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Abstract: The electronic properties of FeS,(100) surface were studied by using a density functional theory ( DFT)

method. The very stable (100) surface does not give any significant geometric relaxation and can be regarded as a simple

termination of the bulk structure along a plane of cleaved FeS bonds. The electronic structure of FeS;(100) surface is

characterized by surface states in its forbidden zone. The highest occupied and the lowest unoccupied states localize at sur-

face Fe sites. Fe sites are energetically favored over S, sites for redox interaction with electron donor or acceptor species on

(100) surface.
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1 INTRODUCTION

The reactivity of the FeS( pyrite) surface is of
particular important in the engineering applications,
including sulfide minerals flotation' ", bioleaching of

[2]

low-grade chalcopyrite-containing ore'™, coal pro-

cessing, hydrometallurgy, environmental engineer
ing, geochemistry, and photovoltaic cell, etd”. Es-
pecially, an understanding of how pyrite surfaces in-
teract with flotation reagent molecules will aid in the
design of more effective flotation suppressants, which
would effectively separate the desirable ores from
pyrite.

A number of recent experimental studies have
been performed on the surfaces of pyrite. Low energy
electron diffraction( LEED) and low energy ion scat-
tering results'”, and scanning-tunneling microscopy
(STM)"! images indicate that FeS, (100) surface
prepared via cleaving is essentially unreconstructed.
For the clean (100) surface of n-FeS; single crystals,
the surface electronic structure has been analyzed by
photoelectron spectroscopy with different excitation
energies ° and evaluated on the basis of ligand field
theory. According to these results, surface states o-
riginate from a symmetry reduction of the Fe coordir
nation at the surface sites. But there are only a few
theoretical calculations on the electronic structure of
FeS,(100) 7.

FeS> ( 100) surfaces are known to be cleaved
poorly. As aresult, (100) surfaces of real FeS; sam-
ples are likely to have a high density of defects and
imperfections such as steps and kinks, which expose

low-coordination(< 5). The aim of the present paper
is, by using first-principles calculations, to build up a
detailed picture of the energetic, atomic structure and
electronic structure of the clean, defect-free stoichio-
metric FeSy( 100) surface, which will set up the basis
for the study of ( 100) surface with steps and kinks.
The calculations are based on the density-functional
pseudo-potential approach, which has already been
proved highly successful in many previous studies of
oxide surfaces. Our previous work!® on the applica-
tion of density-functional theory( DFT) of the study
of bulk pyrite shows that such methods are capable of
producing calculated bulk properties such as lattice
constants and bulk moduli which agree well with ex-
perimental results, and provide a foundation for the
present study of pyrite surfaces.

2 METHODOLOGY

In the present study, the Cambridge Serial Total
Energy Package( CASTEP) program was used. The
theoretical basis of CASTEP is the DFT!®! in the local
density approximation ( LDA) or gradient-corrected
LDA version, as developed by Perdew''” with the
application of a pseudo-potential concept. First-prin-
ciple, norm-conserving pseudo-potentials in Klein-
marr Bylander representation were generated using the
optimized scheme of Lin et all''l in order to reduce
the required value of the plane-wave cut-off E .. The
LDA exchange correlation energy was represented by
the Ceperley-Alder formula''”. The selfconsistent

ground state of the system was determined using the
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CarParrinello approach, in which the total energy
was minimized with respect to the plane wave coeffr
cients of the occupied orbital.

2.1 Bulk simulation

FeS, crystallizes within space group T {-Pa3 with
four formula units FeS, per unit cell, as shown in
Fig. 1''l. Each Fe atom is coordinated to six S atoms
in a slightly distorted octahedron, and each S atom is
coordinated to three Fe atoms and one S atom in a
distorted tetrahedron. The S— S bond is oriented a
long body diagonals of the cubic cell. A supercell ap-
proach was used by applying the three-dimensional
periodic boundary condition to the FeS, unit cell. T he
structural properties of bulk FeS, were investigated by
calculating the total energy for the unit cell as a func
tion of the lattice parameter a¢ and of the Wyckoff
parameter u.

