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ABSTRACT 

Transition metal sulfides have complex electronic structures which make them potentially useful as 

catalysts or for use in electronic devices. While photoemission spectroscopy is the best method to 

study these materials, accurate interpretation can be difficult for materials with complex electronic 

structures. With increasing interest in the applications of sulfides as catalysts, there is a growing need 

for clear and accurate interpretation of photoemission spectra. Improvements in sample preparation, 

resolution of spectroscopy techniques and recent developments of new spectromicroscopy techniques 

mean that the tools required to analyse surface electronic structure of minerals are more readily 

available. Increasing availability of these techniques is driving the necessity for improved 

understanding of the electronic structure and more accurate interpretations of spectra. 

 

The original contribution to knowledge presented in this thesis is the advanced interpretation of 

photoemission spectra for pyrrhotite and pentlandite by the examination of electronic structure, and 

the subsequent enhanced ability to detect minority species on sulfide surfaces using photoemission 

spectroscopy and microscopy techniques. Empirical line shapes were defined for core level sulfur 

spectra for pyrrhotite (Fe7S8) and pentlandite ([Fe,Ni]9S8), which allows additional surface species to 

be detected and quantified on reacted surfaces of these minerals. In addition to ultra-high vacuum 

spectroscopy techniques, scanning transmission X-ray microscopy is presented as a new method for 

sulfide analysis, which allows for the mapping of chemical species and detection of minority species 

on sulfide surfaces in oxidising conditions. 

 

Photoemission spectroscopy was used with varied analysis depths to distinguish surface and bulk 

states on vacuum fracture surfaces of pyrrhotite and pentlandite. Pyrrhotite fracture surfaces were 

observed to form an undercoordinated surface monosulfide in addition to a disulfide and polysulfide 

species. Pentlandite fracture surfaces are interpreted to have two undercoordinated surface 

monosulfide species, which arise from the loss of at least one bonding partner as a result of fracture. 

Pentlandite’s surface monosulfide species were seen to overlap with the bulk monosulfide species 

which has previously made the interpretation of pentlandite sulfur spectra difficult; however as a 

result of this study the correct interpretation is now provided. The difference in surface species reflect 

the polar and non-polar surfaces which are exposed on fracture surfaces of pyrrhotite and pentlandite, 

respectively. 

 

By distinguishing the bulk line shapes of the core level spectra from the surface species, asymmetric 

line shapes were observed. Broadening on the high binding energy side of the sulfur spectra for both 

pyrrhotite and pentlandite were determined to originate from ligand to metal charge transfer final 
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states. These asymmetric line shapes were fitted with an empirical set of peaks, which subsequently 

enables the identification of minority surface species. These line shapes were vital for identifying and 

quantifying the surface species which result from oxidation of the samples. 

 

The identification of minority species was further enhanced with the implementation of Scanning 

Transmission X-ray Microscopy (STXM). STXM is a novel spectromicroscopy technique, for 

investigating the changes to a mineral’s surface species in situ, thus negating the requirement for 

UHV which may result in altered chemical states due to a change in environmental conditions. It was 

shown that the spatial resolution and chemical mapping ability of STXM was able to identify minority 

species on the mineral’s surface which could not previously be distinguished from the bulk spectral 

contributions. This technique also provided the extended ability for in situ analysis of the 

electrochemical reduction of a mineral particle.  
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1 INTRODUCTION 

Transition metal sulfides have typically been valued for their economic and environmental impact, as 

a large proportion of economically important metals are bound up in the earth’s crust as sulfide ores. 

This is of particular interest for Australia which has large mineral deposits, and where mining export 

in 2018 amounted to over $200 billion and 8.4% of the gross domestic product [1]. Separating the 

valuable minerals from the gangue is an important step in the metal refinement process and requires 

a good understanding of the surface structures of mineral phases. Sulfide minerals are also highly 

reactive and are subsequently large contributors to acid mine drainage. As the sulfidic rock is exposed 

during the mining process, oxygen and water oxidises the sulfide minerals to produce sulfuric acid 

which contains high concentrations of heavy metals and other toxic elements [2]. In addition to the 

economic and environmental impacts of mining sulfide ores, many sulfide minerals have interesting 

crystal structures and electronic properties, and most are considered small band gap semiconductors. 

With an ever increasing demand for cheap and clean energy production, attention is turning to metal 

sulfide structures as a viable alternative for catalysts and photocatalysts [3, 4], specifically for 

harvesting solar energy for water splitting [4-6]. To effectively utilise these mineral structures in such 

devices, and to efficiently separate natural mineral phases from mined ore bodies, a detailed 

understanding is required of the surface structures and electronic structures of these materials, and 

the reactions that take place on their surfaces.  

 

X-ray spectroscopies such as X-ray photoelectron spectroscopy and X-ray absorption spectroscopy 

are advantageous for investigating changes to electronic structure. Since the shape and intensity of 

these spectra depend on the band structure of the mineral, they are highly sensitive to changes in 

oxidation state, ligand binding, and local coordination. X-ray photoelectron spectroscopy is 

considered a near surface technique and is therefore the best available technique to investigate 

changes to the electronic structure, and oxidation species on the surfaces of minerals. However, 

correct interpretation of transition metal sulfide spectra is non-trivial and is often overlooked in 

studies seeking to use photoelectron spectroscopy as a simple characterisation tool. This is 

particularly pressing for the primary nickel bearing sulfide pentlandite ([Fe,Ni]9S8), which has 

received recent interest for its use as a catalyst for the hydrogen evolution reaction [7-13]. Continuing 

confusion regarding the interpretation of pentlandite photoelectron spectra in particular is driving the 

need for studies devoted to accurate and detailed interpretation of spectra and identification of surface 

species. 
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Detailed interpretation of X-ray spectra of transition metal chalcogenides has historically been 

difficult for a number of reasons. Sample preparation techniques have been limited for the highly 

reactive sulfides, as some surface oxidation prior to analysis has been unavoidable. Consequently, 

there is an unknown amount of oxidised surface species contributing to the spectra, which masks the 

bulk contribution. The limited spectral resolution available to many prior studies has also obscured 

the bulk signal, as the contributions from multiple surface states overlap with each other and the bulk 

component, contributing to the difficulty in correctly interpreting core level spectra. Bulk components 

of photoelectron spectra of transition metal chalcogenides are also seen to have unusual line shapes 

and additional features which arise from final state effects caused by electron correlation between the 

core hole and the valence electrons. These effects are difficult to predict with electronic structure 

calculations and therefore require detailed analysis of the valence band to justify and explain the 

origin thereof. The ability to prepare samples by fracturing within ultra-high vacuum and transfer 

them directly to an analysis chamber ensures the samples are as pristine as possible. Also, recent 

developments in analysis techniques, notably with the addition of a synchrotron radiation photon 

source and improved analysers, provides greater spectral resolution to existing spectroscopy 

techniques. These notable improvements make a more detailed interpretation of core level spectra 

possible. 

 

While pristine mineral surfaces are highly advantageous for detailed investigations into electronic 

structures, these are not characteristic of the mineral surfaces found in nature or in applications such 

as catalysts. Therefore, it is also necessary to study mineral surfaces in environmental conditions such 

as exposed to air, or solutions, to understand how the surfaces change in conditions relevant to mineral 

separation or catalytic applications. Comparing photoelectron spectra of oxidised minerals to spectra 

of pristine minerals is a good method for investigating changes to surfaces and has been used 

extensively for this purpose. However, these analyses must be completed in ultra-high vacuum, and 

assume that there is minimal change to the surface between removing the mineral from the oxidative 

conditions and analysing it. The other major limitation of surface spectroscopy techniques is that the 

results are averaged over an area which contains multiple species, and therefore the spatial 

distribution of the detected species is not known, and minority species are potentially not detected. 

There is a need for new techniques which are able to resolve the spatial distribution of chemical 

species, which thereby enable detection of minority species.  

 

1.1 Thesis structure and aims 

The aim for this thesis is to develop the interpretation of X-ray photoemission spectra and X-ray 

absorption spectra for the transition metal sulfide minerals pyrrhotite (Fe7S8) and pentlandite 
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([Fe,Ni]9S8), which are often closely intergrown in nature. Chapter 2 of this thesis provides a literature 

review into previous interpretations of X-ray photoelectron spectroscopy (XPS) and X-ray absorption 

spectroscopy of transition metal chalcogenides. It discusses the methods used to improve 

interpretations and examples of how these techniques have been used to develop our understanding 

of mineral surfaces under environmental conditions. Chapter 3 details the methods used in the 

experimental sections of this thesis, including a brief description of each of the techniques, sample 

preparation, and instrumental details for each technique. 

