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Fe12xS (0� x� 0.125), the pyrrhotite group minerals are extremely complex in
their chemical and physical properties, which largely attribute to the various
non-stoichiometric compositions and myriad superstructures. In this article,
a review is focused on the crystal structures, phase relations and transition of
the pyrrhotite group minerals.
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1. Introduction

Pyrrhotite group is defined as all the iron monosulphides of the general formula

Fe12xS (0� x� 0.125) that possesses the NiAs substructure, which has a hexagonal

close-packed structure with [FeS6] and [SFe6] units [1, 2]. This includes troilite (FeS)

and monoclinic and hexagonal pyrrhotites. The pyrrhotites are extremely complex

from both physical and chemical standpoints. They crystallize in the hexagonal

or monoclinic system; troilite (FeS) is hexagonal, whereas pyrrhotite (Fe12xS) may

be monoclinic or hexagonal. These minerals appear normally in massive form,

commonly found in basic igneous or ultrabasic rocks, hydrothermal mineral

deposits, and contact-metasomatic sediments. Interest in the pyrrhotite group arises

from their occurrence in metallurgical process, their properties, and their common

occurrence in ore deposits of many types. They are also of importance in terms of

geomagnetism. They are all derivatives of the NiAs structure [3, 4]. Pyrrhotite

minerals are abundant in nature, dark, brownish rusty colour on the surface. They

are often in paragenesis with pyrite, chalcopyrite, pentlandite, and magnetite.
A better understanding of the chemical and physical behaviours of pyrrhotite

are of commercial interest for mineral processing industry, as pyrrhotite is one of the
major iron ores used as feedstock in flash smelting processes for metal extractions
[5, 6]. Most pyrrhotite ores are ferrimagnetic in nature. Pyrrhotite can be separated
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from its coexisting Ni-bearing ores by a combination of magnetic separation
and floatation to obtain high-grade Ni concentrates. Apart from metallurgical
usage pyrrhotite is also used for producing sulphuric acid. Recently, pyrrhotite
was found to be of economical interest for wastewater treatment. It is used as a
reducing agent to convert CrVI to CrIII, which leads to Cr precipitates as Cr(OH)3 [7].

2. Phases

2.1. Troilite

Troilite is a stoichiometric or near stoichiometric iron sulphide (Fe12xS, x¼ 0–0.05),

having 2C superstructure of NiAs-type (a¼
ffiffiffi

3
p

A, c¼ 2C where A and C are the axes

of the NiAs subcell common to troilite and pyrrhotites), and P62c symmetry below

140�C [8–13]. It shows distortions from the ideal NiAs lattice positions (figure 1a and

b); triangular groupings of iron atoms are displaced in the ab-plane forming

contracted and dilated triangular units. The sulphur network is much less distorted

with only a slight displacement of one-third of the sulphur atoms along the c-axis,

away from the centre of Fe cluster [14]. The Fe cluster formed by three Fe atoms on

ab-plane is shown in figure 1(b). Neighbouring Fe triangular clusters are positioned

in two ways: stacked directly above one another along c-axis, and situated obliquely

above one another (figure 1). Thus, a line connecting Fe atoms along c-axis

is alternately parallel and inclined to c. The position of an iron cluster in the

troilite cell is shown in figure 1(c). For troilite having ideal composition, FeS, the

Fe–Fe distances in the same iron triangular cluster, directly above one another,

and obliquely above one another are 2.925, 2.988, and 2.947 Å respectively [15].

(a) (b) (c)

Figure 1. (a) Partial configuration of S and Fe atoms along c-axis in the NiAs substructure.
(b) Partial atom configuration in troilite along c axis. Triangular Fe clusters are surrounded
by distorted sulphur octahedra. (c) Fe clusters in the troilite cell, which is derived from the
NiAs cell by doubling the c-axis, with a-axis deviating by 30� in ab-plane [15, 42].
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The formation of Fe–Fe cluster is caused by Fe–Fe bonds formed by 3d electron

overlapping when Fe–Fe distances below the critical value, 3.0 Å [15].
In nature, troilite is not as abundant as the more metal-deficient pyrrhotite

minerals, and forms under strong reducing conditions [10]. One such occurrence

is in swamps, where anaerobic bacteria can reduce sulphate to sulphide. Studies of

swamp sediments show only low concentrations of troilite, but an abundance of fine

crystalline pyrite [14]. Troilite is, however, found in most iron meteorites where

it occurs in masses up to 5 cm in diameter. The magnetic moments on ab-planes

are anti-ferromagnetically ordered at room temperature, and undergo a spin-flip

transition (�-transition) at 140�C [16–18], where the orientation of magnetic

moments flips from ? c-axis to || c-axis [11, 19]. Magnetic moment disordering

occurs at the Curie temperature, 315�C, at which anti-ferromagnetic FeS transforms

to paramagnetic structure (�-transition) (figure 2).
The �-transition is accompanied by a phase transformation to the NiAs subcell

