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Fig. 19. Unit cell of the pyrite slab employed in the study. The bottom surface is

covered by water molecules. Figure reprinted with permission from Ref. [109].

© 2007, American Physical Society.

Fig. 20. Difference of the ELF (at an isosurface value of 0.8) for the ideal and

defective surface along with part of the slab used for the defect calculation. The

corresponding contributions represented in green and blue color are present in

the defective and ideal cases, respectively. Figure reprinted with permission from

Ref. [156]. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

© 2006, American Chemical Society.

in addition to the presence of non-stoichiometric defect sites

(e.g., the monosulfide), the existence of structural defects that

include steps, kinks, and atomic vacancies play significant roles in

the reactivity of solid surfaces [157]. Rosso and coworkers [158]

investigated the cleaved pyrite surfacewith STMwith an emphasis

on characterizing the intrinsic defects associated with themineral.

In addition to characterizing the step edges, aligned along the

�10�, and �11� directions, the results from this study using STM

suggested that the local DOS on step, kink, and corner sites were

similar to the flat {100} terraces. Furthermore, the geometric

structure with respect to the iron lattice was also similar. The

authors concluded that if monosulfide defect sites exist at step

edges, their presence does not lead to occupied electronic states

at higher energy than the dz2 dangling bond states at Fe sites.

This prior study also brought forward the notion of defects on

the pyrite surface that were associated with iron vacancy sites.

Fig. 22 presents a series of STM images taken over a period of

approximately 3 min. The bright atoms are Fe and sites labeled

‘‘A’’ and ‘‘B’’ are vacancies on a pristine cleaved pyrite surface.

Subsequent images show a filling in of these sites, presumably

Fig. 21. Projected density of states (PDOS) of the sulfur p and iron t2g and eg sets of

orbitals for the ideal (a) and the defective (b) pyrite (100) surface with their Fermi

levels shifted to 0 eV; the state created in the gap by the point defect is marked by

an arrow in (b); a Gaussian broadening with a width of 0.03 eV was used. Figure

reprinted with permission from Ref. [156].

© 2006, American Chemical Society.

due to Fe diffusion. The images also show the mobilization of an

Fe atom at the corner site (denoted by C). The activation energy

barrier for diffusion of an Fe atom across a {100} terrace was

estimated to be as low as 0.10 eV and as high as 0.24 eV, depending

on the direction of the self-diffusion. The implications of these

observations will require further experiments, but it is likely that

the under coordinated sites that show this mobility serve as highly

reactive sites when brought into contact with gaseous or liquid

reactant.

3.3.2. Photoelectron spectroscopy of adsorbed xenon
While STM results have revealed the nature of defects on pyrite

with atomic resolution, the use of photoemission of adsorbed

Xe (PAX) [159] has been used to obtain a global view of the

heterogeneity of the pyrite surface. Guevremont et al. [160–162]

showed that Xe 3d XPS of a sputter cleaned pyrite surface at

80 K in equilibrium with a backpressure of Xe gas showed at

least two distinguishable Xe 3d core level positions (see Fig. 23.)

The differences in the positions of the Xe 3d core level positions

were attributed to Xe adsorbed on the stoichiometric and defect

sites (presumably in part including monosulfide sites.) An analysis

using PAX suggested that up to 25% of the surface was associated

with defect sites, which likely could include not only monosulfide,

but also step, kink or even Fe-vacancies. This estimation of defect

density is higher than 10% determined for the monosulfide site

on vacuum cleaved pyrite, presumably because PAX is sensitive to

the entire collection of defect sites. PAX also proved to be a useful

technique to determine the binding site of small adsorbates, which

is presented below.

3.4. Studies of related clean sulfide surfaces

We restrict ourselves in this subsection to selected surface

studies of iron sulfides that include marcasite (FeS2), pyrrhotite
(FexS1−x), and troilite (FeS). This subsection is not meant to be

an exhaustive review of these minerals, but instead to bring out

similarities and differences between pyrite and other important

iron sulfide minerals.