 

The experimental chapters begin at Chapter 4, with a detailed investigation of a pristine vacuum 

fractured surface of monoclinic pyrrhotite (Fe7S8). X-ray photoelectron spectroscopy (XPS) is used 

primarily to identify the surface species on pristine fracture surfaces and distinguish the bulk line 

shape from the surface components. Resonance valence band spectroscopy is used to investigate the 

electronic structure of the sample to provide an explanation for the bulk line shapes identified in the 

photoelectron spectra. This chapter gives the first detailed explanation for the asymmetric bulk line 

shape observed for pyrrhotite core level spectra, and clearly distinguishes the bulk sulfide line shape 

from surface species. 

 

Chapter 5 makes use of the interpretation developed in Chapter 4 when surfaces of oxidised pyrrhotite 

sample are investigated using photoelectron spectroscopy. This chapter reveals the surface structure 

of pyrrhotite after oxidation in air, and exposure to acidic conditions and discusses the development 

of the surface structure, and the effect on the photoelectron spectra.  

 

Chapter 6 investigates the surfaces of two pristine pentlandite vacuum fractured surfaces and reveals 

the surface species formed upon fracture. This is significant for the interpretation of pentlandite 

photoelectron spectra and resolves the contentious assignment of sulfur species which has been 

discussed in previous literature. Part of this chapter has been published in Applied Surface Science 

(Z.E. Pettifer, J.S. Quinton, W.M. Skinner, S.L. Harmer, New interpretation and approach to curve 

fitting synchrotron X-ray photoelectron spectra of (Fe,Ni)9S8 fracture surfaces, Applied Surface 

Science, 504 (2020) 144458).  

 

The valence band of pristine pentlandite is investigated experimentally for the first time in Chapter 

7. These experiments aim to identify the origin of the broad asymmetric line shape of the core level 

photoelectron spectra, and also investigate changes seen in the pentlandite valence band as a result of 

changes to the mineral’s stoichiometry. This is necessary to develop an understanding of the 
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electronic structure of this mineral phase and justify the bulk line shapes applied in Chapter 6, which 

will aid future applications of pentlandite as a catalyst. 

 

Chapter 8 investigates the interaction of water vapour with the surface of pentlandite to understand 

how surface oxidation reactions occur for this mineral phase. This chapter then examines more 

extensive oxidation by exposure of pentlandite to air and acidic solution. The newly developed 

interpretation of core level and valence band photoelectron spectra highlights how these 

environmental conditions affect the pentlandite surfaces and how these changes are observed in 

photoelectron spectra. This has significant implications for future studies where oxidised pentlandite 

surfaces are used as catalysts and will aid in understanding how the surfaces change in similar 

conditions. 

 

Chapter 9 extends the current analytical methods to include a new and emerging microspectroscopy 

technique, which until this thesis, has not been used for sulfide minerals. Therefore, Chapter 9 

presents a new chemical mapping method for sulfide minerals, with a discussion about the challenges 

faced when applying this method to minerals, with suggestions of how to overcome such challenges, 

and examples of the possibilities available for similar studies. This is a significant development for 

sulfide analysis, since the analytical techniques used in Chapters 4 – 8 require ultra-high vacuum, and 

the effect of this vacuum on the surface components is not distinctly known. Therefore, the purpose 

of Chapter 9 is to provide an additional technique to evaluate the effect of the chamber environment 

on the observed surface species. Chapter 9 concludes with an example of the future of this technique, 

to analyse the electrochemical reduction of a mineral particle in situ, thereby showing the flexibility 

of this new technique. 
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2 LITERATURE REVIEW: LOOKING BEYOND THE EARTH’S CRUST TO 

SEE THE CRYSTAL STRUCTURES WITHIN 

2.1 Transition metal chalcogenides 

Transition metal chalcogenides form a large group of substances containing transition metal ions 

bonded to group VI elements, known as the chalcogenides: most commonly oxides and sulfides. 

Transition metal oxides and sulfides constitute a large proportion of mineral deposits in the Earth’s 

crust and are a major source of transition metals. The valuable mineral phases are often intergrown 

with other less valuable phases, and their effective separation is a critical step in extracting the 

valuable metals from the ores. In addition to their value as natural resources, transition metal 

chalcogenides are of increasing significance due to their interesting crystal structures, electronic 

properties, and potential for application in novel electronic devices. Transition metal chalcogenides, 

and sulfides in particular, due to their stability and semiconducting nature have recently been 

highlighted as potential catalysts for reactions such as the hydrogen evolution or oxygen evolution 

reactions [1-3]. 

 

Understanding and accurately characterising the surface electronic structure of these materials is of 

critical importance for their application as catalysts, and implications for the efficient separation and 

beneficiation of these naturally occurring minerals. Photoelectron spectroscopy is commonly used to 

characterise surface chemistry of metal sulfides for mineral separation studies (ref [4], and references 

within), and is increasingly being applied to transition metal sulfides synthesised for catalyst studies 

[5]. Unfortunately, too often the interpretation of photoelectron spectra is oversimplified or 

misinterpreted, and consequently either critical information is overlooked [6-9], or the 

misinterpretation of spectra produces erroneous results [9, 10]. An accurate and detailed interpretation 

of photoelectron spectra requires a good understanding and careful consideration of the crystal 

structure and the electronic structure of the material, as small changes to the structure can result in 

perplexing features in the spectra.  

 

Pentlandite is the major naturally occurring nickel bearing sulfide ore, and is often closely intergrown 

with pyrrhotite, amongst other phases. As the global demand for nickel steadily increases, the need 

to refine low grade nickel bearing sulfide deposits becomes more pressing [11]. Froth flotation is the 

method used to separate pyrrhotite from pentlandite and relies on the difference in surface 

hydrophobicity between the mineral phases to effectively separate them [12, 13]. Formation of 

hydrophobic polysulfide species, or hydrophilic species such as oxyhydroxide species and the 

distribution of these species across the surface plays a key role in the flotability of the mineral phase. 
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Therefore, understanding the surfaces of these minerals, and the reactions they undergo is important 

for their separation for metal extraction, and for their application as catalysts. 

 

2.2 Pyrrhotite 

Pyrrhotites are the second most common iron sulfides found in nature, second only to pyrite (FeS2). 

It is not considered to be an economically important mineral, except in the need to separate it from 

other valuable mineral phases. Pyrrhotite is commonly found intergrown with other minerals and is 

considered to be an unfavourable phase in sulfide ores. It is the most sulfur-containing phase, and its 

removal is critical for minimising SO2 production, and reducing the potential for sulfuric acid 

production within mining waste [14].  

 

The pyrrhotite crystal structure is based on the NiAs structure, which varies with iron deficiencies in 

the lattice. The Fe rich endmember of the pyrrhotite series is troilite (FeS) which is found primarily 

in meteorites due to the high temperatures of formation [15]. Troilite has a stoichiometric hexagonal 

structure, based on close packed layers of alternating iron and sulfur atoms, sometimes with other 

transition metals such as Ni or Co in place of Fe in the structure. In general, pyrrhotite has a variable 

structure, which arises from ordered vacancies of iron in the lattice, resulting in super cell structures. 

The general formula for pyrrhotite is Fe1-xS, where x may range from 0 to 0.125 [16]. Pyrrhotite with 

a higher iron content will have a hexagonal structure, whereas more iron deficient pyrrhotite such as 

Fe7S8 has a monoclinic structure [17], as seen in Figure 2.1. While iron-rich pyrrhotite structures 

display little or no magnetic response, the iron-deficient monoclinic structure of Figure 2.1 has a 

measured magnetic moment of 53.18 µB [18], however the origin of this magnetism is debated [19]. 

 



Chapter 2: Literature review: Looking beyond the earth’s crust to see the crystal structures within 

8 

 

Figure 2.1: Monoclinic structure of pyrrhotite. Blue: Fe atoms, grey: sulfur atoms. Iron vacancies occur in 

alternating planes parallel to the c-axis. The topmost iron layer in the shown structure is a lacunar plane. 

 

The most commonly studied pyrrhotite structure is the 4C monoclinic pyrrhotite with Fe7S8 

stoichiometry, which is found most commonly intergrown with pentlandite [20]. The iron vacancies 

in this structure are confined to alternating iron layers parallel to the c axis [21]. The Fe atoms exist 

in octahedral coordination with either 5 or 6 sulfur atoms, which are only mildly distorted due to Fe 

vacancies. The mean distances between the Fe atoms along the c axis are relatively short, which may 

indicate some delocalisation of valence electrons. The measured magnetic moment for monoclinic 

pyrrhotite indicates the number of unpaired electrons per atom is equal to 4.27, and that iron is 

therefore in high-spin configuration [22]. The simplistic view of pyrrhotite dominated by high-spin 

FeII introduces a problem with balancing the charge of the Fe and S valencies. Therefore, pyrrhotite 

necessarily has some amount of Fe3+ in the structure to account for the Fe deficiency in the lattice 

[23]. 