(1C). The �-transition is a first-order transition (characterized by abrupt change

in cell lattice). Although the conclusion that FeS undergoes magnetic structure

variations during the �-transition is widely accepted, there is dispute about

whether a structural phase transition also occurs along with this magnetic transition

[12, 20–33].
However, the majority of the research reports since the 1980s indicates FeS

adopts the MnP-type structure between 140 and 315�C (between �- and �-transition)
[15, 34, 35]. The transition from the troilite (2C) to the MnP-type structure

(�-transition) is believed to be a second-order transition [11]. The MnP-type

structure can be interpreted as a phase with subgroup symmetry of troilite. The

similarity in the X-ray diffraction patterns of troilite and the MnP-type structure

and the nature of continuous change in cell parameters (second-order transition)

during the �-transition may be the reason why the MnP-type structure was over-

looked in earlier studies. Recently, the high temperature X-ray diffraction was used

to distinguish these two similar phases [11]. It has been shown that the �-transition

Figure 2. The transitions of magnetic moments configuration in FeS during a heating
process (�-transition at 140�C, �-transition at 315�C).
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temperature is dependent on the starting stoichiometry of the troilite (Fe12xS,

x¼ 0–0.05). The larger the x, the lower the temperature of transition [11].
Metal-like iron states have been observed in troilite due to higher occupancy

of Fe lattice sites compared to the more metal-deficient pyrrhotites, and increased

Fe–Fe 3d orbital interactions within the constraints of the mineral structure.

2.2. Monoclinic pyrrhotite

Monoclinic pyrrhotite can be perceived as a derivative from FeS by subtraction

of one-eighth iron atoms. The resultant structure contains alternating layers of

full Fe sites and layers of Fe sites with vacancies, thereby lowering the symmetry

from hexagonal to monoclinic [36, 37]. The 4C monoclinic structure may be regarded

as the result of a slight distortion of the hexagonal structure [38], in which the

c axis tilts with respect to the basal ab-plane [39]. The phase Fe7S8 adopts a mono-

clinic structure in which vacancies are confined to every other site in alternate rows

of sites within the vacancy layer. The vacancy layers are stacked in an ABCD

sequence, quadrupling the unit cell along the stacking direction and leading

to a superstructure of 4C. The various vacancy arrangements, A–D, are shown in

figure 3(a).
The 4C superstructure of pyrrhotite can be expressed as (. . .FAFBFCFDF . . .),

where F represents a layer free of cation vacancies (figure 3b). Monoclinic pyrrhotite

is not stable at high temperatures. Synthetic pyrrhotites, prepared using quenching

techniques, are normally hexagonal even if the bulk composition is Fe7S8.

Subsequent prolonged annealing at around 200�C is required to convert hexagonal

Fe7S8 to monoclinic Fe7S8 [40].
In monoclinic pyrrhotite, and other pyrrhotites with distinct iron-deficient

compositions, Fe atoms are octahedrally coordinated but S is both five- and

Figure 3. 4C monoclinic superstructure of pyrrhotite. (a) Four different vacancy arrange-
ments in cation layer, A, B, C, and D. (b) Stacking sequence of vacancy layers and vacancy
free layers [36, 37].
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six-fold coordinated due to metal vacancies [41]. Due to the common sulphur
deficiency nature of pyrrhotite, iron atoms exist in both states of Fe2þ and
Fe3þ(hole state) [37]. The energetically most favourable magnetic configuration for
pyrrhotite is that in which Fe3þ ions are confined to sites in vacancy bearing
layers. The 4C pyrrhotite can be formulated as ðFe3þ2 Fe2þÞðFe2þ4 ÞS8. The electron
transfer between Fe2þ and Fe3þ is very rapid, and Mössbauer spectroscopy cannot
be used to detect the existence of Fe hole state (Fe3þ) as the technique has a rela-
tively long measurement time (1028 s) compared to the creation and annihilation
time of a hole state (10214 s) [37, 42–44]. Thus, the presence of Fe3þ has not been
confirmed by Mössbauer spectroscopy.

Monoclinic pyrrhotite shows strong ferrimagnetic behaviour. In fact, magnetic
structures of all pyrrhotite group minerals are closely related to the ordering of iron
atoms and vacancies in the vacancy bearing layers. The magnetic behaviour of
monoclinic pyrrhotite is attributed to ferromagnetic alignment of cations within
layers and anti-ferromagnetic coupling between adjacent layers [45]. The presence
of vacancies in alternate layers results in an uncompensated moment, leading to
ferrimagnetism [46].