3.4.1. Marcasite
Marcasite, a dimorph of pyrite has the S2 motif, but unlike

pyrite adopts an orthorhombic structure with linear chains of edge

sharing cation octahedra [163] (see Fig. 24). Calculations [93,95,
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FIGURE 2. Structural and bonding relations in the near-sur-
face region of a pyrite fracture surface, and a XPS S(2p) spec-
trum of a fractured pyrite surface (modified after Bronold et al.
(1994). (a) Arrangements of S and Fe ions exposed on an atom-
ically rough surface approximately parallel to the {001} plane.
Black dots � Fe2� ions. Shaded circles � S atoms of disulfide
situated in a plane immediately ‘‘above’’ the plane containing
the Fe ions. Large open circles � S atoms of disulfide located
in a plane beneath the plane containing the Fe ions. (b) A ball
and stick equivalent of (a). Dots � Fe2� ions Disulfide, pairs of
patterned and open circles connected by a wedge-shaped line.
Patterned circles are situated ‘‘above’’ the Fe plane, and open
circles below it. The thick end of the connecting line indicates
the ‘‘tilt’’ on the disulfide. Thin straight lines represent Fe-S
bonds. The large circle labeled ‘‘a’’ represents the surface states
of monosulfide; (‘‘b’’), the surface-most S atom of the surface
disulfide; (‘‘c’’), fully coordinated near-surface S atoms of disul-
fides; and ‘‘c*’’ S atoms of bulk disulfide. A polysulfide surface
state (S ) is also noted. (c) An S(2p) XPS spectrum of a frac-2�

n

tured pyrite surface at the bottom of the diagram illustrates the
various contributions to the spectrum by the letters, which cor-
respond to the various surface and bulk states of the above ball-
and-stick diagram.

FIGURE 3. High resolution Fe(2p3/2) (a) and S(2p) (c) spectra
of vacuum-fractured pyrite. (b) is an expansion of the high-en-
ergy tail. Spectrometer settings were 50 eV pass energy and 300
�m X-ray spot size for collection of the spectra. Other instru-
mental settings and conditions are provided by Splinter et al.
(1997). Circles � experimental data. Thick solid curves � the
fit to each spectrum. The disulfide doublet is separated by 1.18
eV and both have the same FWHM. The light solid line is the
Shirley background.

eV). These large binding energy shifts are unexpected for
an autocompensated surface, and indicate that the surface
states differ substantially from the bulk disulfide.
The XPS Fe(2p3/2) spectrum of pyrite has a major peak

near 707 eV and an unusual, low intensity, wedge-shaped
tail on the high energy side of the main peak (Fig. 3a).
It has no peak maximum hence is uncharacteristic of a
shakeup or other satellite peak. Neither can it be easily
explained as a ‘‘metal-like’’ tail (Doniach and Sunjic
1970) because its shape differs from that of Fe metal

peaks (Nesbitt and Muir 1994). As pyrite remained a
semiconductor in this study and in all XPS studies re-
ported here, the tail cannot be explained by the Doniach-
Sunjic ‘‘process’’ (the conduction band of pure pyrite is
empty, but it may be somewhat populated if dopant levels
are significant). The wedge-shaped tail of the Fe(2p)
spectrum may result from photoelectron emissions from
Fe surface states and this possibility is investigated.

Pyrite {001} cleavage surface
Based solely on structure and number of bonds rup-

tured, the {001} cleavage of pyrite should be near-per-
fect, as it is for halite. Planes parallel to the {001} surface
of pyrite (and equidistant from face-centered Fe ions) in-
tersect only Fe-S bonds and their cleavage produces the
‘‘rocksalt cleavage surface’’ shown in Figure 1a. This sur-
face is autocompensated as shown by the following cal-
culation. Using the formalism of Gibson and LaFemina
(1996) and Harrison (1980), we begin with neutral Fe and
S atoms (the same conclusions are reached if one begins
with Fe2� and S ions). Each Fe atom would have two2

2�

valence electrons available to contribute to creation of
each of the six Fe-S bonds, thus contributing a third of

M. Bronold et al., Surf. Sci. Lett. 314 (1994) L931.
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trum of the pristine pyrite surface. The multiplet structure of
Fe2+ in C4v symmetry followed from the argument of Schau-
fuss et al.,16 that the d2 multiplet structure of Cr5+ was the
best analog. The Cr5+ free ion multiplet structure calculated
by Gupta and Sen was therefore used,43 consisting of four
peaks, each separated by about 1 eV. We have also adopted
the free ion d1 multiplet structure, consisting of three multi-
plet peaks as the best analog for surface Fe3+ ions.42,43

The interpretation of the XPS results proposes the pres-
ence of monomeric !S2−" and dimeric !S2

2−" sulfur species,
Fe2+-S !intermediate spin", and Fe3+-S !high spin" species at
the surface of fractured pyrite. The following sections de-
scribe and discuss ab initio calculations that have been per-
formed in order to corroborate the spectroscopy examination.