 

 𝐹𝑒7𝑆8 = 𝐿𝐹𝑒5
2+𝐹𝑒2

3+𝑆8
2− Eq. (1) 
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In Eq. (1), L denotes an iron vacancy. The ordering of FeIII in the lattice is less clear. Mössbauer 

spectroscopy was not able to identify the presence of FeIII cations in the lattice, indicating they were 

itinerant and were not localised on the time scale of the technique (10-7 – 10-8 s) [21]. The presence 

of FeIII was definitively shown using X-ray photoelectron spectroscopy, which was able to distinguish 

the FeIII signal from the FeII signal using high resolution 2p spectra [24]. An explanation has been 

provided for why Mössbauer spectroscopy was not able to detect FeIII. It is suggested that there is a 

critical separation for cations in a lattice, below which the d-electrons are shared, and above which 

the cations can be considered localised. For FeII cations, this critical distance is 3.0 Å [25], whereas 

the Fe-Fe distances are more than 3.1 Å, except in the filled Fe layer, where the distances are 2.944 

Å. This is further indication that there is some delocalization of d-electrons, which may account for 

the effective movement of FeIII in the lattice [21]. 

 

2.3 Pentlandite 

As described in reference [26], pentlandite is formed by exsolution from the Fe-Ni-S monosulfide 

solid solution (mss). As the mss cools, a nickeliferous phase is exsolved, commonly along fractures 

in the mss to form ‘rims’ of fine bladed particles, lamellae, and coarse granular pentlandite [27]. 

Previous studies have observed grains of pentlandite and pyrrhotite with preferential orientation in 

slowly cooled solid solutions, but rapidly cooled solid solutions have only randomly oriented blebs 

of pentlandite [28]. Pentlandite has face centred cubic crystal structure with Fm3m symmetry and a 

chemical formula of M9S8, where the metal sites are most commonly occupied by iron and nickel 

atoms in a ratio close to 1:1 [29]. Pentlandite has been known to contain small amounts of other 

transition metals, especially cobalt, up to approximately 1% [16], and may contain some other 

elements such as silver in argentian pentlandite ([Fe,Ni]8AgS8) [30]. The pentlandite structure, shown 

in Figure 2.2 consists of approximately close-packed alternating layers of metal and sulfur atoms. 

The cation sites are distributed across 32 tetrahedral sites and 8 octahedral sites. The tetrahedral sites 

are each bonded to 4 sulfur anions and arranged in a cube cluster. The tetrahedral cation sites of 

neighbouring cube clusters have short interatomic distances, indicating some delocalisation of 

valence electrons, which may account for the metallic properties observed for pentlandite [31]. The 

32 sulfur anions are distributed across 24 5-coordinate sites, which cap the faces of the cube clusters, 

and eight 4-coordinate sites which link the cube clusters [32].  
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Figure 2.2: Crystal structure of pentlandite M9S8. Blue: cation sites, grey: sulfur sites. 

 

It was originally thought that the thermal expansion of the pentlandite unit cell was irreversible. It 

was postulated that the migration of Fe from the octahedral to tetrahedral sites results in an almost 

random distribution of metal atoms in the octahedral site [33]. A subsequent study which investigated 

a natural pentlandite sample which was heated and subsequently cooled showed that the unit cell 

decreased in size during cooling, but did not return to the original cell dimensions [34]. It is postulated 

that the overall increase in unit cell dimension is due to the randomized distribution of Fe and Ni 

atoms in the octahedral site [35]. A comparison of the unit cell dimensions of synthetic and natural 

samples showed that over long annealing times, the unit cell parameters of synthetic samples decrease 

to values similar to those found in natural samples, suggesting the reordering of Fe atoms into the 

octahedral sites [36, 37], and highlighting the high mobility of metal atoms within the lattice. 

 

The size of the pentlandite unit cell causes difficulty in calculating the electronic structure of such a 

material, which is further complicated by the uncertainty in the ordering of cations in the lattice. There 

have been a number of studies attempting to calculate electronic structures of structures similar to 

pentlandite [38-43], however each of these studies is limited by the absence of high quality 

experimental data with which to compare the calculations. An understanding of the electronic 

structure is critical for accurate interpretation of photoelectron spectra, as is seen for other transition 

metal chalcogenides. The complex structures have significant effects on the line shapes and features 

observed in the core level spectra, and an understanding of these structures affects the interpretation 

of the core-level spectra. 
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2.4 Electronic structure, bonding, and transitions in materials. 

The strength and orientation of bonds in the crystal lattice play a critical role in determining the 

electronic structure of a material, as it dictates the type of molecular orbitals which are formed 

between neighbouring atoms. The molecular orbitals, or band structure which forms, and the 

occupancy of valence electrons is what gives these materials their electronic properties. As an 

example, consider a ferrous ion (Fe2+) in the ground state; it has six valence electrons in the 3d 

orbitals: 

 

 Fe2+ = 1𝑠22𝑠22𝑝63𝑠23𝑝63𝑑64𝑠0 Eq. (2) 

 

There are five d orbitals; 𝑑𝑧2 and 𝑑𝑥2−𝑦2 are on-axis, that is, in the direction of the x, y and z axes, 

and 𝑑𝑥𝑦, 𝑑𝑥𝑧 and 𝑑𝑦𝑧 are off-axis, meaning their direction is between the axes. In a free ion, these d 

orbitals are degenerate and have the same energy, but when the ion is bonded to a ligand such as 

sulfur in iron sulfides, the 3d orbitals become non-degenerate due to their mixing with the valence 

orbitals of the ligand. As shown in Figure 2.3, when the cation (green) is in octahedral coordination, 

the ligands (grey) are on-axis, while in tetrahedral coordination, the ligands are between the axes. 

This results in an energy splitting of the d electrons, with the orbitals oriented towards the ligands at 

a higher energy; that is, closer to the Fermi level. For a cation in octahedral coordination, the on-axis 

orbitals referred to as the eg states, are a higher energy, while for a tetrahedrally coordinated cation, 

the off-axis orbitals, referred to as the t2g states, are a higher energy.  

 

Octahedral 

  

Tetrahedral 

 

 

Figure 2.3: crystal field splitting of d orbitals in tetrahedral and octahedral coordination. In the example in 

the text, the green atom is iron, and the grey atoms are sulfur. 
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Electrons fill the orbitals from lowest to highest energy. However, for a ferrous ion with six d 

electrons there are two possibilities, based on the crystal field splitting; that is, the energy difference 

between the t2g and eg states, and the spin pairing energy, which is the energy difference between the 

spin up (majority spin) and spin down (minority spin) electrons. If the crystal field splitting is less 

than the spin pairing energy, the electrons will occupy the higher energy levels before pairing in 

opposite spin states. The result is the atom is in the “high spin” state, as the number of unpaired 

electrons is maximised. This is more common for a ferrous ion in tetrahedral coordination, rather than 

octahedral coordination, as the crystal field splitting energy is smaller and is therefore more likely to 

be smaller than the pairing energy. Tetrahedral high spin Fe2+ would consist of a “spin up” or 

“majority spin” electron in each orbital, with one of the lower energy eg orbitals occupied by a second 

“spin down” or “minority spin” electron. If the spin pairing energy is less than the crystal field 

splitting, the electrons will pair in opposite spin states in the same orbital before the higher energy 

orbitals are occupied. This is known as a “low spin” configuration, as the number of unpaired 

electrons is minimised. The shape of the cation core level photoelectron peak is affected by the 

number of unpaired electrons in the valence band, due to the coupling between the remaining unpaired 

core electron and the unpaired valence electrons which results in a splitting of the main cation 2p 

photoelectron peak, known as multiplet splitting. 

 

Multiplet splitting of the transition metal core level 2p lines results in an asymmetric line shape which 

consists of a series of multiplet states. Attempts have been made to calculate the shape of these 

multiplet features for the first row transition metals in different valence states [44, 45], and to 

empirically fit the asymmetric line shapes [46-48]. However, the multiplet structure is dependent on 

the ligand and the local coordination which is sensitive to any changes to bonding. Therefore,  any 

line shape defined for one molecule does not take into account structural variations from that model 

and is consequently not applicable to materials beyond those from which the line shapes were defined. 

A more rigorous method of analysing spectra involves distinguishing the surface states from the bulk 

line shapes and justifying the observed line shapes with analyses of the electronic structure of the 

material.  

