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Unoccupied states of pyrite probed by electron energy-loss spectroscopy (EELS)
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ABSTRACT

Electron energy-loss spectra (EELS) of pyrite (FeS,) were acquired and include the Fe K, L, 3, M, 5,
and M, edges, and the S K, L, ;, and L, edges. The core-loss edges exhibit a range of shapes and different
theories are required to understand the spectra. In the process a clear picture of the conduction-band
states as a function of energy above the band gap is obtained. This analysis reveals the extent of mixing
of unoccupied states and thus provides an understanding of the limits of interpreting core-loss edges
in light of the optical dipole limit. A unified picture of the unoccupied states is obtained by aligning
the spectra on a common energy scale relative to the published Bremsstrahlung isochromat spectrum
(BIS) and with the results of band structure calculations. This alignment allows similarities between
the spectra of different atoms to be related to mixing of local conduction-band states. The coincidence
of the Fe K and S L, ; spectral features attests to the strong hybridization of the Fe p-S 3d states. The
main Fe L, ; edges are followed by structures that confirm an Fe-S bond with a substantial degree of
mixing between Fe d° and d states. The aligned EELS spectra clearly divide the unoccupied states
into two regions. The first region is dominated by the intense d-like component of the Fe L; edge and
p-like components of the S K and L, edges. A small pre-peak at the Fe K edge aligned with the Fe L, ;
edge peak maximum is indicative of Fe 4p + 3d e, and S 3p mixing. Similarly, the pre-peak to the S

L, 5 edge arises from transitions to states with mixed S s + p + Fe 3d e, character.

INTRODUCTION

Pyrite is the most abundant and widespread natural sulfide
at the Earth’s surface, occurring in ore deposits and common in
many sedimentary, metamorphic, and igneous rocks. It is the
main Fe sulfide in porphyry copper deposits and its decomposi-
tion in mine dumps is of concern because of the generation of
toxic effluent. An understanding of its dissolution and sorption
properties can only be fully understood if its bonding proper-
ties are fully revealed. Pyrite is a semiconducting 3d transition
metal (TM) dichalcogenide with a band gap of ca. 0.95 eV and
a refractive index of between 3.5 to 5 (Sato 1984; Ferrer et al.
1990; de las Heras and Lifante 1997). Interest has focused on
pyrite because of its promising capabilities as a photovoltaic
(Ennaoui et al. 1993). In addition, the MS, dichalcogenides with
the pyrite structure exhibit a range of electronic, magnetic, and
optical properties that are of technological interest.

A molecular orbital picture of pyrite describes the bonding in
terms of (S,)*" pairs that lead to five occupied S states per pair; the
remaining antibonding S pc* states are located above the band
gap. Iron is in a 3d° state and has a low-spin 3d(t,,)(e,)" configu-
ration, as confirmed by Mossbauer and XAS spectroscopy (Thole
and van der Laan 1988; Schmidbeurmann and Lottermoser 1993).
The Fe 3d states are separated by crystal-field splitting into a
lower t,, level in the valence band, and an upper e, level in the
conduction band (Eyert et al. 1998; Opahle et al. 1999). The
Fe 3d e,-states form ¢ bonds and have a large overlap with the
S 3p orbitals (Raybaud et al. 1997). The S 3p, states dominate
over the 3p, and 3p, states in the conduction band (Eyert et al.
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1998). The S 3p. states form ¢ bonds between the two S atoms
of a pair whereas the 3p, and 3p, orbitals experience a smaller
overlap via  bonds.

A thorough understanding of the unoccupied states usually
lags behind that of the occupied states. These unoccupied states
can be efficiently explored by the excitation of core electrons
by fast electron bombardment (Egerton 1996). Electron energy-
loss spectroscopy (EELS) is an efficient method for elemental
quantification, and the shapes of the spectra provide important
information regarding bonding and local electronic structure. A
major advantage of EELS with a transmission electron micro-
scope (TEM) compared to other spectroscopies is its high spatial
resolution, which can be as small as 1 A. Detailed analysis of
core-loss edge features is possible through comparison of the
edge shapes with the results of ab initio calculations.

