
approximately normal to (001) were collected using He(I) radia-
tion (21.2 eV) on a VG ESCALAB 250 instrument to investigate 
directional properties of the valence band peaks. The sample was 
fractured in the vacuum of the introduction chamber, immedi-
ately transferred to the analytical chamber and the shallowest 
angles collected first; see Mycroft et al. (1995) for details of the 
technique. The results (Fig. 1) illustrate that the highest binding 
energy “peak” of the inner valence band varies somewhat as a 
function of take-off angle. Although a second peak within the 
interior of the inner valence band is sharpened appreciably at two 
angles, most peaks are little affected by take-off angle, perhaps 
because the conchoidal fracture exposes a sufficient number of 
orientations to yield an “averaged” signal.

Seven contributions (peaks) can be identified in most of the 
spectra of Figure 4 (peaks labeled a through g). They are located 
near 0.8 eV (peak “a”), 2.5 eV (peak “b”), 4 eV (peak “c”), 5 eV 
(peak “d”), 7 eV (peak “e”), 13 eV (peak “f”), and 16 eV (peak 
“g”). The nature of the orbital contributions giving rise to the 
peaks may be evaluated (qualitatively) by relating peak intensities 
at specified photon energy to the S 3p and Fe 3d photoionization 
cross sections (Fig. 3) as now discussed. 

From the cross sections, peaks of greatest S 3p character 
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FIGURE 3. (a) S 3s, S 3p, and Fe 3d 
atomic subshell photoionization cross 
sections as a function of photon energy 
(source energy) in the region 0 to 1500 
eV  (data from Yeh and Lindau 1985). (b) 
Cross sections for the same subshells in the 
energy range 10 to 100 eV photon energy. 
Dashed lines indicate photon energies at 
which spectra were collected. 
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should be most enhanced in the 20 eV spectrum (Fig. 4f) whereas 
peaks with strong Fe 3d character should be most enhanced 
in the 30 eV spectrum (Fig. 4e) and S 3s-derived peaks most 
prominent in the 1487 eV spectrum (Fig. 4a). From comparison 
of the spectra of Figure 4, it can be concluded that peak “c” 
(strongly enhanced in Fig. 4f) and peak “b” (strongly enhanced 
in Fig. 4e) are respectively of strong S 3p and Fe 3d character. 
The “b/c” ratio decreases in spectra collected at progressively 
greater photon energy (30, 80, 100, and 1487 eV) in accordance 
with the decreasing Fe3d/S3p cross section ratio. The 50 eV 
spectrum is least reliable as an indicator of the orbital character 
of the peaks because of resonance effects related to promotion 
of Fe 3p electrons into empty Fe 3d orbitals (Nesbitt et al. 2003; 
Lad and Henrich 1989). Although the Fe 3p-3d resonance energy 
is 53.5 eV, there are both pre- and post-resonance effects that 
may affect the signal.

SPECTRAL INTERPRETATION AND PEAK ASSIGNMENTS

Peaks “f” and “g”
The 1487 eV valence band spectrum of pyrite displays a 

doublet between 20 and 10 eV (Fig. 4a, peaks “f” and “g”). Van 

der Heide et al. (1980) attributed these peaks to S-S σ (S3s-
S3s) and σ*(S3s-S3s) molecular orbitals which are respectively 
bonding and antibonding. The assignment is confirmed by the 
relationship between cross sections and peak intensities.  The S 
3s cross-section is similar to the Fe 3d and S 3p cross-sections 
at 1487 eV source energy (Fig. 3) and peaks “f” and “g” are 
strong just as is peak “a” (a peak with strong Fe 3d character as 
discussed subsequently). The “f” and “g” signals are, however, 
very weak or absent in the 100, 80, and 30 eV spectra (Figs. 
4b, 4c, 4e) whereas the intensity of peak “a” remains strong. At 
100, 80, and 30 eV photon energies, the S 3s cross section is 
tenfold less than the Fe 3d cross section; the observed weakness 
of peaks “f” and “g” relative to peak “a” is therefore explained 
by changes in S 3s and Fe 3d cross-sections as a function of 
photon energy. The expected correlation between ionization 
cross section and peak intensity confirms that the 16 and 13 eV 
peaks are S 3s-derived molecular orbitals, as deduced by van 
der Heide et al. (1980).