Although monoclinic pyrrhotite is generally denoted as Fe7S8, it has a measur-
able composition range at room temperature [2, 47, 48]. There are two modifications
of the Fe7S8 phase, one with a slight monoclinic distortion and cell parameters
(1A, 2

ffiffiffi

3
p

A, 4C). The second form can be described in terms of a trigonal supercell
(2A, 3C) [41, 49, 50]. This phase is considered to be a metastable form at room
temperature, as it normally exists in quenched samples, and has not been found in
nature [50–52]. The stability field of 3C is shown in the MC zone of the phase
diagram (see section 3). The 4C structure has been found only in natural pyrrhotite
that has undergone cation and vacancy ordering processes over geological time
[50, 53–55]. In other words, rapid cooling of Fe7S8 from high temperature results
in the formation of well-ordered 3C structure, whereas 4C structure is formed when
the cooling rate is slow [56]. According to Nakazawa et al., the 4C and 3C structures
of Fe7S8 differ not only in the arrangement of vacancies, but also in the type of
Fe-clustering [55].

Li et al. [53] argued that upon heating 4C pyrrhotite (Fe7S8) would undergo
a series of structural adjustments from 4C to 3C (220�C) to NiAs-type structure
(315�C). The magnetic structure of 4C comprises sheets parallel to the (001) plane
of ferromagnetically aligned moments (intralayer) with anti-ferromagnetic coupling
between neighbouring sheets (interlayer) along [001] direction.

The transformation of pyrrhotite with 3C superstructure to NiAs-type structure
(1C) at higher temperature, 315�C, is also called �-transition, same as for troilite
(see section 2.1).

The earlier-mentioned structural variations are accompanied by changes in
the magnetic properties. The magnetic properties of pyrrhotite are altered as well,
accompanied with the earlier structural variations. The ferrimagnetism of the
monoclinic pyrrhotite due to magnetic moment ordering persists to 315�C,
at which the magnetic moment of pyrrhotite drops drastically. This loss of
ferrimagnetism is caused by long-range magnetic moment disordering or vacancy
disordering at elevated temperatures [49]. This magnetic transition is accompanied
by a major structural reorganization (3C–1C) [57]. The magnetic properties of
pyrrhotite have been frequently measured through neutron diffraction experi-
ments, as the magnetic moment is proportional to the magnetic reflection peak at
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d� 5.7 Å ((001)NiAs) [58, 59]. The �-transition is a first-order transition, character-
ized by sudden changes in cell parameters or cell volume. The variations of cell
parameters and magnetic moment of monoclinic pyrrhotite (Fe7S8) with temperature
are shown in figure 4 [46].

2.3. Hexagonal pyrrhotites

Similar to monoclinic pyrrhotites, vacancy bearing layers in hexagonal pyrrhotites
determine the structural and magnetic properties of the various phases noted
(from monoclinic 4C to hexagonal NC structures). Bertaut [60] noted a repulsion
effect among vacancies in pyrrhotite. This observation was further developed by
Powell [61] into the Vacancy Avoidance theory, which has been used to study the
superstructures of pyrrhotite [61]. At high temperatures, the vacancy distribution is
random and the unit cell of pyrrhotite is NiAs subcell, the 1C structure [62]. When
the temperature decreases, the vacancies start to order and superstructures of NiAs
subcell form [63]. Below 300�C, the diffusion of vacancies is effectively inhibited,
and high-temperature structures are locked in metastable statuses [61, 64–66].

Figure 4. Changes in a, b, c parameters, and magnetic moment of monoclinic pyrrhotite with
temperature [46].
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Many natural hexagonal pyrrhotites have been formed during a quenching
process. The superstructures of NiAs subcell, except for 4C (see section 2.2) and
2C (see section 2.1), contain non-integral X-ray reflections attributed to the inter-
growth of differently ordered domains [67]. Formation of superstructures does
not appear to affect the short-range atom configurations, although detailed struc-
tural refinements of many superstructures are yet to be undertaken. Many of the
hexagonal superstructures have very close stoichiometries but they appear to behave
as separate phases (or polytypes) and were normally treated as such when delineating
phase diagrams. Nakazawa and Morimoto [68, 69] sorted the numerous superstruc-
tures into five categories according to their multiplicities of the NiAs sublattice.
The five categories of the superstructures are: (1) 2C for troilite, (2) 4C for mono-
clinic pyrrhotite, (3) NC (a¼ 2A; c¼NC, N varies continuously between 5.0 and 11.0
[68–71], (4) MC (a¼ 2A; c¼MC, M varies between 3.0 and 4.0), (5) NA (a¼NA;
c¼ 3C, N varies continuously between 40 and 90). Note A and C are respectively the
a and c parameters of NiAs subcell. The most well-studied superstructures in nature,
5C (Fe9S10), 6C (Fe11S12), and 11C (Fe10S11), belong to the NC category [70, 71].
Although 5C, 6C, and 11C are crystallographically distinguishable, they are treated
as one phase, NC, in the studies of phase relations. This is because they act
as a single phase during phase transitions, and that their compositions fall into a
very narrow range (47.37–47.83 at.% of Fe) [68–71]. These superstructures are best
described in terms of stacking of fully occupied and ordered defective iron layers
normal to the c-axis. Each structure is characterized by a regular succession of
such layers, corresponding to an integral supercell multiplicity N, where c¼NC.
The multiplicity N is related to the general chemical formula Fem–1Sm (m>8)
by N¼ 0.5m (when m has an even value), or N¼m (when m has an odd value)
[71]. This formulism only serves for the convenience of describing the superstructures
in pyrrhotite. In fact, pyrrhotites with non-integral multiplicity superstructure
are more common, as the m (as in Fem–1Sm) is not necessarily an integer and changes
continuously with composition and temperature [71]. Stacking disorder between
filled and vacancy bearing layers gives rise to non-integral N values, and thus to
an apparently incommensurate c-axis repeat [72–74]. These pyrrhotites are often
referred to just as hexagonal pyrrhotite, and have compositions in the region
between troilite and monoclinic pyrrhotite. These superstructures can either be
expressed as Fe9S10, Fe10S11, Fe11S12 or as a mixture of the stoichiometric phases
with troilite or with monoclinic pyrrhotite [36, 68, 75–77].