An EELS spectrum represents transitions from core electrons
to unoccupied states. These spectra can usually be related to the
unoccupied density of states. However, this transition process
is local and governed by dipole selection rules, so the spectrum
displays the site and symmetry-selected density of states (DOS).
The site refers to the element that is probed and the symmetry
to the orbital character of a scattered electron.

Only non-bonded electrons form core-loss edges. For ex-
ample, Fe has a ground-state electronic configuration [Ar]3d®4s>.
When bonded to S in pyrite it can be considered to be Fe**(S,)*
and so has the configuration [Ar]34®. In addition, the 3d electrons
are hybridized with the S p orbitals and so do not form core-loss
edges. Therefore, the Fe core-loss edges that are possible include
K, L, Ly, M, and M, ; involving transitions from 1s, 2s, 2p, 3s,
and 3p levels, respectively. The 3d° and 4s” electrons constitute
part of the valence band and therefore contribute to the optical
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properties of the solid and are visible as interband transitions of
the plasmon region of the EELS spectrum.

Individual core-loss edges can provide important information
about an atom. Some applications include the identification of
metal valence as well as the determination of mixed-valence
ratios (Garvie et al. 1994; Garvie and Buseck 1998; Frost et al.
2001; van Aken and Liebscher 2002; Zega et al. 2003), distinction
between low- and high-spin states (Collison et al. 1997), deter-
mination of coordination and coordination ratios (Hansen et al.
1994; Gloter et al. 2000), measurement of crystal-field splitting
(Garvie and Craven 1994), and bonding information (Brydson
et al. 1998; van Aken et al. 1999a; Garvie and Buseck 1999a;
Docherty et al. 2001). Information on the bonding is inherent in
the shapes of the core-loss edges called the energy-loss near-edge
structure (ELNES). The ELNES reflects the unoccupied, site-,
and angular-momentum-projected DOS. Some recent examples
demonstrate the utility of EELS for providing bonding informa-
tion in materials (see Keast et al. 2001 for a detailed review).
While a core-loss edge provides important information about a
single atom, a unified picture of the unoccupied states is obtained
by alignment of several core-loss spectra from the same material
on a common energy scale. This alignment allows similarities
between the ELNES of different atoms to be related to mixing
of local conduction-band states.

Here we present and compare the EELS spectra of a transi-
tion metal (TM) sulfide. Pyrite was chosen because the basic
features of the electron states are well known and thus suited
for interpretation of the core-loss edges. Our goals are to record
all core-loss EELS spectra of pyrite and illustrate differences
in spectral shapes for the different core-loss edges. We discuss
the theories necessary to understand the various core-loss edge
shapes and in the process provide a clear picture of the conduc-
tion-band states as a function of energy above the band gap. This
analysis reveals the extent of mixing of unoccupied state orbitals
and thus provides an understanding of the limits of interpreting
core-loss edges in light of the A/ £ 1 limit. An essential compo-
nent to understanding the EELS data is a comparison with the
results of other spectroscopies that map the unoccupied states
and with the results of band-structure calculations.

EXPERIMENTAL METHODS

A piece of a large cube of pyrite was crushed in methanol and a small drop of
the fine mineral suspension was dried on a lacey C film. The pyrite was checked
by powder X-ray diffraction and EDX in the TEM. Only Fe and S were detected
by EDX and EELS.

Spectra were acquired with a GATAN 766DigiPEELS spectrometer attached
to a Philips 400-ST field emission gun (FEG) TEM operated at an accelerating
voltage of 100 kV. The width at half maximum, and hence the energy resolution,
of the zero-loss peak depends on the current drawn from the FEG. Spectra up to
an energy loss of 1000 eV were acquired with an energy resolution of ca. 0.8 eV,
with current densities of ca. 5 nA. Current densities >10 nA were needed to record
the S and Fe K signals, and so the FEG tip was operated with thermal assistance
and high extraction voltage resulting in an energy resolution of ca. 1.5 eV. Spectra
were acquired in diffraction mode (the spectrometer is image coupled), thus al-
lowing control of the collection angle, 20. In this mode, the objective point for the
spectrometer is a specimen image at the strongly excited projector lens.