Van der Heide et al. (1980) proposed S 3s and S 3pz orbital 
mixing leading to sp3 hybridization on S atoms and to their ap-
proximately tetrahedral coordination in pyrite. The proposed 75% 
S 3p contribution to the σ and σ* signals at 13 and 16 eV binding 
energy should yield a detectable signal in most spectra of Figure 
4. Although other peaks with S 3p character are apparent in the 
30 eV spectrum (discussed subsequently), there is no contribu-
tion at 13 or 16 eV binding energy. As additional evidence, the 
σ* signal is very weak in the 100 and 80 eV spectra (Fig. 4b, 
peak f) and the σ signal is not detected; it should be if S 3p 
hybridization occurs equally in the σ and σ* molecular orbitals. 
These observations make questionable the assumption of 75% 
S 3p contribution to the homopolar S-S σ molecular orbitals, 
and the common use of sulfur sp3 hybridization to explain the 
approximately tetrahedral coordination of sulfur is not supported 
by these XPS spectra. Instead the XPS data indicate that peaks 
“f” and “g” (σ and σ* bonds) are almost entirely of S 3s charac-
ter. The conclusion is well supported by aligning the SKβ X-ray 
emission spectra of pyrite to the binding energy scale: there is 
no indication for 3p → 1s transitions in the energy region above 
10 eV BE (Kurmaev et al. 1998).

Apparently, the hybridization concept cannot be used to 
explain the tetrahedral geometry associated with sulfur bond-
ing in pyrite.

Peak “e” (7 eV)
The 7 eV contribution appears in the 1487 and 20 eV spectra 

as a strong, broad shoulder on the 5 eV peak (Figs. 4a, 4f). The 
7 eV peak is, however, exceptionally weak or absent in Figures 
4b and 4c, spectra in which Fe 3d signals are accentuated. The 
experimental results therefore indicate a strong S 3p orbital con-
tribution to peak “e” with negligible Fe 3d contribution.

Eyert et al. (1998) calculated (for the first time) both the Den-
sity of States (DOS) and the Crystal Orbital Overlap Populations 
(COOP) for pyrite. (The COOP is effectively the bonding and 
antibonding molecular orbital contributions to the valence band.) 
Their results (pertinent to this communication) are reproduced 
in Figure 5. Two major COOP bonding peaks occur between 
6 and 7 eV binding energies (Fig. 5c) and were interpreted by 
Eyert et al. to be σ bonds derived from mixing of S 3pz orbitals 
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FIGURE 4. XPS spectra of Figure 2 with backgrounds removed. 
Backgrounds were simulated partly as Shirley and partly as quadratic in 
nature (see text for details). The vertical lines indicate “peaks” observed 
in numerous spectra. These “peaks” are more accurately referred to as  
bands that are concentrated within a narrow binding energy range.
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(to produce the S-S dimer of the mineral). The theoretical con-
siderations and XPS data are therefore in accord, both indicating 
that the 7 eV peak results from mixing of S 3p atomic orbitals to 
form σ bonding molecular orbitals. Eyert et al. (1998) calculate 
the σ* antibonding counterpart to be located in the conduction 
band between –3 and –4 eV binding energies (Fig. 5c, labeled 
σ*[S-S]). This is a homopolar bond and the σ and σ* molecular 
orbitals are separated by about 10 eV, indicating strong orbital 
overlap. It is the molecular orbital primarily responsible for the 
sulfur dimeric species in pyrite.