 

2.5 Photoelectron spectroscopy of transition metal sulfides 

X-ray photoelectron spectroscopy (XPS) is an important tool for understanding the electronic 

structure of transition metal chalcogenides. For the first row transition metal sulfides, there is a strong 

interaction between the 2p core level and the 3d valence band, thus photoelectron spectroscopy of the 

2p core level is highly sensitive to changes which occur within these structures. Consequently, XPS 

has been a key tool for understanding the surface changes which occur due to fracture [49-52], 
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oxidation [53-59], and the interaction with flotation reagents [60-65]. To be an effective tool for 

studying mineral surfaces, oxidation and reactions with other molecules, requires a strong basis in the 

accurate interpretation of unaltered core-level spectra. This is most successfully achieved on pristine 

fracture surfaces, as these surfaces have the least opportunity for alteration prior to analysis. 

 

2.5.1 Identification of surface states 

As a near-surface analysis technique, XPS has a strong history in identifying surface states resulting 

from the fracture surfaces of minerals. The species which exist on a mineral’s surface are likely on 

the top one or two monolayers of the sample, and while they do contribute to the photoelectron 

spectra, their signal is often minimal in conventional XPS, and can be difficult to distinguish from 

the bulk components. A synchrotron radiation photon source provides an advantage in this space, as 

the photon energy of the X-rays can be tuned to enhance the surface sensitivity of the technique [66]. 

This method involves altering the energy of the incident photons, which consequently alters the 

kinetic energy of the photoelectrons. The surface sensitivity of the technique is governed by the 

inelastic mean free path of the photoelectrons, which is defined as the average distance an electron 

will travel between inelastic collisions [67]. Photoelectrons with a lower kinetic energy will generally 

have a smaller inelastic mean free path (IMFP), with the smallest IMFP at kinetic energies around 

100 eV. At kinetic energies below this, the IMFP rises sharply [67-69]. 

 

Using this method of altering the incident photon energy, the surface states can be distinguished from 

the bulk in the core level spectra. Binding energy shifts in core level spectra are used to identify 

changes to the electronic structure of the surface states in comparison to the bulk. Bulk and surface 

atoms in III-V and II-IV semiconductors are generally found to have different binding energies of 

their core levels. For example, the (110) surface of GaAs (with zinc blende structure) shows a shift 

in binding energy with respect to the bulk binding energy core levels for both Ga and As states. This 

is observed as a positive shift in binding energy for the Ga (cation) sites, and a negative shift in 

binding energy for the As (anion) sites. The binding energy shift is due to a ground state charge 

transfer in the bonds at the surface, resulting in an increase in electron density around the ligands as 

a result of the loss of a bonding partner [70]. 

 

Similar binding energy shifts are observed for transition metal sulfide surfaces. The sulfur spectrum 

of vacuum fractured pyrite surfaces has been shown to include a contribution from a surface 

monosulfide species, and a contribution from the surface disulfide atom [71, 72]. The iron sites of 

pyrite are shown to include a narrow bulk contribution from low-spin FeII and surface contributions 

from FeII species which have undergone changes to local coordination, resulting in multiplet splitting 
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of the main peak, in addition to a contribution from Fe3+, which results from auto-oxidation of the 

surfaces [49, 72-74]. Using the described method of identifying surface components in the spectra, 

this auto-oxidation process was found to be common among a number of other minerals, and also 

necessary to stabilise the surfaces of loellengite (FeAs2) and marcasite (FeS2) [74]. Fracture surfaces 

of millerite (NiS) [75], bornite (Cu5FeS4) [51], chalcopyrite (CuFeS2) [50], and troilite [76] have also 

been studied, identifying both relaxations and reconstructions on fracture surfaces, in addition to 

analysing the bulk contributions to the spectrum. Surface species on pyrrhotite fracture surfaces were 

also investigated [76], but the interpretation of these spectra was obstructed by the asymmetric line 

shape of the bulk peak and the overlapping energies of surface states. Attempts have been made to 

also identify the components in the pentlandite sulfur core level spectrum [77, 78], yet none of these 

are synchrotron XPS (SXPS) studies. The accurate interpretation of these spectra has also been 

difficult due to overlapping energies of distinct states, broad asymmetric line shapes, and the 

difficulty in producing unaltered and reproducible surfaces, as pentlandite has no natural cleavage 

and a propensity to fracture along pre-oxidised grains [79].  

 

2.5.2 Interpretation of bulk XPS line shapes 

Both pyrrhotite and pentlandite sulfur 2p core level spectra have been seen to have high binding 

energy asymmetric line shapes [76-78, 80], and this has been justified due to their small band gaps 

and presumed metal-metal bonding in the crystal lattices [21, 32]. Such high binding energy bulk line 

shapes have previously been observed for other materials. Citrin [81] observed a high binding energy 

tail in the X-ray photoemission spectrum of sodium metal and concluded that the tail is due to 

“excitation of the conduction electrons by the sudden creation of the core hole”. This is a final state 

effect commonly seen for metals which results in a skewed line shape for the core level spectra, with 

broad high binding energy tails. The skew line shape is comprised of a series of states arising from 

the readjustment of the metallic conduction electrons, due to the creation of the core hole [82]. It has 

been argued for both pyrrhotite and pentlandite that the asymmetric bulk line shapes arise due to the 

interatomic distances between neighbouring cations which are smaller than the threshold proposed 

for metallic bonding [25]. However, monoclinic pyrrhotite has a calculated band gap of 0.8 eV [83], 

indicating it is not a true conductor. Conversely, the pentlandite electronic structure is not well 

understood, despite the numerous calculations attempting to resolve the structure [38-41]. 

Calculations have indicated that pentlandite’s stability arises from a pseudo-gap in the band structure 

at the Fermi level [40]. Furthermore, many first row transition metal chalcogenides have been found 

to be charge-transfer compounds. They are characterised by the ligand-to-metal charge-transfer 

energy, which is the energy difference between the 3dn
 and 3dn+1L (charge transfer) state and is less 

than the d-d Coulomb repulsion energy [84]. Periodic trends are observed for the charge transfer 
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energy and the d-d Coulomb energy, related to the electronegativity of the cation and the ligands. 

Generally, as the cation atomic number increases, the charge transfer energy decreases, due to the 

increase in electronegativity and subsequent lowering in energy of the cation d orbitals. Concurrently, 

the d-d Coulomb repulsion energy increases due to the decrease in radial extent of the 3d orbitals [84, 

85]. However, the physical properties of materials such as their metallic or insulating nature and the 

size of their band gap are observed to not be smooth functions of these variables [85], and thus the 

electronic band structures of the transition metal sulfides require detailed investigation to understand 

the origin of features in the photoemission spectra. 

 

2.5.3 X-ray absorption spectroscopy and resonant valence band studies 

X-ray absorption spectroscopy can give additional insight into the valence band structure of a 

material. For first row transition metal sulfides, the structure around the 2p absorption line is 

particularly sensitive to changes to electronic structure, which can be induced by change in bonding 

partner, or local symmetry [86]. Analysis of the 2p absorption, or L edge, is sometimes referred to as 

Near Edge X-ray Absorption Fine Structure (NEXAFS) and is particularly sensitive for first row 

transition metal sulfides as the transitions from the 2p core level to the unoccupied states in the 3d 

band are particularly strong. Consequently, 2p NEXAFS has been shown to be particularly useful for 

mineralogical and geochemical research [87]. 

 

NEXAFS has been essential for determining the oxidation state of copper in various minerals. 

Determining the oxidation state of cations in complex mineral systems is not trivial, and the 

sensitivity of L edge NEXAFS spectroscopy to the oxidation state of copper in particular has been 

instrumental for this purpose. In particular, for covellite (CuS), which has been claimed to be 

primarily CuII, but shown by NEXAFS to be primarily CuI [88, 89]. The copper in chalcopyrite was 

also shown to be monovalent [89], despite claims of divalent copper in the unaltered chalcopyrite 

structure [90].The assignment of CuII by Todd, Sherman and Purton [90] was inaccurate due to the 

misunderstanding that CuI would not produce a L edge absorption spectrum, due to the full 3d band, 

but the absorption features occur due to the 3d character of the Cu 4s band. This highlights the 

necessity for a clear understanding of the fundamental processes to ensure accurate interpretation of 

spectra. 

 

A particularly powerful method of investigating the electronic structure of a material is by resonant 

photoemission spectroscopy. The valence band photoemission spectra are collected with photon 

energies corresponding to features in the soft X-ray absorption spectra. This method highlights 

features in the valence band which correspond to orbitals from elements in the material, and may 
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highlight localised 3d states, arising from the strong interaction between the 2p and 3d electrons in 

materials with significant electron correlation [91]. Fujisawa, Suga, Mizokawa, Fujimori and Sato 

[92] used resonant valence band photoemission spectroscopy to investigate the electronic band 

structure of chalcopyrite (CuFeS2) and were able to show that chalcopyrite has a ligand-to-metal 

charge transfer between the S 3p → Fe 3d states, and that the broad tails in both the Fe and S 2p core 

level photoelectron spectra are caused by the charge transfer final state [92]. Resonant photoemission 

has also been used to study pyrite-type minerals; namely FeS2 (pyrite), CoS2 and NiS2, observing the 

trends as the cation 3d band is progressively filled with the increase in atomic number of the cation 

[93]. As the number of electrons in the cation valence band increases, the width of the peak in the 

valence band spectrum attributed to 3d states increases, with the addition of a small shoulder near the 

Fermi energy, attributed to the eg band, which is empty in FeS2, but progressively filled in CoS2 and 

NiS2. Resonant enhancement was observed in the valence band for each of these materials, indicating 

that electron correlation plays an important role in the electronic structure of each. Notably for NiS2, 

this resonant valence band photoemission study showed that the higher binding energy satellite 

feature was due to a d7 final state, and the main band of the spectrum is therefore attributable to the 

charge transfer d8L final state, and that NiS2 is therefore a charge-transfer type insulator [93].  