The hexagonal pyrrhotites can be distinguished from the monoclinic phase
by means of chromic acid etching [78] or by using magnetic colloid solution [79]
under reflected light microscopy on polished samples. The chromic acid etching
method is said to be difficult to apply to synthetic samples due to the fine exsolution
texture and small grain size, but magnetic colloids in conjunction with X-ray identi-
fications apparently work well on synthetic samples, as the magnetic colloid attracts
to ferromagnetic areas [8].

2.4. ‘‘Anomalous’’ monoclinic pyrrhotite

Clark [47] described a pyrrhotite with 46.4 at.% Fe in which the intensity of the

(408) X-ray diffraction peak is greater than that of (408), the reverse of the normal

situation for monoclinic pyrrhotite. This ‘‘anomalous’’ pyrrhotite, as it was denoted,

appears to be widespread in the low-temperature and sedimentary environments [47].

Mineral chemistry of the non-stoichiometric iron sulphide 553



It can be distinguished from normal monoclinic pyrrhotite by its weaker ferrimag-
netism (or even anti-ferromagnetism). The ‘‘anomalous’’ monoclinic pyrrhotite

unlike normal monoclinic pyrrhotite, which is a primary mineral, is secondary in
origin [80–82]. In nature, pyrrhotite can exist in an environment open to oxygen.
Thus, the composition of a primary pyrrhotite can be altered to a more metal-

deficient secondary pyrrhotite by partial oxidation of iron. This process converts
a hexagonal pyrrhotite to the secondary monoclinic pyrrhotite, even though this

alteration could be difficult to distinguish from the oxidation of pyrrhotite by
oxygen. The formation of ‘‘anomalous’’ monoclinic pyrrhotite through oxidation
process has been discussed by Taylor [80], Kübler [81], Genkin [82], and

Desborough and Carpenter [21]. The stability field of this ‘‘anomalous’’ secondary
pyrrhotite, to our best knowledge, has not been ascertained.

3. Phase diagram

The phase relations in FeS–FeS2 system have been the subjects of numerous
investigations [8, 33, 41, 72, 83–85]. There is general agreement between a large

number of studies on the phase relations at higher temperatures (>350�C), but
much contradictory evidence at lower temperature ranges (<350�C). It is a daunting
task to determine a solvus between the various pyrrhotite polymorphs due to the

similarity of their powder diffraction patterns, as they form a series of chemically and
structurally supercell phases [67]. At low temperatures, these pyrrhotite supercell
phases might form metastable phase assemblages, which will seriously affect the

accuracy of the determination of an equilibrium solvus. Some difficulties also
occurred for the determination of phase solvus at high temperatures, as some
high-temperature phases cannot be quenched for room-temperature measurement.

The preservation of high-temperature crystal structures with pyrrhotite phases
becomes problematic when T>308�C [39, 68, 86]. For sulphur-rich samples, the
pyrrhotite compositions will invariably transect its equilibrium solvus, and produce

large deviation from equilibrium compositions. In other words, for some pyrrhotite
compositions ranges, no matter how fast the pyrrhotite samples are quenched
from high temperature (T>308�C) to room temperature, an oversaturation-

induced phase exsolution might more or less affect the preservation of the high-
temperature phase structure and composition. This problem has been successfully
overcome by using high-temperature single crystal (or power) X-ray diffraction

methods [8, 69, 87].
Kissin and Scott [8] systematically investigated the low-temperature phase

diagram near the most metal-deficient compositions using a hydrothermal recrystal-
lizaion method. This method largely overcomes the problem of the long annealing
requirement to achieve reaction equilibrium by dry synthesis experiment [88–91].
It gives more trustworthy results for phase relations. Their data and earlier reports
on the pyrrhotite phase relations were summarized to give a relatively accurate and
complete phase relations for low temperatures [8]. Combining the high-temperature
phase diagram, figure 5 gives the complete FeS–FeS2 phase relations covering the
temperature range 25–1200�C.