V. THEORETICAL RESULTS AND DISCUSSION

A. The valence band of the pyrite (100) surface

The pyrite surface has poor !100" cleavage,46 producing a
rough surface in which either Fe-S or S-S bonds, or both,
may be broken. These three cases are represented in Fig. 6.
Breaking the S-S bond between the S dimers results in two
different asymmetric surfaces, A and B. In surface A, the Fe
atoms on the surface are three-coordinated, with the S mono-
mers resulting from the S-S bond breakage in the surface
below being three-coordinated. The opposite face from this
type of cleavage is represented in surface B, where the S
monomers on the surface are now singly coordinated while
the Fe atoms in the layer below are octahedrally coordinated
as in the bulk. Finally, in the bulk terminated surface C, the
S atoms closest to the surface are three-coordinated S dimers
resulting from the Fe-S bond breakage.

The experimental evidence suggests that all observed sur-
faces exhibit the same electronic structure, from which we
have to conclude that the pure surfaces shown in Fig. 6 de-
part from reality, and that the actual fracture surface is a
mixture between these. Modeling surfaces A to C by arbi-
trarily assigning a charge of −1 to the S atoms and a charge
of +2 to the Fe atoms, and performing a spin polarized cal-
culation, shows that surface C !the bulk terminated surface"
is absolutely stable with no appreciable surface reconstruc-
tion. Surface B is stable except for the surface S monomers,
which undergo some lateral movement, while surface A un-
dergoes significant reconstruction. Therefore, to simulate a
“ruptured” surface, which is a combination of these three
surfaces, we use surface B as the starting point for our cal-
culations, from which half of the S monomers are then re-
moved. This results in a ratio of exposed surface monomers
to surface dimers of 1:2, which is as observed by experiment.
The resulting surface is shown in Fig. 7, where the removal
of surface monomers results in under-coordination of the Fe
atoms, whose Fe-S bonds have been broken.

It has been suggested by Nesbitt et al. that the surface S
monomers acquire a charge of −2 through charge transfer
from a surface Fe2+ ion,18 transforming this ion into an Fe3+

ion. For our model, we have therefore assumed a charge of
−2 for the surface monomers, a charge of −1 for all dimers,
both on the surface and in the bulk, and a charge of +2 for all
Fe ions, except those bound to a surface monomer, which are

assigned a charge of +3. While this charge distribution may
be arbitrary, it must be understood that it constitutes only a
starting value and does not influence the final charge distri-
bution. The overall charge on the modeled slab remains zero
throughout.

The resulting DOS contributed by S is shown in Fig. 8. As
expected, the surface monomer SA, having lost its bond to
another S atom, no longer displays the S 3s! bonding and !*

antibonding pair of bands which appear in the bulk at bind-
ing energies of 12.0 and 14.7 eV, respectively. Instead, it

FIG. 6. Side-on view of the pyrite !100" surface, with different
bonds broken. S atoms are light gray, Fe atoms are dark gray, and
the surface under investigation is to be found at the top of the figure
in each case, perpendicular to the plane of the paper. The top sur-
face of !a" represents a cut through S-S bonds of the S dimers, such
that the atoms closest to the surface are three-coordinated Fe atoms,
and the layer below this is made up of three-coordinated S mono-
mers which result from the breakage of the S-S bond. The “other
half” resulting from such a cleavage is represented in !b", with the
top layer of atoms made up of singly coordinated S monomers. !c"
is the bulk-terminated surface resulting from the breakage of the
Fe-S bond, with the top layer consisting of three-coordinated S
dimers. The next layer down contains five-coordinated Fe atoms. In
each case, the bulk below the surface, consisting of all but the top
two !a", four !b" or three !c" atomic layers, will be constrained in
the calculations, with only the surface layers allowed to relax.
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antibonding pair of bands which appear in the bulk at bind-
ing energies of 12.0 and 14.7 eV, respectively. Instead, it