 

2.6 Oxidation of sulfide surfaces 

With a clear interpretation of spectra for pristine surface, and a strong fundamental understanding of 

the origin of the observed feature, X-ray spectroscopies can be a powerful tool for observing fine 

changes to the mineral surfaces due to oxidation. Even without the strong foundation of the fracture 

surfaces, photoelectron spectroscopy in particular has been used to study the oxidation of surfaces 

upon initial exposure to oxygen [59, 94, 95], or air [49], or the evolution of the surface species due to 

the extended exposure of the mineral to atmosphere, humidity or water [53, 55, 56, 75, 96-98], 

exposure to flotation related conditions [58, 62, 65, 99, 100], or acidic conditions common to leaching 

[96, 97, 101-103]. Only a few of these mentioned studies investigate the surface species specifically 

[49, 59, 94], while most observe the changes in the spectra of samples under the different conditions 

[53, 55, 56, 96, 102]. The latter technique is a valid method of observing the changes to a sample’s 

surface, but small details have not been easily detected, partly due to highly variable sample 

preparation methods combined with the potential variability of natural samples and the limited 

resolution available in older studies. 

 

Pyrrhotite oxidation studies have shown that after oxidation in air, the pyrrhotite surface forms an 

overlayer of Fe-oxyhydroxide species, which has a sulfur-rich underlayer, the stoichiometry of which 

gradually changes back to Fe7S8 in the bulk [24, 97]. However, the studies which show this compare 
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the spectra of oxidised pyrrhotite samples with the spectra of more pristine samples, rather than fitting 

the components of high resolution spectra. Pentlandite oxidised surfaces have been even more 

difficult to investigate, as it was shown in early studies that pentlandite surfaces naturally fracture 

along pre-oxidised surfaces such as in cracks or grain boundaries in the sample [79]. As a result, 

subsequent studies used abrading techniques to create reproducible pentlandite surfaces, which has 

masked the interpretation of the high resolution spectra and made the assignment of surface states 

difficult [77, 78]. A more rigorous method of analysis is to firstly have a well-studied fracture surface 

and well-defined bulk features, then comparing the well characterised bulk feature with the oxidised 

spectra to identify the surface species which result from the oxidising conditions. 

 

2.7 Overcoming limitations of techniques 

The next step to take in critically analysing transition metal sulfide surfaces is to develop an in situ 

analysis method. Characterising fracture surfaces is important, as is analysing oxidised surfaces, 

however the techniques discussed up to this point are limited by the analysis environment. This 

limitation is especially important for the oxidised samples, as the sample must be removed from its 

oxidising environment and placed in ultra-high vacuum (UHV) to carry out the analysis, and the 

changes which occur between exposing the surfaces to oxidising conditions and analysing them in 

vacuum are ambiguous. Scanning transmission X-ray microscopy (STXM) is an emerging technique 

which is able to illuminate this aspect, as the technique allows for analysis of hydrated samples. The 

use of soft X-rays has rendered this technique favourable for organic, polymer and biological samples 

due to the water window; that is, the ability for soft X-rays to penetrate water, and due to the low 

radiation dose delivered by the design of the instrument [104]. While STXM has been shown to be 

highly useful for the analysis of soft matter, it has also been used to map Al-containing minerals in 

multiphase mixtures [105], metal species in biofilms [106-109], and mapping ratios of ferrous and 

ferric iron in silicate samples [110].  

 

The main advantage of applying this technique to sulfide samples is that samples can be analysed in 

situ without having to change the sample’s environment such as solution pH, Eh, ion concentration, 

or pressure. This removes the assumptions made in the studies previously discussed, that the changes 

to the samples as a result of analysing them in UHV are minimal. Recent developments in this 

technique have seen novel designs of sample holders for studies of samples in specialised 

environments. An example was shown of an in situ analysis of an iron-based catalyst using a specially 

designed sample holder including a nanoreactor with gas inlets and electronical connections [111]. 

STXM has been used to study the electrochemical reduction of CuII to deposit metallic copper on a 

Au electrode using a specially designed wet cell with printed electrodes [112]. This sample holder 
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design has recently been further developed to enable similar investigations, but with continuous flow 

of electrolytes [113, 114]. The combination of chemical sensitivity, appropriateness for soft matter 

and transition metals, and the adaptability of the sample holder makes STXM a great candidate for 

sulfide mineral analysis. 

 

2.8 Summary and objectives 

This literature review has highlighted the need for careful characterisation of surface species and 

detailed understanding of the electronic structures of the transition metal sulfides pyrrhotite and 

pentlandite. X-ray photoelectron spectroscopy has been identified as a highly useful technique for 

investigating these aspects of transition metal chalcogenides. The original contribution to knowledge 

provided in this thesis is the investigation of the surface structure of pristine vacuum fractured 

pyrrhotite and pentlandite using tunable synchrotron radiation sources, and a detailed investigation 

into the electronic structures of these materials, thereby justifying the observed bulk line shapes. With 

carefully characterised pristine surfaces, the oxidised surfaces of these minerals are then investigated 

to identify the oxidation processes which occur on the surfaces of pyrrhotite and pentlandite, and their 

corresponding features in the photoelectron spectra. This is a significant contribution, especially with 

the increasing interest in pentlandite and related structures, as an accurate interpretation of spectra of 

these surfaces oxidised in air and in solution will help interpret the photoelectron spectra observed in 

literature more focussed on the application of these surfaces as catalysts. Finally, this literature review 

highlights that common photoemission spectra require the sample to be in UHV, which poses a 

significant limitation, especially for oxidised samples, which must be removed from their oxidising 

environments prior to analysis. An emerging microscopy technique has been highlighted as a 

possibility for overcoming this limitation. Hence, this thesis includes the first known application of 

STXM for analysis of transition metal sulfide minerals, to highlight its suitability for sulfide systems. 
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3 MATERIALS AND METHODS 

3.1 Minerals 

A combination of natural and synthetic mineral samples has been used for the research carried out in 

this thesis. All the single phase pentlandite samples were synthetic samples produced using high 

purity elements as starting materials.  

 

3.1.1 Pentlandite synthesis 

Pristine samples of natural pentlandite are difficult to obtain, since they often contain other mineral 

phases, namely pyrrhotite and violarite, and occasionally other phases such as millerite, pyrite and 

chalcopyrite, closely intergrown. Samples of pure pentlandite used in this thesis have been 

synthesised using an evacuated silica tube method, previously described by Xia, Zhou, Brugger, 

Ngothai, O’Neill, Chen and Pring [1]. Quantities of elemental iron (1 mm diameter wire, 99.99+%, 

Aldrich), elemental nickel (0.5 mm diameter wire, 99.99+%, Aldrich), and sulfur (flakes, 99.99+%, 

Aldrich) were weighed and placed inside silica tubing, which were sealed under a vacuum of at least 

10-2 Torr. The stoichiometry of the final pentlandite samples was controlled approximately by 

selecting appropriate starting quantities of elemental materials. Samples were heated steadily to a 

temperature of 455°C, over 7 hours, and kept at that temperature for 3 hours before being heated at 

the same rate to the maximum temperature of 1150°C. Samples were held at this temperature for 10 

hours, at which point the blast furnace was turned off and samples were allowed to gradually cool to 

room temperature overnight. This gradual heating process prevents the sealed silica tubes from 

exploding due to rapid vaporization of sulfur and allows for the sulfur to react with the iron and 

nickel. The resulting samples are composed of pure pentlandite, with a thin layer of millerite on the 

outside edge of the bullet [1, 2]. This thin millerite layer is removed using 1200 grit silicon-carbide 

sandpaper before analysing the sample’s crystal structure and mineral purity. 

 

3.1.2 Mineral characterisation 

Each mineral sample was characterised using X-ray diffraction to show the crystal structure, and 

electron microprobe analysis to determine the average stoichiometry across the sample. 