The solvus between 1C pyrrhotite and pyrite continues below 750�C along the
slope proposed by Toulmin and Barton [90] and Arnold [83] to 315�C, where the 1C
phase starts to transform into MC superstructure (M¼ 3.0–3.3). This temperature
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coincides with the �-transition temperature. The solvus then proceeds along a similar
slope down to 262�C, with the exsolution of NA superstructure. In the narrow
temperature range from 262 to 254�C, NA pyrrhotite coexists with pyrite if the initial
bulk composition contains less than 47.5 at.% Fe. The stability field of monoclinic
pyrrhotite near 254�C is very narrow and many earlier researchers considered it
restricted to Fe7S8 (46.67 at.% Fe) [39, 47, 92–94], but it has been found that the
monoclinic pyrrhotite is able to exist over a wider composition range at lower
temperatures (e.g. 46.4–46.9 at.% Fe at 115�C [8]). Below 209�C, NA
pyrrhotite will be transformed into NC structure [16–68, 70], and its stable composi-
tion field becomes wider with increasing temperature until around 90–100�C, a
eutectic temperature, where three phases coexist (1Cþ 2CþNC) [95–97]. Below
the eutectic temperature, 2C superstructure (troilite) coexist with NC pyrrhotite,

Figure 5. FeS–FeS2 phase diagram [8, 33, 41, 72, 83–85].
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of composition 47.8 at.% Fe at room temperature [33]. Viewed under a crossed
polars microscope, the images of the 2C and NC phases under go extinction
simultaneously, indicating that the c-axes of these two phases lie in parallel in the
intergrowth [2]. The temperature at which pyrite melts incongruently (742�C) is from
Kullerud and Yoder [98].

Arnold [83] proposed an idea of ‘‘Pyrrhotite Geothermometer’’, which utilizes
the temperature dependence of the composition of pyrrhotite coexisting with pyrite
in a sulphide ore. The fundamental assumption of this pyrrhotite geothermometer
was that a unique composition of hexagonal pyrrhotite coexists with pyrite along the
pyrrhotite–pyrite solvus (figure 5) [8]. However, the geothermometer is only valid
for low temperatures (T<314�C), as pyrrhotite–pyrite ores at higher temperatures
are unquenchable [8]. Pyrrhotite solvus exhibits a strong tendency to re-equilibrate
with decreasing temperature.

Li and Franzen [49] stated that composition of troilite can vary in a narrow
range (FeS to Fe0.95S). The phase transitions for stoichiometric troilite (FeS) have
been well studied (troilite–MnP-type (140�C)–1C pyrrhotite (315�C)). However, the
phase transitions studies for non-stoichimetric troilite (say Fe0.95S) have only been
conducted for �-transition (troilite–MnP-type) [97, 99, 100]. In these earlier studies
for �-transition solvus, the MnP-type phase was treated as 1C pyrrhotite, which has
been proven imprecise. Figure 5 does not include the �-transition curves for the
range of 49.0–50.0 at.% Fe, as there is no statistical result on �-transition solvus
extending to the troilite composition Fe0.95S�FeS.

The trigonal pyrrhotites (3C, see section 2.2), here denoted as MC instead of 3C,
as in nature, normally exhibit a multiplicity (M) slightly larger than 3 (3<M<4).
Thus, it is more accurate to use MC in the phase diagram.

The phase diagram also gives guidance for the estimation of coexisting phases
in an assemblage. At low temperatures, with the increase in iron content in
bulk pyrrhotite compositions, the possible assemblage shifts from (4CþNC) to
(2CþNC) [70, 101–105] (figure 5).

4. Electronic structure

4.1. Orbital separation energy (D) and spin-pairing energy (P)

In pyrrhotite iron atoms are octahedrally coordinated with six sulphur atoms.
The two Fe 3d eg orbitals have higher energy than three Fe 3d t2g orbitals, as eg
orbitals are directly repelled by sulphur atoms along x, y, z axes. The energy differ-
ence between three degenerate t2g orbitals and two degenerate eg orbitals is the
orbital separation energy (�). Spin-pairing energy (P) is the energy barrier that an
electron has to overcome in order to occupy the same orbital with another electron,
forming an electron pair. For paired electrons, one is normally expressed as major
spin (�), and the other minor spin (�). The energy level of a minor spin electron is
higher than that of a major spin electron by the amount of spin-paring energy (P).
For an electron configuration with half filled t2g orbitals, to add another electron
means the additional electron will either occupy an empty higher energy level
(eg orbitals) or form an electron couple with an existing t2g electron (electron paring).
The allocation of this additional electron depends on which energy barrier (� or P) is
the lowest [106–112]. Nesbitt et al. [3] precisely determined the � value of 1.5 eV, and
P value of 2.25 eV, using synchrotron excited X-ray photoelectron spectra (SXPS).
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The fact that P>� in pristine pyrrhotite determines that the Fe atoms have a

high-spin electron configuration.