Peak “d” (5 eV)
The 5 eV peak is the second most intense contribution to the 

inner valence band in the 20 and 1487 eV spectra, signifying a 
strong S 3p contribution. The peak is weaker in the 80 and 100 
eV spectra, indicating weak or negligible Fe 3d contributions. 
The 30 eV spectrum (Fig. 4e) displays a shoulder at 5 eV which 
is appreciably less intense than the 2.5 eV peak (peak “b”), again 
suggesting a weak Fe 3d contribution at 5 eV. The most intense 
peak of the inner valence band of the 50 eV spectrum is at 5 
eV. Again, resonance contributions (maximum effects near 53.5 
eV) make interpretation of these data ambiguous. The XPS data 
suggest peak “d” has a strong S 3p-derived orbital contribution 
and weak or negligible Fe 3d contribution.

Eyert et al. (1998) indicate a S-S π bond contribution between 
5 and 6 eV derived from mixing of S 3px,y atomic orbitals (Fig. 
5c). The binding energy and strong S 3p character of peak “d” 
suggests it corresponds with the S-S π bonding contribution cal-
culated by Eyert et al. (1998). They calculate the antibonding 
counterpart to be located between 2 and 3 eV binding energy 
(Fig. 5c, antibonding contribution labeled π*[S-S]). Both π and π* 
orbitals are within the inner valence band, hence fully occupied. 
These bonds therefore do not contribute to the strength of the S-S 
dimeric bond and more likely destabilize it somewhat.

Peak “c” (4 eV)
This is the most prominent peak of the 20 eV spectrum and 

of the inner valence band of the 1487 eV spectrum, indicating a 
strong S 3p-derived orbital contribution. There are, however, Fe 
3d contributions at this energy, as indicated by shoulders in the 
100, 80, 50, and 30 eV spectra; peak “c” apparently represents 
mixed Fe 3d-S 3p molecular orbital contributions. Comparison 
with the intensities of peaks “b” and “c” in the 20 and 30 eV 
spectra (Figs. 4e, 4f) demonstrates that there is more S 3p char-
acter in peak “c” than in peak “b”. 

Eyert et al. (1998) calculate Fe-S σ bonds (Fe 3deg-S 3p-
derived) to be concentrated between 3 and 4 eV binding energy 
(Fig. 5c). The calculated energy range corresponds to peak “c” 
of the XPS spectra (Fig. 4). The calculations and XPS data are 
therefore consistent and we conclude that peak “c” represents 
σ bonding molecular orbitals. Their bonding nature implies 
stronger S 3p than Fe 3d character, a quality consistent with the 
XPS data. Their σ* (antibonding) counterparts are calculated to 
be in the “conduction band” (Eyert et al. 1998). These bonds are 
the major contributors to Fe-S bond strength in pyrite, and are 
largely responsible for the short Fe-S bond length.

Peak “b” (2.5 eV)
Peak “b” is the strongest peak of the inner valence band in the 

30, 80, and 100 eV spectra, all spectra where the Fe 3d cross-sec-
tion is strongly enhanced over those of S 3p orbital cross section. 
We conclude that this peak has strong Fe 3d character. The 20 eV 
spectrum (Fig. 4f) displays, however, an appreciable shoulder at 
2.5 eV binding energy, and a weak shoulder is observed in the 
1487 eV spectrum (Fig. 4a), indicating that there is some S 3p 
character to this peak; the contributions to this peak likely are 
molecular orbitals of mixed Fe 3d-S 3p character. The character 
of peak “b” differs somewhat from that of peak “c” in that the 
former is of greater Fe 3d character and the latter of greater S 

anti-bonding
and

non-bonding

FIGURE 5. S 3p and Fe 3d orbital 
contributions to the valence band Density 
of States (DOS) are illustrated in Figures 
5a and 5b. The Crystal Orbital Overlap 
Populations (COOP) are direct indication 
of the nature of the molecular orbital 
bonding and antibonding contributions to 
the valence band (Fig. 5c). The diagrams 
are modified after Eyert et al. (1998).
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3p character, as now emphasized.
Simulations prior to that of Eyert et al. (1998) proposed that 

the only Fe 3d-S 3p derived molecular orbitals to contribute to 
the inner valence band were of σ symmetry (Fe 3deg-S 3p mixing) 
as noted, for example, by Raybaud et al. (1997); thus by these 
calculations, peaks “b” and “c” should arise from mixing of the 
same molecular orbitals and in similar proportion, an interpreta-
tion inconsistent with the XPS data just discussed.