Typically, seven spectra were acquired for each edge, but with each spectrum
shifted in energy relative to the previous one, in order to suppress the channel-to-
channel gain variations. A dark-current spectrum was subtracted from each core-
loss spectrum, and these spectra were then aligned and summed. A background
of the form AE™" was subtracted from beneath the S L,; and K and Fe K, M, ;, and
L, edges. Use of the standard AE” power-law background subtraction technique
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was not suitable for the S L, and Fe M, edges because they are of weak intensity
and sit on the intense tails of the preceding S L, ; and Fe M, ; edges, respectively.
In order to remove the background we used the modified power-law background
subtraction routines described by Egerton and Malac (2002). Following background
subtraction the effects of the tailing of the zero-loss peak were deconvoluted using
a point-spread-function spectrum. Further details of the spectrum acquisition and
processing is given in Garvie and Buseck (1999a).

Spectrum acquisition parameters depended on the energy of the core-loss
edge. Core-loss edges up to and including the Fe L,; edge were acquired with a
0.2 eV dispersion, integration times of 1 to 3 s, collection half-angle of 10 mrad,
and < 5nA probe current. Since the intensity of the energy-differential cross section
varies approximately as E~? (Egerton 1996), where E is the energy of the core-loss
edge, longer acquisition times were acquired for the higher energy-loss features.
The S K edge was acquired with 0.5 eV dispersion, 16 mrad collection half angle,
20 s integration time, and 10 nA probe current. The weak Fe K edge was acquired
with 1 eV dispersion, 25 mrad collection half angle, 120 s integration time, and
20 nA probe current.

Pyrite is exceptionally beam-stable. No damage effects were observed, even for
the long acquisition times necessary to record the S and Fe K edges. No orientation
effects were observed in the ELNES.

RESULTS

The core-loss edges exhibit a range of shapes (Figs. 1, 2, and
3) over a 7000 eV energy-loss region.
The Fe M, ; edge (Fig. 1a) sits on the tail of the plasmon peak,
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FIGURE 1. Iron core-loss edges of pyrite. The energies of the primary
features are indicated on each spectrum.
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FIGURE 2. The Fe L, edge (a) and K edge (b) of pyrite. The L, edge
is visible as a change in slope on the Fe L, ; EXELFS. The background
beneath the EXELFS was subtracted using the cfit routine of Egerton
and Malac (2002). The Fe K edge exhibits broad, intense EXELFS
oscillations. The shaded region shows the location of the near-edge
region.

with an abrupt rise in intensity, one sharp maximum, followed
by several weak oscillations. Just above the M,; edge onset is
a change in slope corresponding to a weak partially resolved
maximum.

Weak intensity starting near 90 eV corresponds to a com-
bination of the M, edge (Fig. 1b) and the beginning of the Fe
M, ; extended energy-loss fine structure (EXELFS). No other
elements that are likely in pyrite have core-loss edges with an
onset near 90 eV. EDX spectra of the crystal studied did not reveal
any elements other than Fe and S. The features arising from the
M, edge can be separated from the EXELFS features because
of the narrow width of the peaks centered at 88.5 and 93.7 eV,
with ca. 2 to 3 eV full width at half maximum. The narrowness
of these features excludes an EXELFS origin. The intensities of
the M, edge maxima show a strong dependence on the method of
background subtraction beneath the edge, although the absolute
energies of the maxima remain constant.

The Fe L,; edge (Fig. 1c) has a characteristic two-peaked
structure with maxima for both the L; and L, edges. Following
the main L; and L, are weaker satellite peaks. This edge has a
similar shape to that recorded by X-ray absorption spectroscopy
(XAS) (Mosselmans et al. 1995; Charnock et al. 1996; Womes
et al. 1997; Todd et al. 2003).
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FIGURE 3. Sulfur core-loss edges of pyrite acquired by EELS. The
energies of the primary features are indicated on each spectrum.