Fig. 1 Bulk FeS; unit cell
2.2 Surface models

A general view of the stoichiometric ( 100) sur

face of FeS; is shown in Fig. 2. This surface termina-
tion was suggested by a recent STM study of FeS;
(100) 11,

structure is as follows. The (100) surface where no

The terminology of the ( 100) surface

S> pair is broken and that keeps the S— Fe— S triple
layer intact is by far the stablest and is the one to be
considered here. With this choice of the surface plane
position, the surface atom is a sulfur one. This atom
has a sulfur atom and two iron atoms as neighbors and
is only missing one Fe neighbor compared with the
situation in the bulk. The Fe atom just below is
bonded to five S, pairs instead of six for the bulk.

bo'2:e28

T

Fig. 2 Perspective view of stoichiometric

e

FeS>(100) surface( small dark spheres and large
light spheres represent Fe and S, respectively)

Our surface calculations work with infinite slabs of
material. Because three dimensional periodic bound-
ary conditions were used, the calculations are actually
performed on an infinite stack of slabs, with each slab
separated from its neighbors by a vacuum layer, as-
suming that both slab thickness L and vacuum width
H are large enough to make the interaction between
surfaces negligible.

3 RESULTS AND DISCUSSION

3.1 Crystalline and electronic structure of bulk
FeS;

The optimum parameters from the calculation

are listed in Table 1. The results are in excellent a

greement with the experimental data' '?

. The calcu-
lations of the electronic structure are conducted using
the experimental lattice parameters.

The calculated density of states for FeS, is

Table 1 Summary of geometry optimization

for FeS;
Item ao/ nm u dss/nm  dges/ nm
Theoretical ~ 0.538 23 0.384 56 0.2144 0.2249
Experimentall ! 0.5416  0.385 0.2162 0.2269
Deviation (%) -0.6 -0.2 -0.2 -0.9

presented in Fig. 3. These results are very similar to
the number of published calculations for FeS;
(pyrite)[13
perimental data

I"and in excellent accordance with the ex-
U4 Tt can be described in terms of
states of S3~ molecular ions( 3s0, 350", 3p9, 3pTand
3p0° ) and of crystakfield split 3d states of Fe* (e,
and t,). The lowest two bands near — 20 eV and -

10 eV are well described by the bonding and anti-
bonding of molecular states 3s0 and 3s0" . The band
of states between — 8 eV and — 1 €V can be described
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as mixed states derived from molecular states 3p0,
3pT, 3pT and a small part of bonding of the Fe 3de,
state. The narrow band just below the Fermi level is
primarily the nonbonding Fe 3dt,, state. Finally, the
unoccupied band above the Fermi levels corresponds
to the mixture of the antibonding 3p0" state and the
Fe 3de, states.

3.2 Geometric structure of FeS;(100) surface

The effect of vacuum width and slab thickness
on the surface energy 0 was investigated. The surface
energy O is obtained by subtracting the energy of the
corresponding number of formula units in the perfect
crystal from the energy of the slab, and dividing the
result by the total surface area.

Our calculated unrelaxed and relaxed surface en-
ergies for the unreconstructed ( 100) surface are listed
in Table 2. It is clear from these results that slabs
containing nine layers of ions( L= 0. 812 4 nm) and a
vacuum width equivalent to six layers (H = 1. 083 2
nm) give an excellent representation of the semr infi
nite crystal with a simple surface. Moreover, surface
energy of relaxed surface is only slightly different
from that of unrelaxed surface. Collectively, the
LEED!, STM"! and our theoretical results suggest
that the (100) surface atomic structure can be regard-
ed as a simple termination of the bulk, and there is no
significant relaxation.