Eyert et al. (1998), using a large basis set for pyrite, were 
the first to propose Fe-S π and π* molecular orbital contributions 
(Fe 3dt2g- and S 3px,y-derived), where the S 3px,y atomic orbitals 
are first mixed to produce S-S π and π* orbitals, and the higher 
energy π* orbitals are then mixed with Fe 3dt2g atomic orbitals 
to produce Fe-S bonding and antibonding molecular orbitals 
of π and π* symmetry. Eyert et al. (1998) calculate the Fe-S π 
bonding contribution to contribute mostly to the top of the inner 
valence band and the antibonding molecular orbitals to contribute 
primarily to the outer valence band (Fig. 5c). The XPS data, and 
the character of peak “b” are consistent with the simulation of 
Eyert et al. (1998) and we conclude that peak “b” is primarily an 
Fe-S π bond contribution as proposed by Eyert et al. (1998). The 
interpretation is also consistent with the nominally more ionic 
Fe-oxyhydroxides where the Fe 3d bands contain appreciable 
O 2p character attributable to the covalence of the Fe-O bond 
(Sherman 1985; Todd et al. 2003).

The Fe-S π and π* orbitals are filled so they do not contrib-
ute to bond number or strength. The short Fe-S bond length in 
pyrite (2.26 Å) may promote, and explain formation of these 
Fe-S π-symmetric molecular orbitals. The small difference in 
energy separating the π and Fe-S π* orbitals (less than 2 eV) 
implies that metal-ligand orbital overlap is minimal; about 2 eV 
separates the (parental) Fe 3dt2g (non-bonding) and π* orbitals 
(S-S 3px,y-derived).

Peak “a” (outer valence band)
The outer valence band consists of one intense peak (Fig. 

4a, peak “a”). Relative to the inner valence band (2 to 20 eV), 
the outer valence band peak intensity is greatest in the 30, 50, 
80, and 100 eV spectra (Figs. 4b,c, and d) and weakest in the 20 
eV spectrum (Fig. 4f). From these data, and the Fe 3d and S 3p 
cross-sectional dependence on photon energy, we conclude that 
the outer valence band is largely of Fe 3d character. The peak, 
however, displays complexity which is not readily explained if 
only Fe 3d orbitals contribute to this peak.

The outer valence band of the 80, 30, and 20 eV spectra (Fig. 
6) varies in position and shape as a function of photon energy. 
Peak “a” of the 20 eV spectrum has a maximum at slightly 
greater than 0.8 eV binding energy, the 80 eV spectral maxi-
mum is slightly less than 0.8 eV, and the maximum is shifted  
to about 0.65 eV in the 30 eV spectrum. The binding energy 
dependence on photon energy is independently confirmed by the 
data of Pettenkofer et al. (1991). For their data, the maximum 
in peak “a” is shifted to lower binding energy in their spectrum 
collected at 41 eV (HeII source) than in their 20 eV spectrum 
(Fig. 6, HeI source).

In addition to a shift in peak maximum, the peak changes 
shape. The spectral intensity on the low binding energy side of 
peak “a” increases systematically with increase in both surface 

sensitivity and with increase in the Fe 3d cross section (Fig. 6). 
The 20 eV spectrum is least surface sensitive and also is least 
sensitive to the Fe 3d signal. The 30, 41, and 80 eV spectra are 
appreciably more surface sensitive and are much more sensitive 
to the Fe 3d signal relative to the S 3p signal.