The weak Fe L, edge at ca. 844 eV cannot be separated from
the intense Fe L, ; EXELFS (Fig. 2a). It is visible on the Fe L, 5
EXELFS as a change in slope at 845 eV.

The Fe K edge exhibits the characteristic saw-tooth shape,
with an abrupt rise and then gradual decrease in spectral intensity
(Fig. 2b). The energy region above ca. 2000 eV is usually the
regime of XAS, because of the low spectral intensity of the high-
energy loss spectra. Previous studies have shown that the 3d TM
K edges are accessible by EELS (Hug et al. 1995).

Weak but sharp peaks that are separated by 0.9 eV follow
the S L,; edge onset (Fig. 3a). The bulk of the S L,; edge in-
tensity occurs above the trough at 169 eV. There are a series of
peak maxima that comprise the ELNES up to 195 eV, which is
followed by the EXELFS region. The S L,; edge acquired by
XAS and EELS are similar in shape (Li et al. 1995; Todd et al.
2003).

The S K edge is well resolved, with a white-line-like peak
(Fig. 3c). Following this peak the intensity drops to a minimum
before rising again to produce a series of weaker oscillations. A
similar spectrum is recorded by XAS (Mosselmans et al. 1995;
Womes et al. 1997; Bonnin-Mosbah 2002). The S L, edge has a
white-line-like feature followed by broader less-intense maxima
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(Fig. 3b). The S L, and K spectra are similar in shape and the
white-line like feature at both edges have the same shape and peak
width. Differences in spectral intensity between the S L, and K
spectra following the white line are likely caused by the difficulty
of removing the S L, ; EXELFS from beneath the L, edge.

DISCUSSION

Origin of the core-loss edges

The basic core-loss edge shapes are dictated by atomic phys-
ics and are independent of the environment of the bonding or
the atom. For isolated atoms, calculations show that K edges
have a characteristic saw-tooth shape, L, ; edges of elements Na
to Cl have a more rounded profile, and fourth-period elements
have distinctive L, ; edges that are sharply peaked at the ioniza-
tion threshold (Egerton 1996). In a solid these edge shapes are
modified and exhibit a series of pronounced peaks within ca. 50
eV of the edge onset that are caused by the effects of the local
electronic environment.

For core-loss edges of many elements, interpretation can
be based on the one-electron approximation in which it is as-
sumed that the excitation process has no effect on the remain-
ing electrons in the atom and that all electrons experience the
same effective potential. The edges can then be interpreted by
comparing the ELNES with the density of states derived from a
band-structure calculation (e.g., Womes et al. 1997). However,
the single-electron model fails to adequately describe many core-
loss edge features because of the modification of the unoccupied
density of states by the effects of the excitation process and
subsequent relaxation process (Brydson 1991).

The creation of the core-hole and subsequent relaxation pro-
cesses are called many-body effects and include, for instance,
the response of the passive electrons to the production of a core
hole in the inner shell, interactions between the core hole and
the ejected electron, and interactions between electrons in the
final state. The magnitude of many-body effects vary and can
be important, as in the 3d TM L,; edges, or negligible as in
many metallic systems. For elements of low atomic number, the
core hole can have considerable influence on the spectral shape
(Duscher et al. 2001).

In the following discussion, each core-loss edge of pyrite is
discussed in terms of the basic physics that produces the main
edge shape, many-body effects, and orbital character of the
near-edge features.

K, L,, and M, edges. The characteristic saw-tooth shape of
the S and Fe K edges is evident when viewed over an extended
energy-loss range (Fig. 2b). This saw-tooth shape is not visible
for the S L, edge because of the difficulty of subtracting the back-
ground from beneath the edge, as discussed above. The shape
of the K edge is modified by the local electronic environment,
which produces near-edge fine structure. The Al £ 1 dipole-rule
states that the primary features of the K and L, ELNES arise
from transitions of 1s electrons to unoccupied states of p-like
character.