FIG. 6. Side-on view of the pyrite !100" surface, with different
bonds broken. S atoms are light gray, Fe atoms are dark gray, and
the surface under investigation is to be found at the top of the figure
in each case, perpendicular to the plane of the paper. The top sur-
face of !a" represents a cut through S-S bonds of the S dimers, such
that the atoms closest to the surface are three-coordinated Fe atoms,
and the layer below this is made up of three-coordinated S mono-
mers which result from the breakage of the S-S bond. The “other
half” resulting from such a cleavage is represented in !b", with the
top layer of atoms made up of singly coordinated S monomers. !c"
is the bulk-terminated surface resulting from the breakage of the
Fe-S bond, with the top layer consisting of three-coordinated S
dimers. The next layer down contains five-coordinated Fe atoms. In
each case, the bulk below the surface, consisting of all but the top
two !a", four !b" or three !c" atomic layers, will be constrained in
the calculations, with only the surface layers allowed to relax.

Ab initio AND X-RAY PHOTOEMISSION… PHYSICAL REVIEW B 72, 235427 !2005"
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been shown that particular iron sulfide surfaces facilitate chem-

istry that would be otherwise associated with metal and/or metal

oxide surfaces under heterogeneous catalysis conditions. For ex-

ample, it has been shown that pyrrhotite (FexS1−x) slurries at high
pressure (exceeding 100MPa) and at elevated temperatures facili-

tate Fisher Tropsch chemistry [12,13]. Also, it has been shown that

under hydrothermal conditions ferrous iron sulfide can catalyze

dinitrogen conversion to ammonia [14]. The reaction of iron sul-

fides under these extreme conditions has also been postulated to

be relevant to prebiotic chemistry [10,15].

The development of a microscopic understanding of the

molecular controls that determine the surface reactivity of pyrite

in the before-mentioned environments has been intimately linked

to the development of a sophisticated suite of surface sensitive

probes. For example, synchrotron-based techniques and infra-

red techniques have allowed an unprecedented view of the

buried interface that often characterizes the working surface of

an environmentally relevant mineral. Such studies have nicely

complimented parallel studies over the years that have been

restricted to the study of iron sulfides under well-defined vacuum-

based conditions. These experimental studies taken together with

an ever advancing theoretical framework have led to a deep

understanding of this important mineral.

The current contribution will review the progress that is

being made via theoretical and experimental efforts focused on

investigating the reactivity of pyrite. Emphasis will be placed

on the how the surface chemistry exhibited by this mineral is

related to particular environmental and industrial processes. The

review will highlight how surface speciation, electron transfer,

secondary mineral phases, short-range order, and structure

sensitivity contribute to the sulfide mineral surface chemistry.

Furthermore, the contribution will introduce other iron sulfides

such as the dimorph marcasite (FeS2), pyrrhotite (Fe1−xS) and

the FeS endmember, troilite, for comparative purposes. Rosso

and Vaughan have recently reviewed the surface reactivity of a

variety of metal sulfides [16]. While there is some overlap with

this earlier contribution, we have tried to restrict our review

primarily to pyrite which has allowed us to treat this mineral in

somewhat more detail than has been done before. This reviewwill

briefly include the influence of microbes (there are more complete

reviews on this particular aspect [17]) on these environmental

processes for completeness, but will primarily focus on abiotic

chemistry.

2. Pyrite structure and samples for surface science studies

2.1. General structure

Pyrite crystallizes in a rock salt type structure (face-centered

cubic) and belongs to the space group Pa3 [18]. Themineral adopts

a cubic NaCl-like structure with the Fe atoms on the corners and

face center positions of the unit cell and the S2 units lie at the

midpoints of the twelve edges and in the center of the cube. The

sulfur dimers occupying the anion sites along the �111� directions
reduce the crystal symmetry from that of the rock salt structure.