The sympathetic relationship among surface sensitivity, Fe 
3d signal sensitivity and spectral intensity between 0 and 0.6 eV 
(Fig. 6) suggests that the signal in this binding energy range is 
primarily a surface contribution of Fe 3d character. By implica-
tion the region between 0.7 and 2 eV has a somewhat greater S 
3p contribution (although not dominant). A previous resonant 
XPS study confirms that there is S 3p character in peak “a” and 
that a portion of this signal likely is derived from Fe surface 
states (Nesbitt et al. 2003).

The experimental data suggest that the Fe-S π* molecular 
orbitals previously discussed (see section on peak “b”) contribute 
primarily to the high binding energy side of peak “a” (centered 
at about 1 eV) and that Fe 3d orbitals of surface Fe atoms con-
tribute more to the low binding energy side of peak “a” (centered 
at about 0.5 eV). The simulation of Eyert et al. (1998) does 
not consider surface contributions, thus the Fe 3d surface state 
contribution to peak “a” cannot be substantiated by their calcula-
tions. Furthermore, this surface contribution defines the top of 
the valence band where a surface electronic state is expected. 
Additional detailed experimental work is thus required to test 
the hypothesis that the top of the valence band results primarily 
from Fe 3d (non-bonding) surface contributions and this is the 
subject of a future communication.

Band/molecular orbital model
Derivation. A valence band model for pyrite is summarized 

qualitatively in Figure 7. The 1487 eV valence band spectrum 
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Fig. 6, hwnFIGURE 6. Expanded view of the outer valence band spectra collected 
at 20, 30, and 80 eV photon energy (spectra are background corrected). 
The peak maximum of the outer valence band shifts to lower binding 
energy and becomes broader with increases surface sensitivity and with 
greater sensitivity to the Fe 3d signal.
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(Fig. 4a) is reproduced at the left of Figure 7 and the band model 
is an attempt to interpret the various features of, and contributions 
to, the spectrum. The binding energy of the Fe 3dt2g atomic orbit-
als (low spin, octahedral coordination) is illustrated, with the Fe 
3deg (dz2) atomic orbitals separated from it by Δ, the ligand field 
splitting energy (Bronold et al. 1994; Nesbitt et al. 2000). The 
sulfur S 3s and S 3p atomic orbital energies are displayed (quali-
tatively) and the origins of the σ and π bonding and antibonding 
molecular orbitals for the S dimer are also shown. The molecular 
orbitals are broadened into binding energy bands (shaded or pat-
terned rectangular areas) as must occur in solids. The molecular 
orbital configuration for disulfide (S2

2–) shown in Figure 7 is taken 
from van der Heide et al. (1980). Their interpretation, however, 
has the S 3p-derived σ bond located energetically lower than the 
π bonds, whereas Kühne et al. (1984) place the σ bond at higher 
energy than the π bonds. Kühne et al. (1984) offered no explana-
tion for the difference but these experimental results support the 
interpretation of van der Heide et al. (1980).

The origin of bonding and antibonding σ and π molecular 
orbitals derived from mixing of Fe 3d and S 3p atomic orbitals is 
also shown on Figure 7. These molecular orbitals are also broad-
ened into bands (patterned and shaded rectangles) to demonstrate 
that these orbitals span a range of binding energies, as expected 
in a solid. Of particular importance to this communication are 
the Fe-S π and π* [Fe 3dt2g-S 3px,y (π*-derived)] molecular orbitals 
near the top of the valence band, and their origin requires some 
explanation. Because all S 3p orbitals are involved in S2

2– mo-
lecular orbitals, only the S-S π* (S 3px,y-derived) orbitals are of 
correct symmetry and orientation to mix with Fe 3dt2g orbitals and 
their mixing form the Fe-S π and π* molecular orbitals (bands) 
near the top of the valence band. Molecular Orbital contribu-
tions to the top of the valence band was anticipated by Burns 
and Vaughan (1970) and, although of different origin, molecular 
orbital contributions at the top of the valence band have been 
confirmed here and by experimental investigations via SL2,3 X-
ray emission spectra (Kurmaev et al. 1998).