Table 2 Calculated surface energy of a series
of periodic slab systems of different slab
thickness L and vacuum width H

100 Surface
( ) L/nm H/nm energy/
surface s
(Jem )
0.541 6 0.270 8 1.3500
0.541 6 0.541 6 1.246 0
0.541 6 0.812 4 1.243 0

Unrelaxed
surface 0.541 6 1.083 2 1.242 8
0.812 4 1.083 2 1.2395
1.083 2 1.083 2 1.2390
Relaxed surface 0.812 4 1.083 2 1.230 0

3.3 Electronic structure of (100) surface

The calculated total density of states( DOS) of
the unrelaxed nine-layer slab is compared with the
bulk DOS obtained in our earlier work!® in Fig. 4.
There are three important differences. Firstly, there
is a slight reduction in the width of the gap. The cal-
culated gap for the bulk is 0. 65 eV, while for the
nine layers slab system the gap is about 0. 16 V.
Secondly, our theoretical results of the slabs exhibit
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Fig. 3 Calculated density of states for
perfect FeS crystal

(a) —Total density of states;

(b) —Local density of states for Fe atom;
(¢) —Local density of states for S atom

new electronic states F' in the gap. Thirdly, that in
the slab system, a new state F exists in the energy
range from — 1 eV to - 3.5 V.

In order to understand the above-mentioned re-
sults, the partial density of states of ( 100) slab was
calculated. Figs. 5(a) 7(c¢) show the DOS of Fe 3d,
Fe 4p and S 3p, respectively. In the gap, there exists
a higher peak of DOS arising from Fe 3d compared
with DOS of Fe 3p and S 3p. This indicates that the
new surface state F'; in the gap primarily originates
from Fe 3d state. In the energy range from — 1 eV to
- 3.5 eV, the DOS of Fe 3d and S 3p have nearly
the same peaks. This means that there is a significant
hybridization between Fe 3d and S 3p and the surface
state F'» originates from the hybridization between Fe
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Fig. 4 Total density of states for perfect
crystal( a) and nine layer stoichiometric slab( b)
3d and S 3p.
Now, with the bandstructure model for pyrite
with a sulfur deficit developed by Birkholz et all™', A A ‘ | .
the origin of surface states was discussed from the 20 -15 -10 -5 0 5 10
perspective of ligand-field theory( LFT) (Fig. 6). In Binding energy/eV

the FeS, bulk, Fe 3d states are split into ¢2, and e,
levels in an octahedral ligand field. At the (100) sur
face, the loss of one S ligand leads to a square pyrami-
dal field around the Fe atoms and energetically desta
bilizes every Fe 3d orbital with a Z-component(Z ar-
bitrarily chosen normal to the surface plane) . This ef-
fect is primarily seen in the splitting of e, states, with
the so-called Fe a state having a lower energy. The a
states combine with S sp’ states to form bonding
states( O defect states) and antibonding states( 0* de-
fect states) which correspond to the new surface sates
F, and F, respectively.

According to the above calculation results, Fe 3d
ty, states and F'y states construct the highest occupied
molecular orbital( HOM O) and the lowest unoccupied
molecular orbital (LUMO) at the surface, respective-
ly. In fact, STM images and STS also indicate that
both the HOMO and LUMO are located at the sur
face Fe sites. So, Fe sites are energetically favored
over S sites for the interaction with electron donor or
acceptor species on ( 100) surface. In the following
papers written by the authors, the interaction of
(100) surface with flotation reagent molecules mix-
tures will be discussed in order to further investigate
novel flotation

and  design reagent used in

Fig. 5 Calculated projected densities of
states for Fe 3d(a), Fe 4p(b) .and S 3p(c¢)

states in ( 100) surface environments

Fig. 6 Most prominent features of
electronic structure model for FeS;( 100)

environments.

4 CONCLUSIONS
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The( 100) surface does not give any significant
geometric relaxation and can be regarded as a simple
termination of the bulk structure along a plane of the
cleaved Fe— S bonds, while the electronic structure of
FeS,( 100) surface is characterized by new surface
states in the forbidden zone. Both the HOM O and the
LUMO are located at the surface Fe sites. So, Fe
sites are energetically favored over S; sites for redox
interaction with electron donor or acceptor species on

(100) surface.
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