The unit cell of pyrite contains four FeS2 formula units. Fig. 1

shows the pyrite unit cell with full dimers at the midpoint of each

edge. The unit cell is completely defined by the cell wall length,

or cell parameter, a0, and the S coefficient, u, which defines the

coordinates of each S atom in the unit cell. The crystal structure of

pyritewas published in 1914 by Bragg [19], and the parameters are

now generally accepted as a0 = 5.416 Å and u = 0.385 Å [20,21].

Each Fe is coordinated to six S atoms creating a distorted octahedral

field, while each S atom is coordinated to 3 Fe atoms and its dimer

partner.

Fig. 1. Atomistic representation of the pyrite unit cell. Brown spheres represent Fe

and yellow spheres represent S.

Pyrite cleaves poorly and fractures conchoidally with {100}

cleavage being the most common, but {021}, {111} and {110}

cleavage is also observed [22]. Growth of the {100} plane forms

a cubic structure, while the less common growth in both the

{111} and {100} planes creates a cubo-octahedral form while a

pyritohedral form is defined by the {210} plane, although other

forms have also been reported [23]. Surface science studies have

generally been conducted on the pyrite {100} plane, but some

studies have addressed the {111} plane andwill be presented later.

Fig. 2 shows idealized terminations of the pyrite bulk that generate

the {100} and {111} planes.

Abraitis et al. [24] have reviewed the types and concentrations

of impurities found in natural pyrite. Their analysis shows that

natural pyrite (with the overall S:Fe ratio being close to 2) contains

a variety of trace Ag, As, Au, Bi, Cd, Co, Cu, Hg, Mo, Ni, Pb, Pd, Ru, Sb,

Se, Te, Zn and up to a few % of some elements (e.g., As, Co, Cu).

Specific elements can exist as substitutions in the pyrite lattice

or as inclusions. Depending on the impurity, the natural pyrite

semiconducting mineral can show p-type (typically containing

As) or n-type conductivity. Conductivities can range from 0.02 to

562 (� cm)−1
, with themean conductivities for p andn-type pyrite

being 0.5 and 56 (� cm)−1
, respectively [24].

2.2. Types of samples for surface science studies

Surface science studies of the iron sulfides have been carried

out on surfaces associated withmineral powder, surfaces resulting

from the fracturing of the mineral, as-grown surfaces, and those

associated with synthetic thin films. The following will briefly

review some aspects of these different samples.

2.2.1. Powder or crushed iron sulfide
Studies involving the use of pyrite powder have generally

been confined to investigations concerned with the rate of pyrite

oxidation in various oxidizing environments and in experiments

that have investigated the chemistry of the sulfide under

hydrothermal conditions. Rate measurements of pyrite oxidation

typically involve themeasurement of aqueous sulfate and iron and

such measurements are aided by the relatively high surface area

afforded by crushed pyrite.

In the realm of surface science studies, crushed pyrite has been

shown to be particularly convenient for attenuated total reflection

Start from the clean surfaces, state-of-the-art DFT 
calculations can do:

Structural properties: stability of various surfaces and 
interfaces, formation energies for different deficiencies…
Electronic Properties: band structure, density of states, 
defect states, charge rearrangements…
Optical properties: X-ray adsorption spectrum…
Magnetic properties: local magnetization, magnetic 
ordering, magneto-optical properties...

Pyrite Surfaces
Studies of various Pyrite surfaces are important 
to the further development of pyrite: the growth 
of high-quality films and passivation of under-
coordinated iron atoms at the crystal surface.

to improve the photovoltage of pyrite



DFT calculation details

• DFT calculations with the plane-wave-based 

Vienna Ab initio Simulation Package (VASP)

• Potential: PAW-GGA(PBE)

• Energy cutoff: 300 eV

• Kpoints: 8!8!1 MK 

• Atomic model: a seven-layer slab with a vacuum 

of ~15 Å thick 
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Summary

! Using density functional calculations, we studied the 
structural, energy and electronic properties of various 
Pyrite surfaces. 

! The band gap is closely related to the electronic states 
of surface. Detailed analyses on surface states can 
provide useful information for the control of surface 
defects and band gap.

! Surfaces with different vacancies and defects will be 
studied by DFT calculations through collaborations 
with experimental and other theoretical efforts.