Also illustrated in Figure 7 is the Fe 3deg surface state. Its 
binding energy is somewhat less than that of Fe 3dt2g atomic 
orbitals, as explained by Bronold et al. (1994) and Nesbitt et al. 

(1998; 2000). These XPS data suggest that Fe 3deg surface state 
overlaps with, but extends to somewhat greater energy than, the 
Fe-S π* antibonding orbitals (Fig. 7). The Fe 3deg surface state 
consequently is shown to define the top of the valence band.  As 
argued by Bronold et al. (1994) and Nesbitt et al. (1998; 2000), 
Fe-S σ molecular orbital bond scission will produce Fe 3deg non-
bonding orbitals (surface states) at the fracture surface. These 
will be stabilized relative to the other Fe 3d orbitals resulting in 
an electron occupying the orbital. Additional detailed valence 
band studies are required to confirm the outer valence band as-
signments, and particularly to confirm that Fe 3deg surface states 
define the top of the valence band of pyrite.

Implications.  The XPS data indicate that peak “c” has stron-
ger S 3p character than peak “b”, the latter peak having stronger 
Fe 3d character. The difference in character and implications are 
consistent with the calculations of Eyert et al. (1998) who find 
Fe-S σ bonds  contributing most near 4 eV whereas the Fe-S π 
and  π* molecular orbitals contribute most at about 2.5 eV and 
between 0.7 and 2 eV. Peak “b” contributions cannot be readily 
interpreted as Fe-S σ or σ* molecular orbitals, as proposed by 
most older calculations (Bullett 1982; Lauer et al. 1984; Holz-
warth et al. 1985; Folkerts et al. 1987; Temmerman et al. 1993; 
Raybaud et al. 1997).

Whereas most simulations attribute the outer valence band 
to Fe 3dt2g non-bonding orbitals (Bullett 1982; Lauer et al. 1984; 
Holzwarth et al. 1985; Folkerts et al. 1987; Temmerman et al. 
1993; Raybaud et al. 1997; Rosso et al. 1999), calculations of 
Eyert et al. (1998) indicate primarily Fe-S π* molecular orbital 
contributions to the outer valence band. The XPS data indicate 
Fe-S π molecular orbital formation, thus supporting the simu-
lation of Eyert et al. The XPS data, however, also suggest Fe 
3d non-bonding contributions at the top of the valence band. 
Their presence may result from bond scission during fracture 
(Fe surface electronic states produced) because scission leaves 
some Fe atoms under-coordinated at the surface with the rup-
tured molecular orbitals reverting to non-bonding states. Bond 
scission leaves the Fe 3dz2 non-bonding orbitals as the highest 
energy orbitals of the pyrite valence band (Bronold et al. 1994; 
Nesbitt et al. 1998, 2000).  These “dangling bonds” are conse-
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FIGURE 7. A band model of the pyrite valence 
band illustrating the approximate range of binding 
energies over which the bands extend, and their 
atomic and molecular orbital origins. The patterned 
and shaded rectangles (labeled according to 
symmetry and bond type) represent the various bands 
contributing to the spectrum. The band model for the 
S-dimer contributions is derived from the molecular 
orbital model of van der Heide et al. (1980). The Fe 
3deg and Fe 3dt2g atomic orbital splitting and other 
aspects are taken from Bronold et al. (1994) and 
Nesbitt et al. (2000). The XPS valence band of pyrite, 
shown at the left of the diagram, was collected at 1487 
eV (Fig. 4a). The indicated non-bonding Fe surface 
contribution is not a molecular orbital contribution, 
but is included to complete the band contributions 
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quently the least stable electronic states contributing to the top 
of the outer valence band. Furthermore, they are most likely to 
be detected in spectra collected at 30 to 100 eV where surface 
state contributions approach 40 to 50% of total signal (Leiro et 
al. 1998; Schaufuss et al. 2000; Nesbitt et al. 2000; Nesbitt et 
al. 2002). The hypothesis requires confirmation.
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