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ABSTRACT
We present the results of simulations, using density functional theory (DFT) with generalized
gradient corrections (GGA), on the troilite (FeS), pyrrhotite (Fe;.«S) and MnP phases of FeS. The

values obtained for the cell parameters and c/a ratio of troilite accurate to within 1% of those
determined by experiment, a significant improvement on previous simulations. Energy-volume
curves for FeS in the troilite and MnP structures indicate a pressure-induced transition at 4 GPa

(experimentally observed at 3.4 GPa). Comparison of spin-polarised and non-spin-polarised
simulations of the troilite structure demonstrate the significance of magnetostructural effects in

determining the c/a ratio and shed light on the magnetic and volume collapse of FeS on its transition
from the MnP to a monoclinic structure at 6.7 GPa. Simulations of different (001) surface

terminations of troilite indicate that stable surfaces are characterised by triangles of iron atoms

'capped' with a sulphur atom.
INTRODUCTION: ENVIRONMENTAL SIGNIFICANCE OF IRON SULPHIDES.

The Fe-S minerals are ubiquitous in nature, where they are associated with massive sulphide type
ore deposits, as well as anaerobic sedimentary and exhalative volcanic environments. The stable
phases in the Fe-S system are pyrite (cubic FeS,) and the pyrrhotites (Fe; S), although many
metastable phases are known to exist including mackinawite (FeS;x) and greigite (Fes;Sy).
Stoichiometric FeS (troilite) is rare and normally only found in meteorites. Fe sulphides are
important from an environmental perspective because of their high reactivity under oxidising
conditions. Breakdown of pyrite and pyrrhotite leads to high acidity in surrounding waters, which in
turn promotes further leaching and dissolution of other mineral phases. This phenomenon, known as
acid rock (ARD) or acid mine drainage (AMD) can lead to the release of potentially toxic elements.
In mine waste tailings this is of particular concern since Zn, Pb, Cu, Ni, Cd, Hg and As can all be

released into the environment. The pyrrhotite group are some of the most common of the Fe-S



minerals, and the most reactive [1]. Their composition and structure vary according to the number
and degree of ordering of Fe vacancies, as do their magnetic properties [2]. For example,
monoclinic pyrrhotite (Fe;Sg) has an ordered defect structure and is weakly ferromagnetic, whilst
hexagonal pyrrhotite (Fe;;S12) is antiferromagnetic [3]. Observations, both in the field and the
laboratory, have found that the breakdown of hexagonal and monoclinic pyrrhotite occurs at
different rates. No clear reason for this has been put forward, since the field and laboratory data do
not always agree on which is the most reactive phase [4]. The reaction rate will be related not only
to the available surface area, but also to the atomic structure of the surface. Defect and magnetic

properties at the surface may also influence reactivity.

Our aim is to simulate the bulk and surface structure of defective pyrrhotites in order to better
understand the way in which defect ordering and magnetic properties influence their behaviour in
the environment. As a first step, we have modelled stoichiometric FeS in the troilite structure in
order to quantify the effects of magnetism on the cell parameters. We report our results on the
troilite structure, its elastic properties, its pressure-induced transition to the MnP structure, and the
significance of its magnetostructural effects. We also describe our work currently in progress on

troilite surfaces and on ferromagnetic and antiferromagnetic bulk pyrrhotites.

This work is part of the larger NERC funded eMinerals project (www.eminerals.org) and has made

extensive use of the associated grid resources detailed in this issue of Molecular Simulation.

PREVIOUS SIMULATION STUDIES ON TROILITE.

Troilite has been previously investigated by Martin et al. [5], who studied the pressure-induced
transitions in the FeS system using DFT-GGA. They found that troilite transforms successively into
the MnP structure, a monoclinic structure, and finally the CsCl structure with increasing pressure.
The transitions to the MnP and monoclinic structures have been experimentally observed [6] while
the CsCl structure is predicted to be stable at very high pressures. This work was the starting point
for our investigation. We note that the c/a ratio for troilite was underestimated in this work by more
than 4% (1.88 versus 1.97).

Hobbs and Hafner [7], in the course of a general investigation of the transition metal sulphides,
used DFT-GGA with the Projected Augmented Wave (PAW) formalism to simulate FeS in the
troilite and NiAs structures. This work also underestimated the c/a ratio for troilite (Table 1).

Rohrbach et al. [8] investigated the transition metal sulphides using the LDA+U approach to



account for the electronic correlation effects that are not properly considered using GGA. This work
showed that, while it is possible to obtain better predictions of properties such as volume, magnetic
moment and bandgap using the LDA+U approach, a different value of U is required to optimise

each parameter.

STRUCTURE AND PROPERTIES OF ANTIFERROMAGNETIC TROILITE.