 

3.1.2.1 X-ray diffraction 

The crystal structures of the minerals used in this thesis were determined by X-ray diffraction (XRD) 

using a Huber Guinier Image Plat G670 X-ray Diffractometer with Co Kα radiation (λ = 1.78892 Å). 

Representative portions of each sample were finely ground in acetone and transferred to a silicon 
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crystal sample holder, and a diffraction pattern was obtained from across 2θ = 10 - 90°. The peaks in 

each diffraction pattern were compared with mineral database files to confirm the crystal structure of 

the mineral, and the presence of any impurity phases. For the synthetic pentlandite samples, both ends 

of each bullet were analysed to examine homogeneity, and the samples selected for the work all 

showed good homogeneity across the whole sample. 

 

3.1.2.2 Electron microprobe analysis 

The stoichiometry of each sample was determined using quantitative electron microprobe analysis. 

A Cameca SXFive electron microprobe was used, operated at 20 kV, with a specimen current of 20 

nA. A few small pieces of each sample were selected from regions throughout the pellet and set in a 

non-conductive resin, which was polished with a Struers TegraPol Automatic Polishing System, using 

a 9 µm cloth, followed by a 3 µm cloth, and finally with 0.04 µm colloidal silica, rinsing between 

each step. Once the samples were polished to a fine shine, they were coated with a fine carbon layer 

to prevent charging during analysis. During microprobe analysis, the distribution through the samples 

of different atomic species could be qualitatively observed by imaging using backscattered electron 

mode, which highlights differences in atomic mass with image contrast. At least 10 data points were 

collected for each phase in each sample to provide good statistics. Synthetic pentlandite samples that 

showed non-homogeneous distribution of iron and nickel atoms were rejected for this study. 

 

3.1.3 Surface preparation 

The specific surface preparation techniques used for each experiment are noted in the methods section 

of each chapter. An overview and description of each method is presented below. 

 

3.1.3.1 Pristine surfaces 

Two methods of creating clean mineral surfaces for analysis were used in the proceeding chapters: 

fracture in high vacuum, and fracture in nitrogen glove bag. For both these methods, prior to fracture, 

notches were made on the side of the minerals to create weak points along which the minerals would 

fracture. This served two purposes; firstly, to control the resulting shape of the mineral, and secondly 

to encourage the mineral to fracture through grains, rather than along grain boundaries, to expose a 

pristine surface, rather than a pre-oxidised surface. 

 

The pristine mineral surfaces which were analysed at the Australian Synchrotron by XPS and 

NEXAFS were prepared by fracturing in high vacuum directly prior to analysis. Samples were 

prepared by shaping into approximately 5 × 5 × 10 mm dimensions and mounting in a specially 
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designed, electrically conducting sample holder such that the long edge was protruding from the 

sample holder. The sample was then transferred into the preparation chamber of the endstation and 

evacuated to a pressure of at least 10-8 Torr. While under vacuum, a pair of opposing knife blade 

cleavers were used to apply a gradually increasing force to the edge of the sample until the sample 

fractured, revealing a pristine, unoxidized surface. The sample was then moved to the analysis 

chamber and the cleanliness of the sample assessed with an XPS broad survey scan, monitoring the 

carbon and oxygen signals to determine if the fractured sample was pristine. 

 

The pentlandite samples presented in section 7.3 were analysed at the Canadian Light Source, where 

no fracture chamber was available on the endstation. Alternatively, the samples were fractured in an 

inert nitrogen atmosphere to achieve the most pristine surface possible. To achieve this, pentlandite 

samples which had already been notched were inserted into a glove bag which was temporarily fixed 

to the entrance of the introduction chamber of the endstation and was continuously flushed with 

nitrogen. The pentlandite samples were cleaved using hand-held steel end-cut wire cutters. Each 

sample was mounted on a molybdenum sample holder using carbon tape, with the pristine surface 

facing upwards. The samples were then transferred to the introduction chamber, and the door to the 

introduction chamber was sealed and beginning to evacuate before the glove bag was removed. 

 

3.1.3.2 Dosed samples (controlled oxidation) 

One of the pristine pentlandite samples from the Canadian Light Source was dosed with a controlled 

amount of H2O vapour and is presented in Chapter 8. This was achieved in a preparation chamber 

which was maintained at a vacuum of at least 1×10-8 Torr. Demineralised water was held in a glass 

tube which was mounted on a valved inlet to the preparation chamber. The tube was surrounded by a 

liquid nitrogen filled vessel to freeze the water. The valve to the preparation chamber was opened to 

allow the vapour from the subliming water to enter the chamber where the pentlandite sample was 

held. The pressure in the chamber was closely monitored until the desired exposure was reached, at 

which point the valve to the subliming water was shut off and the vacuum allowed to recover. The 

pentlandite sample was then moved to the analysis chamber for measurements to be made. 

 

3.1.3.3 Polished samples 

The polished samples, and the samples exposed to acidic solution shown in Chapters 5 and 8 were 

polished using an incremental manual polishing procedure. Samples were separated from the ore 

where necessary by breaking off sections with hand-held end-cut wire cutters. Care was taken to 

avoid sections of obvious impurities sometimes present in natural samples, such as quartz. Samples 
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were shaped approximately using coarse grit (either 80 or 180 grit) wet-dry silicon-carbide sandpaper. 

The analysis face was then polished using increasing grit sandpaper (400, 600, 800, then 1200 grit), 

working the sample in figure-eight patterns to ensure even polishing of the surface and to remove 

scratches and pitting. The samples were then cleaned using ultrapure (MilliQ) water in an ultrasonic 

bath to remove residual silicon carbide, while preventing unnecessary crumbling of softer samples. 

To achieve a fine polish with a mirror shine, the samples were then polished using 1 µm diamond 

paste on a TriDent synthetic woven polishing cloth, working the sample in a figure-eight pattern. To 

remove the residual diamond paste, the samples were then cleaned once more in ultrapure water in 

an ultrasonic bath. 

 

3.2 X-ray photoelectron spectroscopy 

X-ray photoelectron spectroscopy (XPS) is a chemically sensitive spectroscopic technique which 

measures the energy of electrons which are ejected from the surface of a sample as a result of the 

interaction between incident photons (X-rays) and the sample matter. In a simple model, the energy 

of the photon is known (ℎ𝜈), the kinetic energy (𝐸𝑘) of the ejected electron is measured, and the 

binding energy of that electron (𝐸𝑏) is calculated by Eq. (3) [3]. 

 

 ℎ𝜈 = 𝐸𝑏 + 𝐸𝑘 + 𝜙 Eq. (3) 

 

In Eq. (3), 𝜙 is the work function, or the minimum energy required to remove an electron from the 

sample. In practice, the work function includes the work function of the sample, and the work function 

of the spectrometer, and is constant across all measurements taken on the same instrument.  

 

The binding energy of an ejected electron is characteristic of the atom and the subshell from which it 

originates and depends on the electrostatic attraction between the electron and the nucleus of the 

atom. Electrons in deeper subshells (closer to the nucleus) will have a binding energy greater than the 

valence electrons, due to the increased electrostatic attraction. An example of this can be seen in the 

survey spectrum for a slightly oxidised pentlandite sample, shown in Figure 3.1.  
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Figure 3.1: Example of survey spectrum for oxidised pentlandite, including peak assignments, obtained with 

hν = 1487 eV. 

 

3.2.1 The photoelectron excitation process 

A diagram of the photoelectron excitation process is shown in Figure 3.2. If the energy of the incident 

photons is sufficient; that is, if it exceeds the sum of the work function and the binding energy of the 

core electron, then the core electron will be ejected from the material as a photoelectron (ep
-) with a 

kinetic energy determined by the difference between the energy of the incident photon and the binding 

energy of the electrons, given by Eq. (3). The photoelectron process leaves the atom in an excited 

state with a core hole, which results in a relaxation process to fill the core hole and leave the atom in 

its lowest energy state. One of the available relaxations processes is the Auger decay process, also 

shown in Figure 3.2. In this process, an electron from a higher shell fills the core hole. Due to the 

conservation of energy requirement, some energy must be released, and this may be done so by 

providing the energy to another electron which is emitted into the continuum. This electron is known 

as an Auger electron (eA
-). In the example given in Figure 3.2, the core hole is in the K (n = 1) shell, 

an electron fills the core hole from the L1 (n = 2, l = 0) shell and the Auger electron originates from 

the L2,3 (n = 2, l = 1) sub shell. The Auger electron is then referred to as the KLL Auger electron, and 

its kinetic energy is determined by the difference between the K and L1 energy levels, minus the 

energy of the L2,3 level.  
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Figure 3.2: Schematic of photoelectron (ep
-) and Auger decay (eA

-) processes [4]. 