4.2. Energy level diagram

Fe 3d eg orbitals (dz2 and dx2�y2 ) in pyrrhotite direct towards the apical sulphur

ligands, and each eg orbital lobe is mixed with sulphur orbitals to produce strong

bonding, �, and anti-bonding, �*. However, the lobes of Fe 3d t2g orbitals do not

overlap with sulphur orbitals, but spread between x, y, and z axes. The energy-level

diagram of pyrrhotite is derived from the calculation by Nesbitt et al. [3], Tossel [43],

and Sakkopoulos et al. [113] for [FeS6] octahedral cluster with Fe–S distance equal

to 2.5 Å, the average metal–sulphur separation in pyrrhotite. As shown in figure 5,

the 2a1g, 2t1u and 1t2u are Fe–S bonding orbitals, and 2eg, 1t2g, 3t1u and 1t1g are

the non-bonding orbitals of sulphur (S 3p in character). According to the calculation

of Tossell [43], 0.6 eV above 1t1g lies t2g(�) level, which has 80% Fe in character. The

eg(�) level (60% Fe in character) lies 1.5 eV (the value of orbital separation energy,

�) above t2g(�) [3]. The eg(�) is an anti-bonding level as is shown in figure 6, and that

its energy level is higher than the former degenerated Fe 3d orbitals.

Orbitals of
adjacent iron

Figure 6. Pyrrhotite valence band structure based on molecular orbital (MO) theory
[3, 47, 113].
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The t2g orbitals of iron do not contribute to Fe–S bonding in pyrrhotite and are

predominantly non-bonding in character [42, 43]. According to Goodenough [114],

Fe–Fe separation less than 3.0 Å in FeS leads to an overlapping of t2g orbitals of

adjacent Fe atoms. The overlapping produces p-bonded crystal orbitals along the

c axis (figure 6) [3, 113]. The p (bonding) and p* (anti-bonding) levels caused by

adjacent Fe atoms are illustrated in figure 5 [3]. This overlapping of t2g orbitals from

neighbouring Fe atoms acts as conductive conduits, resulting in preferential elec-

tronic conductivity along c-axis. The eg orbitals of two neighbouring Fe atoms are

not overlapped compared to the slightly mixed t2g orbitals (figure 7).
If there was no Fe–Fe p-bond produced, namely t2g orbitals did not split into p

(bonding), and p* (anti-bonding) levels, the t2g(�) is the highest occupied orbital

forming the Fermi level. However, the formation of Fe–Fe p-bond splits t2g(�) into
p(�) and p*(�) levels, makes the higher anti-bonding level, p*(�), fall into the

conduction band. Therefore, the lower p(�) level is the highest occupied energy

level and coincides with the Fermi level in pyrrhotite.

4.3. Band diagram

Pyrrhotite consists of many [FeS6] octahedrons, which form the crystal lattice

of pyrrhotite. The energy levels are expected to be broadened into bands due to

Figure 7. Ideal crystal structure of FeS with Fe 3d orbital eg and t2g orientation in [FeS6]
octahedrons [3].
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the interactions among these octahedrons. The bandwidth depends on the extent
of the overlapping with states of other atoms that surround each octahedron.

The major factors that affect the band structure of pyrrhotite are temperature
and concentration of impurities. A conductivity transition occurs accompanied with
this �-transition in pyrrhotite, from semiconducting behaviour to metallic behaviour
[18, 115]. As shown in figure 8, below �-transition temperature all pyrrhotite
samples (with different compositions) show negative temperature coefficients for
resistivity (d�/dT<0), a property of semiconductors. Above 315�C, the positive
slope of d�/dT indicates a clear metallic property.

It is not a mere coincidence that the conductivity transition (semiconducting!
metallic) and the magnetic transition (ferromagnetic/anti-ferromagnetic! paramag-
netic) occur at the same temperature (T�). Slater [116] and Sakkopoulos [117]
proposed that in the temperature range T<T�, the anti-ferromagnetically arranged
magnetic moments accounts for the formation of semiconducting behaviour. For an
anti-ferromagnetic system, the potential periodicity is twice the lattice spacing,
caused by the anti-parallel orientation of magnetic moments. This doubly periodic
potential splits the energy band into two. For example, the potential energy of an
electron with þ spin tends to exist in the atoms with spins in the þ-direction, rather
than in those with opposite spin [117].