Our calculations have been carried out using version 4.6 of the VASP plane-wave DFT code [11,12
in the Generalised Gradient Approximation using the PW91 functional and the spin interpolation
for the exchange-correlation energy of Vosko, Wilkes and Nussair [13]. Brillouin-zone
integrationwas performed using the Gaussian smearing [14] Monkhorst-Pack (MP) special point
[15] technique. We found that energies were converged to one part in 10° by using a 6x64 grid and
a first order Gausian smearing function [14] of width sigma=0.2 eV. A plane wave cutoff of 500 eV

was used throughout.

Troilite has the hexagonal structure shown in figure 1, with space group (P -6 2 ¢) and 24 atoms in
the unit cell. The magnetic moments of the Fe atoms are aligned parallel to the ¢ axis and are
antiferromagnetically ordered, with alternating layers of iron atoms along the c direction having
oppositely aligned moments, as given by Martin et al. [5]. The structure is a slight distortion of the
NiAs structure and is apparently unique to FeS. We present our calculated cell parameters in Table
1 and atomic coordinates in Table 2, where comparison is given with experiment and with previous
theoretical studies. We find that our simulation of the magnetic structure gives values of a, ¢ and
the ratio c/a within 1% of experimental values and represents a significant improvement over

previous simulations.

Perhaps the most striking feature of these results is that shown by comparison of the AFM and NM
structures. Simulation of the nonmagnetic troilite structure shows a dramatic collapse of the c axis
causing an ~10% decrease in the volume per formula unit, illustrating the magnitude of the
magnetostructural effects in this mineral. We note that the transition from the MnP-type structure
(antiferromagnetic) to the monoclinic structure (nonmagnetic) at 6.7 GPa [6] is reported to involve
a very similar collapse of the cyoilite axis with disappearance of the magnetic moment [9]. This leads
us to conclude that magnetic interactions are crucial in determining the c/a ratio for FeS, and that
the underestimation of c/a in previous simulations [5,7] may be related to the handling of

magnetism.



A graph of energy versus volume per formula unit for FeS in the antiferromagnetic and
nonmagnetic troilite structures is given in figure 2. The fitted line is for a third-order Birch-
Murnaghan equation of state for magnetic troilite. Our value for the bulk modulus K of 74.0 GPa is
consistent with previous simulations and with experiment. We have also simulated uniaxial
compression of the magnetic troilite structure in the ¢ direction; figure 3 illustrates the variation of
the unit cell energy with variation of the c¢ axis. The fitted line corresponds to an elastic constant cs3
of 158 GPa. The values computed in this study are compared with those from experiment and from

the simulations of Martin et al in table 3.

TROILITE TO MNP-STRUCTURE PHASE TRANSITION.

We have used CSAR resources to simulate FeS in the MnP structure, using similar settings as for
troilite, and a 7x7x7 k-point grid. Several possible antiferromagnetic arrangement of the iron
moments are possible in the MnP structure; on simulation of all three arrangements, we obtain the
lowest energy for the same pattern as given by Martin et al. [5], in which moments are ordered in

layers along the apmp axis.

Our results for the MnP structure, with comparison to the results of Martin et al. and to
experimental results, are given in table 4. Figure 4 indicates that the MnP structure becomes more
stable than the troilite structure at a volume per formula unit of 28.09 A®, at an energy per formula
unit of -13.21 eV. The change in energy per unit volume between these values, and the values of E,
and V), for troilite, corresponds to a pressure of 3.99 GPa for the transition between troilite and the
MnP structure at zero K. The transition occurs experimentally at 3.4 GPa [6] at room temperature;
the difference between the experimental and theoretical results may indicate the influence of

temperature.
TROILITE SURFACES

Having investigated the bulk properties of troilite, we are now considering its surfaces, beginning
with (001). This surface is both significant crystallographically and amenable to investigation.
Calculations using VASP with a 500 eV plane-wave cutoff and a 6x6x1 k-point grid, using the
smearing method of Methfessel and Paxton [14], show that convergence of the vacuum gap is
achieved at 12 Angstroms. Comparison of forces for slabs of different thicknesses shows good
convergence of forces even for a slab only one cell thick. We have therefore begun by investigating

the surface reconstructions observed in slabs of single-cell thickness.



When examined in detail, the bulk structure is characterised by a motif of iron 'prisms', 'capped' on
their triangular and square faces by sulphur atoms, as illustrated in figure 5. This suggests that the

stability of troilite surfaces will depend on whether this motif is preserved.