 

The binding energy of photoelectron peaks, and the kinetic energy of Auger electron peaks are 

characteristic of the atoms and the energy levels from which they originate. Therefore, XPS is a useful 

tool for identifying the chemical species in a sample. High resolution spectroscopy of core levels 

provides more detailed information about the bonding environments of the atoms in the sample, as 

small binding energy shifts in the peaks of a few eV can be observed. The fine changes to core level 

binding energy are caused by changes to the Coulomb potential, which is affected by the electron 

density around the atom. Changes to electron density around an atom are caused by the change in 

number of bonds or type of bonding partners, and can be affected by other factors such as bond length 

and strength [5]. Therefore, high resolution core level spectroscopy can give detailed bonding 

information about the sample.  

 

There are additional features which can be observed in photoelectron spectra which arise from 

processes which have not yet been described herein. Extrinsic processes are caused by the interaction 

of the ejected photoelectron with the sample as it passes through to the surface and causes the 

secondary electrons to be liberated. This results in the loss of kinetic energy of the original 

photoelectron and presents in the photoelectron spectrum as a continuous background [6, 7]. Intrinsic 

processes occur simultaneously with the ejection of the original photoelectron and include features 

such as multiplet splitting and charge transfer satellites.  

 

Multiplet splitting arises when there are unpaired electrons in the valence band. The unpaired core 

electron that remains due to photoionization couples with the unpaired valence electron(s) thus 

creating multiple possible final states. These multiple final states result in asymmetry of the core level 

photoelectron peak and can be a significant part of the spectrum. Multiplet peaks are particularly 
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prominent in many of the transition metal core level photoelectron peaks [8, 9]. The shape and 

intensity of the multiplet structure depends highly on the band structure of the material and therefore 

accurate and meaningful fitting of the multiplet structure is difficult [10].  

 

When a core hole is created the system will create the lowest energy configuration available. 

Screening satellites are evidence of this outcome being achieved by a valence  electron moving closer 

to the core hole and screening the coulomb potential of that core hole. Charge transfer satellites, such 

as those seen for first row transition metal fluoride compounds [11] are screening satellites which 

occur due to the creation of the core hole and are named as such since the valence electron is being 

transferred either from the metal to the ligand, or the ligand to the metal. These satellite peaks are 

observed at a higher binding energy than the core level peak and are generally seen with increasing 

intensity with increasing atomic number [12]. 

 

3.2.2 Surface sensitivity 

XPS is considered to be a near surface sensitive technique, rather than a bulk analysis technique, due 

to the relatively short mean free path of electrons through a solid. However, the mean free path of 

electrons varies with their kinetic energy, and therefore the surface sensitivity can be ‘tuned’ by 

changing the energy of the initial photons, and therefore varying the kinetic energy of the 

photoelectrons. The sampling depth of an experiment is defined as 3λ, where λ is the inelastic mean 

free path of the photoelectrons. An approximation of the surface sensitivity can be calculated as 

described by Mönch [13]. 

 

 𝑅𝑠 = 1 − 𝑒
−𝑑ℎ𝑘𝑙

𝛬⁄
 Eq. (4) 

 

Eq. (4) calculates the proportion of the signal which originates from the first surface monolayer of a 

crystal, where 𝑑ℎ𝑘𝑙 is the distance between {hkl} lattice planes parallel to the surface, and 𝛬 is the 

escape depth of the photoelectrons. The escape depth has been calculated [14] using the inelastic 

mean free path (IMFP) data published in literature [15]. Table 3.1 shows the surface sensitivity, 

including the inelastic mean free path of photoelectrons, and the proportion of the signal originating 

from the first surface layer. The average value of 𝑑𝑎𝑣𝑒 for pyrrhotite was calculated to be 2.2 Å, based 

on cell parameter values of 𝑎 = 11.9 Å, 𝑏 = 6.85 Å, and 𝑐 = 22.79 Å [16], with a band gap of 0 eV 

and a density of 4.6 g/cm3 [17]. For pentlandite, the value of 𝑑110 was calculated to be 1.8 Å, based 

on a cell parameter value of 𝑎0 = 10.1 Å [18], with a band gap of 0 eV and a density of 4.8 g/cm3 

[19].   
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Table 3.1: Estimated proportion and percentage of the signal which originates from the first monolayer (𝑅𝑠) 

of pyrrhotite and pentlandite surfaces, respectively, calculated for each photoelectron spectrum. 

Pyrrhotite 

 𝐡𝝂 (eV) IMFP (Å) 𝑹𝒔 % Surface signal 

Fe 2p 846 5.66 0.322 32.2 

1487 16.49 0.125 12.5 

S 2p 260 5.12 0.349 34.9 

846 15.11 0.135 13.5 

1487 24.77 0.0850 8.5 

Valence Band 700 15.27 0.134 13.4 

730 15.74 0.130 13.0 

Pentlandite 

 𝐡𝝂 (eV) IMFP (Å) 𝑹𝒔 % Surface signal 

Fe 2p 846 5.79 0.267 26.7% 

1110 10.42 0.159 15.9% 

1400 15.14 0.112 11.2% 

2000 24.13 0.072 7.2% 

Ni 2p 1110 7.84 0.205 20.5% 

1400 12.74 0.132 13.2% 

2000 21.95 0.079 7.9% 

S 2p 260 5.22 0.292 29.2% 

400 7.50 0.213 21.3% 

600 10.93 0.152 15.2% 

846 14.98 0.113 11.3% 

1110 18.98 0.090 9.0% 

1400 23.26 0.074 7.4% 

1475 24.34 0.0071 7.1% 

Valence Band 260 7.84 0.205 20.5% 

400 10.25 0.161 16.1% 

600 13.55 0.124 12.4% 

846 17.40 0.098 9.8% 
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3.2.3 Data collection 

The XPS data presented in this thesis were obtained at either the Australian Synchrotron or the 

Canadian Light Source, utilising the bright and tunable photons generated by these synchrotron 

facilities as a source of incident photons.  

 

The Australian Synchrotron soft X-ray beamline is equipped with an elliptically polarised undulator, 

with a 1200 line/mm monochromator grating and 20 µm monochromator exit slit. This achieves an 

optimal energy range of 90 – 2000 eV, with a resolution of better than 0.01 eV at photon energies 

below 800 eV and a resolution of about 0.2 eV at higher energies around 1100 eV. The endstation is 

equipped with a SPECS Phoibos 150 hemispherical analyser and the samples were placed at 90° to 

the detector [20]. Survey scans were collected with a pass energy of 50 eV, resulting in a resolution 

of a little less than 1 eV. Fe and Ni 2p spectra, and O and C 1s spectra were each collected with a 

pass energy of 10 eV, providing an energy resolution of 0.2 eV, while the S 2p spectra were collected 

with a pass energy of 5 eV, giving an energy resolution of 0.1 eV [21].  

 

The spectra presented in sections 7.3 and 8.1were collected at the Canadian Light Source Variable 

Line Spacing Plane Grating Monochromator (VLS-PGM) (11ID-2) beamline with the Photoemission 

endstation fitted with a Scienta100 electron analyser. The beamline is equipped with a planar 

undulator source which provides photons of 5.5 – 260 eV energy [22]. The pass energy was set to 10 

eV for each spectrum, and the entrance and exit slits were adjusted for each sample at each energy to 

maximise the signal while not overloading the detector. The spot size of the beamline is up to 500 × 

500 µm, with an energy resolution of approximately 0.01 eV, and a spectral resolution of less than 

0.2 eV [23]. 

 

3.2.4 Data processing 

All photoelectron spectra were analysed with CasaXPS software [24]. The specific binding energy 

calibration used for spectra is noted in the methods section of each chapter and is either referenced to 

the Au 4f peak at 84.00 eV [25], or to adventitious carbon at 284.8 eV [7]. High resolution core level 

spectra were normalised to the bulk signal, and valence band spectra were normalised to constant flux 

at a binding energy below the onset of the spectrum. 

 

Spectra were fitted by first fitting the leading edge of each spectrum with a symmetric peak shape, 

and then adding subsequent peaks at higher binding energies with similar peak widths, using the least 

number of peaks necessary, unless otherwise justified, until each spectrum is well fit. A Voight 

function was chosen for the peak shape with a ratio of Gaussian and Lorentzian line shape of 50:50. 
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GL(50) is considered a reasonable choice for the synchrotron data, since the Gaussian broadening 

due to the analyser is expected to be around 0.1 eV, and the Lorentzian broadening due to the lifetime 

of a core hole is expected to also be approximately 0.1 eV [11]. 

 

The sulfur 2p spectra were fitted with two peaks for each feature attributable to the 2p3/2 and the 2p1/2 

components of each feature. The 2p3/2 peak is fitted to the spectrum as it is the peak with the lowest 

binding energy, while the 2p1/2 peak is set to have the same peak width and half the area of the 2p3/2 

peak, and fixed at a binding energy 1.19 eV higher. Each subsequent doublet feature is expected to 

have a similar peak width to the bulk peak, with the exception of sulfur-oxy species, and the 

polysulfide peak, which can be attributed to varying length polysulfide chains, and thus represent a 

range of sulfur binding energies [26]. 