In an electronic field, the vacancies in pyrrhotite act as charge carriers, forming
impurity band (figure 9). It can be split into two sub-bands by the doubly periodic
potential, leaving a narrow gap between them. The structure of band diagram
for pyrrhotite evolves with increasing temperature. A broad S 3p valence band
separated from the conduction band by 0.8 eV composes the band structure. The
one-third filled t2g(�) band determines the level of Fermi energy, leaving an empty
strip of 0.2 eV from the top of the valence band. (Note: t2g(�) band is different
from the t2g(�) energy level in energy level diagram. It is a collective effect of
energy level broadening caused by lattice interaction [3, 113].) The impurity band

Figure 8. Temperature variation of the receptivity of pyrrhotite with different
compositions [117].
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locates near the bottom of the conduction band. For T>T�, the impurity band and

t2g(�) band overlapped and the forbidden gap between conduction band and valence

band is bridged, resulting in a metallic behaviour of pyrrhotite (figure 9a). For

T<T�, anti-ferromagnetically ordered moment splits the impurity band and leaves

a narrow gap. This gap breaks the bridge formed by t2g(�) band and impurity band,

rendering a semiconducting behaviour of pyrrhotite (figure 9b).

4.4. Vacancy effect

Apart from the effect on the formation of pyrrhotite superstructures, the presence

of Fe vacancies gives rise to existence of iron hole states (Fe3þ) in metal-deficient

pyrrhotites. The existence of both FeII–S and FeIII–S (hole state) in pyrrhotite

has been confirmed by X-ray photoelectron spectroscopy (XPS) analysis [118].

The hole states are the results of charge compensation within the crystal structure

and the number of hole states varies sympathetically with composition [42]. For the

stoichiometric FeS, the charges of Fe2þ and S22 are balanced; therefore there should

be no hole state (Fe3þ) detected in troilite. However, the experimental result from

Skinner et al. [42] says otherwise. This can be explained with the aid of FeS–FeS2
phase diagram. Increasing iron content to Fe/S¼ 1 causes the formation of 2C

troilite where close Fe cluster is formed leading to an increase of metallic iron

component.
Increased electron population within the conduction band arising from Fe 3d

electron overlapping is confirmed by the XPS spectrum of troilite [42].
The vacancy also affects the conductivity of pyrrhotites. In metal-deficient

pyrrhotites, electron conduction occurs preferentially along c-axis. In the stoichio-

metric pyrrhotite, FeS, however, the conductivity remains strong both along c-axis

(a) (b)

Figure 9. Energy band diagram for FeS. (a) T>T�. The impurity band completely bridges
the energy gap. (b) T<T�. An energy gap produced by impurity sub-bands [90, 94].
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and in ab-plane, due to the shortening of Fe–Fe distance of the triangle Fe cluster

in ab-pane [10, 42].
The existence of hole state (Fe3þ) in FeS is expected to compensate the metallic

iron in troilite. It is convenient to assign Fe0 to metallic iron in pyrrhotite

when constructing the equation of charge balance, though it is not a true

electron configuration according to orbital theory. The charge balance can be

written as: Fe0 (metallic)þ 2Fe3þ (hole state)! 3Fe2þ. This equation also

applies to metal deficient pyrrhotites as to monoclinic pyrrhotite. However,

with further increase in sulphur content, the pyrrhotite structure eventually

breaks down to pyrite (FeS2), where FeII is almost the only state of iron. In the

structure of pyrite, FeIII is no longer needed for the charge compensation as it is in

pyrrhotite.
Mössbauer spectroscopy is commonly used to study the vacancies ordering

and coordination states of iron in pyrrhotite superstructures, accompanied with

the conventional diffraction methods. In the NiAs structure, each iron atom is

octahedrally coordinated to six sulphur atoms, but Mössbauer spectra of metal-

deficient pyrrhotites demonstrated that sulphur is both five- and six-fold coordinated

due to metal vacancies [42, 42, 119]. In troilite, the majority of iron lattice sites are

filled and therefore we expect to observe increased six-fold coordinate sulphur at

the expense of five-fold coordinate sulphur, as well as decreased Fe3þ atoms due

to filling of iron vacancies. The Mössbauer spectra of monoclinic pyrrhotite are

relatively narrower than that of the hexagonal NC phases, which is very broad

and asymmetric due to the vacancy distribution and mixture of multiphases of NC

structures [15, 36, 76, 120]. This broadening of the linewidths in the Mössbauer

spectra indicated different short-range order around Fe sites, and a variation

in the primitive unit cell axes in different pyrrhotite superstructures [36].

The atomic ratio Fe/S in Fe12xS can be correlated with the weighted hyperfine

field, Bhf, which decreases when the at.% Fe decreases [15, 36, 66, 76, 121, 122],

as shown in figure 10.

