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Atomically resolved electronic structure of pyrite {100} surfaces: An experimental and
theoretical investigation with implications for reactivity
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ABSTRACT
Clean pyrite {100} surfaces, generated by cleaving in UHV, were investigated using scanning
tunneling microscopy and spectroscopy for the purpose of understanding the electronic structure at
the surface. Calculations of the surface atomic structure and LEED data support a {100} surface
structure that undergoes very little relaxation and can be approximated by a simple termination of the
bulk structure along a plane of cleaved Fe-S bonds. UPS spectra show a well defined peak at ~1 eV
forming the top of the valence band for the near surface. Calculated densities of states for the bulk
crystal suggest that this band is comprised primarily of non-bonding Fe 3d t2g character and lesser S
3p and Fe 3d eg character. Slab calculations predict that the loss of coordination at the surface results
primarily in the displacement of Fe 3dz -like surface states into the bulk band gap. Evidence for this
surface state is found in low bias STM imaging and normalized single-point tunneling spectra. Calculations of the LDOS at surface Fe and S sites indicate that the highest occupied state is primarily of
3dz -like character and the lowest unoccupied state is of mixed Fe 3dz -S 3p character. The results
predict that due to the dangling bond surface states, Fe sites are energetically favored over S2 sites for
redox interaction with electron donors or acceptor species on this surface. Surface redox reactions
are expected to involve the quenching of these high energy dangling bonds, leading to new bonds and
surface species, changing the chemical makeup of the surface.
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INTRODUCTION
Pyrite (FeS2) plays an important role as an electron source
in many redox-based geochemical and biogeochemical processes such as the cycling of S, Fe, and other elements in the
environment (Luther et al. 1992; Calmano et al. 1994; Nimick
and Moore 1994), precious metal ore deposit formation (Nash
et al. 1981; Jean and Bancroft 1985; Bakken et al. 1989; Hyland
and Bancroft 1989; Starling et al. 1989), and the generation of
environmentally hazardous acid mine drainage (e.g., Jambor
and Blowes 1994). It is also a photovoltaic semiconductor (0.9
eV bandgap) with potential applications in solar energy conversion (e.g., Bronold et al. 1994a). As such, there has been
much interest in understanding the fundamental reactions involved in the oxidative dissolution of pyrite.
Most of the groundbreaking solution phase research to that
end was conducted prior to the early 1980s (see references in
Hiskey and Schlitt 1981; Lowson 1982; and Nordstrom 1982).
Key mechanistic aspects of the oxidative process have been the
topic of current spectroscopic and microscopic investigations
such as the exact interaction of the oxidant with surface sites,
the role of water as a reactant (i.e., Taylor et al. 1984; Reedy et
al. 1991), and the influence of surface microtopography and
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defects to name a few. Recent contributions in this regard have
highlighted the complexity of the problem at hand by identifying a variety of reactive sites, introducing the interesting possibility that distinctly different oxidation mechanisms may be
proceeding across the pyrite surface (Eggleston et al. 1996;
Nesbitt et al. 1998; Schaufuss et al. 1998). The issue largely
hinges around the atomic structure of the pyrite surface that,
when exposed by cleavage is known to be quite variable. Pyrite generally has poor cleavage quality along {100} planes
and such surfaces can be macroscopically characterized as an
unpredictable combination of {100} terraces and “conchoidal”
deviations. Using scanning tunneling microscopy (STM) on
pyrite cleaved in air, Eggleston et al. (1996) resolved true {100}
surface domains at the atomic scale, which were separated by
a high density of steps. There, important observations were
presented of the oxidation of {100} surface iron states and the
unique influence of nearest neighbor Fe on the lateral progression of oxidation. At unoxidized areas of the surface, both the
highest occupied and lowest unoccupied states were attributed
to Fe 3d states. Recent photoelectron spectroscopy work
(Bronold et al. 1994b; Nesbitt et al. 1998; Schaufuss et al. 1998)
has also identified important reactive surface sulfur states on
in-vacuum cleaved pyrite, indicating the presence of
monosulfide species from broken disulfide bonds formed as a
result of cleavage. Similarly, reactive S-deficient defects have
been observed using temperature programmed desorption
(TPD) and photoemission of adsorbed xenon (PAX) on in1535