Both the S K and L, edges exhibit a sharp narrow peak at edge
onset caused predominantly by transitions to antibonding p states.
The dip in the spectral intensity following the peak maxima
reflects the decrease in the number of states with p character
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with increase in energy above Ep. The origin of the maximum
at 2480.5 eV corresponds to higher energy unoccupied p states,
mixed with unoccupied Fe s states (Womes et al. 1997). A series
of relatively weak, broad oscillations occur above 2486 eV, which
form by scattering of the ejected electron from nearest-neighbor
atoms and gives rise to the EXELFS oscillations.

The bulk of the Fe K ELNES can be attributed to dipole-al-
lowed s — p transitions, mixed with some S d states because
of the strong metal d-anion p mixing (Mosselmans et al. 1995;
Womes et al. 1997). The pre-peak has weak intensity compared
to the bulk of the K edge and is attributed to quadrupole 1s —
3d transitions (Westre et al. 1997).

The Fe M, edge (Fig. 1b) represents transition of Fe 3s elec-
trons to unoccupied p-like states. Previous studies of the 3d TM
M, edge did not find significant intensity at the M, threshold for
low-momentum transfers, but weak sharp peaks were observed
at larger momentum transfer, ¢ >1 A~' (Grunes and Leapman
1980).

Sulfur L,; edge. This edge has a typical rounded profile,
with a maximum ca. 20 eV above the edge onset (Fig. 3a). The
d electron has an extra potential to surmount due to its angular
momentum creating what is called a centrifugal barrier. At ener-
gies just above the ionization threshold, this centrifugal barrier
prevents overlap between the initial 2p and final-state wave
functions until the energy of the ejected electron is high enough
to surmount it (Egerton 1996).

The spectral regions of the S L,; edge include the weak
pre-peak, followed by a decrease in spectral intensity and then
a sharp rise corresponding to the main edge. The main peak
intensity is attributed to transitions that are dipole in nature, S
p — d (Muscat et al. 2002), mixed with orbital character from
the Fe p orbitals (Womes et al. 1997). At the edge onset is a
pair of peaks with weak intensity compared to the main edge.
The transitions for the pre-peak are attributed to dipole-allowed
p — s, with enhancement of the intensity by monopole p — p
transitions. The monopole enhancement reflects the s-p hybrid S
bond. The pre-peak is split by 0.9 eV, which is caused by spin-
orbit splitting. The two peaks therefore arise from transitions
from 2p;;, and 2p,), levels.

Iron L,; edge. This edge exhibits two main peaks (Fig. 1c)
that arise from transitions from the 2ps, (j = 3/2, L, edge) and
2pin (j=1/2, L, edge) levels; the energy separation between L;
and L, is equal to the spin-orbit splitting. These two peaks arise
from the two ways that the spin quantum number, s, can couple
with the orbital angular momentum quantum number, /, to give
the total angular momentum j =/ + s. Unlike the other core-loss
edges, a simple unoccupied DOS explanation cannot be used to
describe the Fe L, ; edge. Instead, the large electron correlation
in atoms with partially filled 3d shells precludes the use of a one-
particle DOS to describe the L, ; edges (Brydson 1991).

For dominantly ionic systems, the atomic multiplet approach
successfully describes the 3d L, ; edges (de Groot et al. 1990).
It takes into account the dipole transition from the 2p®3d" initial
state to the 2p°3d™! final state, the 2p-3d and 3d-3d Coulomb
and exchange interactions, the 2p and 3d spin-orbit interactions,
and the effects of the crystal field. The atomic multiplet method
has been successfully used to model spectra of Fe bonded to O
in materials in which the Fe-O bond is predominantly ionic (van
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der Laan and Kirkman 1992; Charnock et al. 1996).

For more covalent materials, e.g., the Fe chalcogenides, the
atomic multiplet approach is less suitable (Charnock et al. 1996),
and a more complicated configuration-interaction calculation
including the charge transfer effects in the ground state have to
be performed. In a bond with substantial covalency, the “sharing”
of electrons can be understood in terms of electron transfer from
anion to cation, with a mixed ground state of the form 2p%3d°
and 2p®3d’L, where L refers to a hole in the S 2p valence band.
In the final state, the 2p3d’ configuration is also strongly mixed
with a 2p3d®L configuration. Interactions of the mixed ground
and final states produce the main L; and L, peaks followed by
satellite peaks.