Figure 10. Variation of weighted hyperfine field, Bhf, with x in Fe12xS [36].
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5. Magnetic structures

Pyrrhotite shows distinct magnetic anisotropy [123]. Along the direction parallel to

the c-axis, the crystal is anti-ferromagnetic or ferrimagnetic (depending on vacancy

concentration on cation layers parallel to the ab-plane), while perpendicular to the

c-axis and within the same ab-plane the crystal is ferromagnetic (all spins orientate

in the same direction) [100]. The magnetic transition sequence for the entire pyr-

rhotite group is illustrated in the schematic diagrams in figure 11 [11, 117, 124, 125].

The behaviour of magnetic moment ordering in more metal-deficient pyrrho-

tite is different from that in near stoichiometric FeS. More metal-deficient

pyrrhotite (Fe12xS, x>0.05) does not experience �-transition, as does troilite.

The �-transition, on the other hand, applies to all pyrrhotite composition and

occurs at 315�C. At lower temperature (T<315�C), magnetic moments are ferro-

magnetically orientated ("""") in the same ab-pane, but anti-ferromagnetically

coupled ("#"#) with moments from adjacent ab-planes. Troilite shows the

anti-ferromagnetic structure, in which net moments are neutralized to zero due to

reversely orientated spin moments in adjacent ab-planes.
The ferrimagnetic structure of pyrrhotite (Fe12xS, x>0.05) originates from

an uneven distribution of vacancies in different ab-panes [126]. Since Fe is the carrier

Figure 11. Schematic diagram of the magnetic transitions of pyrrhotite [11, 117, 124, 125].
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of spin moment, the layers with cation vacancies display weaker magnetism than
layers free of vacancy.

Over the whole composition range, Fe12xS (0<x<0.125), pyrrhotite experience
a so-called �-transition at T�� 315�C, in which former magnetically ordered
phase changes to a paramagnetic phase. In the paramagnetic phase, the random
orientation of magnetic moments results in zero net magnetic moment.

For Fe7S8, as the moment orientations in cation vacancy layer and fully occupied
cation layer are anti-parallel, a non-zero net magnetic moment occurs as the
result of uncompensated magnetic fields between neighbour ab-panes. For other
pyrrhotite compositions, the magnetic field interaction between iron vacancy layer
and vacancy free layer is more complicated. Ideally, the less metal-deficient the bulk
pyrrhotite composition is, the weaker the net magnetic moment should be caused by
uncompensated magnetic fields. However, the true relationship between pyrrhotite
composition and the net magnetic moment is not restrictively linear; the relationship
follows a damping periodic pattern as shown in figure 12.

Some indirect evidence from thermal magnetization experiments provided by
Li and Franzen [49] have demonstrated the existence of this periodic damping
relationship. In order to explain this phenomenon, it is necessary to determine the
magnetic structure consistent with a given NC superstructure. First of all, consider
the stacking sequences in 4C, 5C, 6C, and 11C in figure 13 [73, 127, 128]. For 4C
structure, all the vacancy layers (ABCD) orientate in the same direction (", up in
figure 13), all the vacancy free layers (F) also orientate in the same direction (#, down
in figure 13) but anti-parallel to the vacancy layers [52, 53, 67, 73, 127, 128].
This arrangement of magnetic moment produces the maximum ferrimagnetic behav-
iour. For 5C, 6C, and 11C structures, however, both the vacancy layers and full
layers can orientate either way (", up and #, down in figure 13). This arrangement
counterbalances the magnetic moment from each direction, resulting in anti-
ferromagnetism. Therefore, the minima of the net magnetic moment occur at
Fe9S10 (5C), Fe11S12 (6C), and Fe10S11 (11C) in figure 12.

Figure 12. Periodical pattern of the relationship between pyrrhotite composition and net
magnetic moment.
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6. Concluding remarks

Pyrrhotite group minerals are abundant in nature, involved in myriad mineralogical
and metallurgical fields. However, they are extremely complicated from both
crystallographic and chemical standpoints due to their non-stoichiometric nature,
various polymorphs, and variable magnetic and electronic properties. Better under-
standing of the mineral chemistry and physics of these minerals benefits many
industrial and scientific areas. There are many compositional and crystallographic
variations of pyrrhotite minerals that merit consideration from researchers with
different backgrounds. This article summarized works of numerous researchers
to illustrate the phase relations between various polymorphs of pyrrhotite group
minerals. However, some phase transitions in certain composition/temperature
ranges still remain unclear. For example, the �- and �-transition curves of pyrrhotite
have never been established. These all need further studies.

Figure 13. Stacking sequence of the metal vacancy layer and vacancy free layer for 4C, 5C,
6C, and 11C structure [52, 53, 67, 73, 127, 128].
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