We compare two slabs, one produced by a simple truncation of the unit cell (slab A) and one
produced by a subsequent relocation of two sulphur atoms so as to preserve the sulphur 'capping' of
the iron 'prisms' that characterises the bulk structure (slab B). On relaxation, the average surface
energy for the surfaces of slab A is 1.068 J/m” and that for slab B is 0.859 J/m*. The lower surface
of slab A reconstructs so as to recreate the 'capped' structure, confirming the significance of this
motif in producing stable surfaces. Slab B retains the 'capped' structure on both surfaces and shows
a lower surface energy. This suggests that the most stable surfaces of troilite and pyrrhotite will be
those that retain the 'capped' structure, while those that lack this structure, due for example to the
presence of an iron vacancy defect, will be less stable and thus more vulnerable to dissolution. This
may well be relevant to the differential rates of dissolution for pyrrhotites with different iron

vacancy structures
FURTHER WORK

The calculations reported in this paper are the first steps towards environmentally relevant
simulations of iron sulphides. Currently we are working towards the determination of the
magnetostructural effects in stocihiometric and non-stoichimetric pyrrhotite phases. These
simulations are particularly demanding because of the large unit cell sizes (more than 100 atoms).
Our preliminary simulations indicate that inclusion of magnetism for Fe;Sg pyrrhotite is necessary
to correctly describe the structure. In addition to the above, we are carrying out a detailed

investigation of the low index surfaces of FeS which will be the subject of a future paper

CONCLUSIONS.

DFT simulations of magnetic troilite using GGA at very high accuracy provide an accurate
simulation of the equilibrium structure and elastic properties of troilite, attaining higher accuracies
(within 1% of experiment) than those obtained in previous studies. Comparison of the structures of
magnetic and non-magnetic pyrrhotite, and of the experimentally observed volume collapse in FeS
on transition from the MnP to a monoclinic structure, indicate that magnetic interactions are critical

in determining the c/a ratio for troilite.
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Investigation a(A) c(A) c/a ratio
AFM this study 5.953 11.66 1.96 (0.5%)
NM this study 5.858 10.47 1.79 (9%)
AFM Martins et al[5] 5.981 11.232 1.88 (4.5%)
AFM Hobbs and Hafner [7] 1.83 (7%)
NM Hobbs and Hafner [7] 1.79 (9%)
Troilite, experimental [10] 5.966(1) 11.76(1) 1.97
Troilite, experimental [6] 5.963(1) 11.754(1) 1.97

Table 1: Comparison of experimental and calculated values of cell parameters and c/a ratio for

troilite Values in brackets represent difference from experiment. AFM=antiferromagnetic, NM=

nonmagnetic.

Fe positions X Y Z
A 0.3787(2) 0.0553(2) 0.12300(9)
B 0.3943 0.0727 0.12044
C 0.39183 0.07031 0.12177
S positions
A 0 0 0
0.333333 0.666667 0.0208(2)
0.6648(6) -0.0041(4) 0.25
B 0 0 0
0.333333 0.666667 0.0278
0.6641 0.0066 0.25
C 0 0 0
0.333333 0.666667 0.02431
0.66343 0.00029 0.25

Table 2. Calculated and experimental atomic coordinates for troilite. A = King and Prewitt (1982)
[6].B = Martin et al. (2001) [5].C = This wortk.




Investigation Vo (Angstroms3) Eo (eV) K (GPa) K'

AFM this study 29.714 -13.231 74 3.770
AFM Martin et al [5] 29.06(2) -13.0677(4) 75.6(7) -0.9(2)
Troilite, experimental [10] 73(3)

Troilite, experimental [6] 30.16(9) 82(7) -5(4)
Table 3: third-order Birch-Murnaghan equations of state for troilite.

Investigation Vo (Angstroms3) Eo (eV) K (GPa) K'

Our simulation. 28.731 -13.208 74 3.825
Simulation [5] 27.84(1) -13.0641(2) 76.8(3) 2.20(9)
Experimental [10] 26.89 44(3)

Experimental [6] 28.2(3) 35(4) 5(2)

Table 4: third-order Birch-Murnaghan equations of state for MnP-structured FeS.




FIGURE CAPTIONS
Figure 1. Structure of troilite viewed normal to c. Arrows show antiferromagnetic ordering of Fe

ions
Figure 2: Energy versus volume per formula unit for magnetic and nonmagnetic troilite; note the

dramatic collapse of the nonmagnetic structure. The fitted line is a 3™-order Birch-Murnaghan

equation of state.

Figure 3: Uniaxial compression of troilite with fitted elastic constant c;;.

Figured: energies versus volume per formula unit for troilite and MnP structures of magnetic FeS.
Troilite data calculated using the 450 eV cutoff were consistent with those using the 500 eV cutoff-

Fitted lines are 3"-order Birch-Murnaghan equations of state.

Figure 5: the bulk structure of troilite contains these triangular prisms of iron atoms, 'capped’ by

sulphur. The appended sulphur atoms is at the high-symmetry position (0,0,0) in the cell.

Figure 6: a) initial slab, b) relaxed slab A, c) relaxed slab B
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