The Fe L; and L, satellite peaks reveal an Fe-S bond with a
substantial degree of mixing between d® and ¢’ states for Fe. Such
peaks have also been observed at other edges, such as the Ce M, 5
edge of CeO, (Kotani and Ogasawara 1997; Garvie and Buseck
1999b). Thus, the main L; peak results from p — d transitions,
while its satellite peak derives from a combination of dipole p
— d and monopole p — p transitions.

Iron M, ; edge. The 3d TM M, ; edge difters in shape to the
corresponding L, ; edge (Fig. 1) because the discrete 3p energy
level interferes with the broad continuum states, ed, producing
a broad asymmetric edge called a Fano resonance (Fano 1961;
Jach and Girvin 1983). Constructive interference between the
bound and continuum states accounts for the large peak inten-
sity at the Fe M, peak onset. Therefore, the spectrum cannot
be simply described in terms of the empty DOS. Close to the
peak onset a pronounced minimum occurs at an energy where
the transition amplitudes of the discrete state and the continuum
interfere destructively.

Although the M,; ELNES cannot be compared with the
results of a DOS calculated by a one-electron band-structure
method, this edge does exhibit valence-specific structure because
the continuum states are influenced by the oxidation state (van
der Laan 1991; van Aken et al. 1999b). A calculation using a
localized description for the 3d" to 3p*3d™! excitation that in-
cludes 3p and 3d spin-orbit interaction in octahedral symmetry
successfully reproduces the main Fe M, ; edge shape of pyrite
(van der Laan 1991).

ELNES interpretation

Band structure calculations of pyrite reveal a conduction band
with strong contributions from Fe 3d and S 3p states between
ca. 1 and 4 eV, aca. 2 eV gap with low DOS, and an increase in
states that are dominated by S states (Eyert et al. 1998; Muscat et
al. 2002). The lowest part of the conduction band can be further
separated into the 1.5 to 3 eV region with strong contributions
from Fe 3d states, and the 3 to 4 eV region that is dominated
by S 3p states (Eyert et al. 1998). Above ca. 7 eV the conduc-
tion band has significant contributions from S 3d states. These
calculations reveal strong hybridization between the S 3p band
and the nearly dispersion-less e, band.

This division of the lower 5 eV of the conduction band into
two parts is clearly visible from the Bremsstrahlung isochromat
spectrum (BIS) (Fig. 4), and also with the ultraviolet inverse
photoemission spectrum (Puppin et al. 1992). A BIS spectrum
maps the total unoccupied DOS as a function of energy without
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FIGURE 4. Alignment of the core-loss edges of pyrite and comparison
with the BIS spectrum and the calculated unoccupied states. The Fe
K edge acquired by XAS (Womes et al. 1997) is shown instead of
that acquired by EELS because of the higher energy resolution of the
XAS spectrum. The Fe M, ; edge is not shown because the significant
interaction between the bound and continuum states produces the intense
Fano resonance, which cannot be easily interpreted in terms of a simple
DOS. In addition, the S L, edge is not shown because it has the same shape
as the corresponding K edge. The hybridization satellite of the Fe L; edge
is shown on an expanded scale for comparison with the other spectra.
The letters A through D refer to features described in the text. Calculated
unoccupied DOS adapted from Raybaud et al. (1997). Bremstrahlung
isochromat spectrum (BIS) adapted from Folkerts et al. (1987).

influence of a core-hole potential (Fuggle 1992). The pyrite BIS
spectrum (Folkerts et al. 1987) exhibits a broad peak with four
maxima, peaks A, B, C and D. Peak A derives from transitions
to Fe e, states, with some S 3p, and 3p, + 3p, contribution, and
peak B from S 3p, mixed with Fe 3d e, and minor t,,. The S 3s
states make little contribution to the lower part of the conduction
band (Eyert et al. 1998). The separation of the Fe d- and S p-
derived peaks of the BIS spectrum is predicted by the calculated
separation between the Fe 3d e, and S 3p bands (Opahle et al.
1999, 2000).

Alignment of the core-loss edges of pyrite on a common
energy scale (Fig. 4) allows similarities between the ELNES of
the different atoms to be related to mixing of conduction-band
states. Similar alignments were done for the Fe K, L;, and S K
(Mosselmans et al. 1995; Womes et al. 1997) and S K, L, 3, and
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Fe K (Li et al. 1995) edges acquired by XAS from pyrite. Peaks
at similar energies represent transitions to mixed states or at least
states of similar energy. Since the primary orbital character of the
first feature in each core-loss edge is known, they are aligned with
the corresponding feature in the BIS spectrum and DOS plot. The
white-line peak maximum of the S K edge, which is assigned to
unoccupied 3p states (Womes et al. 1997), is aligned with peak
B of the BIS spectrum. Similarly, the main Fe L; peak maximum
represents transitions to unoccupied d-states is aligned with peak
A of the BIS spectrum. The maxima of the Fe L; and S K edges
are separated by ca. 1 eV reflecting the separation between peaks
A and B in the BIS spectrum and partial DOS plot. Since the
small pre-peak to the Fe K edge arises primarily from 1s — d
transitions it is aligned with peak A of the BIS spectrum. The
first peak of the S L,; edge is dominated by transitions from S
2p — 3p states, and so the first maximum is aligned with peak
B of the BIS spectrum.

In the aligned spectra, the origin of the energy scale is taken
at the bottom of the Fermi level, E. The aligned EELS spectra
clearly divide the unoccupied states into two regions below and
above 5 eV, which is also matched by the energy separation in the
BIS (Folkerts et al. 1987) spectrum and DOS plot (Raybaud et al.
1997). Aminimum in EELS spectral intensity separates these two
energy regions. In doing this alignment, we find remarkable con-
currence among the spectral features above the 5-eV minimum
and to the BIS spectrum and DOS plot (Fig. 4). Comparing the
Fe K and S L, ; edges above C, we observe similar edge shapes
up to ca. 12 eV and conclude that Fe p states are hybridized with
S d orbitals. There is also close correspondence between the S
and Fe K edge spectral features from 5 to 12 eV. It is therefore
concluded that the S K edge structures in this region represents
hybridized S and Fe p states.

The Fe L; hybridization satellite has a rise in intensity, and
a broad maximum that parallels that seen at the Fe K and S L,
edges above 5 eV. This similarity confirms its origin as arising
from Fe—S covalency. This interpretation is in contrast to that
given by Womes et al. (1997), who attribute this structure to
transitions of Fe 2p — 4s. The high degree of covalency of the
Fe—S bond results in an hybrid Fe L, ; edge that has the overall
features of an L, ; edge arising from quasiatomic transitions, but
with significant modification caused by the high degree of the Fe
3d e, — S 3p overlap. Thus, this overlap results in the formation
of ELNES features that align with structures belonging to the
other edges with which the Fe 3d electrons mix.

The correlations between different EELS spectra of the same
material is shown to be effective at probing the nature of empty
conduction band states just above the Fermi level. Analysis of the
ELNES is a powerful method of understanding the distribution
of states and the degree of mixing of these states. Similar data
are obtained by comparison of XAS spectra since both XAS and
EELS probe the atom-resolved, partial density of unoccupied
states. One advantage of superimposing the various spectra is the
identification of higher-energy unoccupied states. These states are
not normally accessible by ab initio calculations, which usually
only include the first ca. 5 eV above the Fermi level.

Alignment of the edges on a common energy scale reveals a
conduction band that is split into two regions. A lower-energy
region between 0 and 5 eV in which there are distinct and sepa-

rated ELNES features corresponding to transitions to S p (K edge)
and Fe d (L; edge) states. Weaker features in this region at the
Fe K and S L, ; edges attest to mixing of Fe p, d, and S s and p
states. And the higher energy conduction band states above 5 eV,
in which there is close correspondence of all spectral features of
the edges implying substantial mixing of Fe and S states.
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