 

3.3 X-ray absorption spectroscopy 

X-ray absorption spectroscopy (XAS) is a complementary technique to XPS, since while XPS 

provides information about the core level electrons in a sample, XAS provides information about the 

unoccupied valence levels. X-ray absorption spectra represent the absorption of photons by a sample 

as the photon energy is varied across an absorption edge and is therefore able to measure the excitation 

of core electrons to unoccupied bound and continuum states. Spectra are collected with a variable 

energy photon source. The energy of the photon source is varied from below to above an absorption 

edge, and a measurement is made of the absorption function. Below the absorption edge, the incident 

photons do not have sufficient energy to excite the electron from its core shell. Just below the main 

absorption edge there is often some fine structure which is attributed to core electrons excited to 

previously unoccupied bound (valence) states, and the absorption energy of these features is equal to 

the difference between the initial (core) and final (bound states). When the photon energy equals that 

of the binding energy of the core level electron there is a dramatic increase in the absorption intensity, 

as the core electron is excited to the continuum. This region may show some structure due transitions 

to higher level bound states. The analysis of the region from just below to just above the absorption 

edge is known as X-ray Absorption Near Edge Spectroscopy (XANES), or sometimes especially for 

absorption edges in the soft X-ray region, it is known as Near Edge X-ray Absorption Fine Structure 

(NEXAFS) spectroscopy. Since the fine structure of the absorption edge reflects the transition to 

bound valence states, this technique is highly sensitive to bonding environment and electronic 

structure. 
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3.3.1 Data collection and processing 

The drain current is the simplest method for detection of a NEXAFS spectrum. As electrons are 

excited from the ground state, they are replaced by the electrical connection to the sample. A 

measurement of the current from the sample is directly proportional to the absorption spectrum [27]. 

The surface sensitivity of total electron yield (TEY) detection is slightly larger than that for XPS of 

a similar core level [28, 29]. NEXAFS spectra in this thesis were collected at the Australian 

Synchrotron soft X-ray beamline, which measures the incident photon flux by a gold mesh. The flux 

was accounted for in the measured spectra by dividing the measured signal by the incident photon 

signal. Where possible, the spectra from internal Fe and Ni metal standards were measured 

simultaneously with the experimental spectra to calibrate the photon energy of the beamline. The 

main line of the Fe metal standard was calibrated to 706.8 eV [30, 31] and the main line of the Ni 

metal standard was calibrated to 852.7 eV [32]. A linear background from below the absorption edge 

was subtracted from each spectrum. 

 

3.4 Resonant valence band photoemission spectroscopy 

The spectra presented in sections 4.3 and 7.2 combine both photoemission and X-ray absorption 

techniques and the technique is referred to in this thesis as resonant valence band spectroscopy. The 

technique involves measuring the photoemission spectra of the valence band of the respective sample 

using selected photon energies of the transitions in the X-ray absorption L edge spectra. This 

technique allows for the identification of certain photoemission channels by their resonant 

enhancement at select photon energies. The technique employed in this thesis uses energies from 

below and above the 2p absorption threshold which promotes 2p core level electrons into the 3d 

states, while simultaneously measuring the 3d valence photoelectrons. 

 

To understand this technique, it is helpful to consider it in two stages, although these stages happen 

simultaneously. The first stage is the absorption process, which promotes a core electron to the 

conduction band. The second step is the Auger decay process, in which a higher core electron decays 

into the deep core hole as another electron is ejected as an Auger electron, and a shallow core hole 

remains. Since the final state of this two-step process is the same as for the valence band 

photoemission process, it is possible for these two channels to interact [11]. This interaction can either 

cause resonance or antiresonance behaviour for sufficiently localized and therefore coherent final 

states, and is referred to as Fano resonance [33]. If the intermediate states are delocalized and 

therefore not coherent, the intensity of the spectra will simply be a superposition of the photoemission 

and Auger decay channels [34]. 
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3.4.1 Data collection and analysis 

Spectra for the resonant valence band studies were collected from pristine mineral surfaces at the 

Australian Synchrotron soft X-ray beamline. X-ray absorption spectra were obtained over the L2,3 

edges of iron and nickel. Energies of interest were identified in these spectra at peaks and inflections, 

and these photon energies were used, in addition to photon energies below and above the L edges, to 

obtain the valence band spectra. The beamline photon energy was calibrated by energy correcting the 

internally collected absorption spectra of Fe metal to 706.8 eV [30, 31] and Ni metal to 852.7 eV 

[35]. Careful calibration of the electron analyser was achieved by recording the Au 4f photoelectron 

spectrum at some of the photon energies used throughout the experiments. The calibration of the 

binding energy of the Au 4f7/2 peak at 84.00 eV [25] at each photon energy was used to create a 

calibration curve by which each of the valence band spectra were calibrated. These calibration curves 

are shown in the respective results chapters. The valence band spectra were normalised to constant 

flux at an energy 5 eV below the onset of the valence band photoemission spectrum. 

 

3.5 Photoemission Electron Microscopy 

Photoemission electron microscopy (PEEM) is a technique which combines photoelectron 

spectroscopy with small scale imaging to produce images of the surface which show both topography 

and spatial distribution of chemical states. This spectromicroscopy technique utilises soft X-ray 

absorption spectra to distinguish chemical states. As the photons interact with the sample, electrons 

are emitted and are accelerated through a series of electrostatic lenses, to focus onto a fluorescent 

screen. The image produced on the screen is captured by a CCD detector to produce an image, in 

which the intensity of each pixel is dependent of the intensity of the emitted electrons. A schematic 

of a PEEM endstation is shown in Figure 3.3.  
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Figure 3.3: Schematic diagram of the photoemission electron microscopy (PEEM) optics. Reproduced with 

permission from [http://efd.nsrrc.org.tw/EFD.php?num=242]. 

 

The beamline used to collect the PEEM images in this thesis is also able to measure X-ray absorption 

spectra in electron yield mode by measuring the drain current from a sample over a range of photon 

energies which span an element’s absorption edge. Both images and NEXAFS spectra from a PEEM 

endstation are shown in this thesis. 

 

3.5.1 Data collection and processing 

PEEM images and corresponding NEXAFS spectra were collected at the BL05B2 beamline at the 

National Synchrotron Radiation Research Centre (NSRRC) in Hsinchu, Taiwan [36]. The beamline 

is equipped with an elliptically polarised undulator and a spherical-grating monochromator, which 

results in a photon flux of 2 × 1012 photons/s at 800 eV in a 0.4 mm × 0.2 mm spot size. The images 

are obtained by focussing the electrons emitted from the surface of the material through an 

electrostatic lens column and onto an aluminium coated YAG (yttrium aluminium garnet) fluorescent 

screen, which is mounted on a CCD detector, which collects images in total electron yield (TEY) 

mode. All PEEM images shown in this thesis have a field of view of 450 µm, with a resolution of 

1000 pixels/image. NEXAFS spectra are obtained in total electron yield mode, using the drain current 

from the sample. Spectra are collected with a step size of 0.1 eV and a dwell time of 3 seconds to 

achieve an acceptable signal to noise ratio. An Io signal of the photon flux is collected simultaneously 

by a gold mesh. Samples were mounted to conducting sample holders using conductive carbon tape. 

The beamline endstation was operated at a vacuum of 10-9 Torr. The pixel intensity of images 

collected at absorption edges contain both absorption information and topographical effects caused 

by the geometry between the sample and the incident photon energy resulting in a larger photon flux 

at sharp surface features, and shadowing effects [37]. The topographical effects are counteracted by 
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the formula in Eq. (5), where 𝐼𝐴 is the pixel intensity of the image taken at the peak energy, and 𝐼𝐵 is 

the background image taken below the absorption energy. This provides a high contrast normalised 

image with an intensity range of -1 to 1, with minimal topographical effects. Spectra were processed 

as described previously in section 3.3.1. 

 

 𝐼 =
𝐼𝐴 + 𝐼𝐵

𝐼𝐴 − 𝐼𝐵
 Eq. (5) 

 

3.6 Scanning transmission X-ray microscopy 

Scanning transmission X-ray microscopy (STXM) is a relatively new microspectroscopy technique 

that is capable of analysing samples in environments other than the ultra-high vacuum environments 

required for XPS, NEXAFS and PEEM. A STXM beamline uses a zone plate to focus synchrotron 

radiation onto a small point on the sample. Images are generated by raster scanning the sample plate 

while the transmission of photons through the sample is measured by the detector.  

 

 

Figure 3.4: Schematic of key optical components of a STXM endstation. 

 

To generate spectra from a point or an image, the incident photon energy is varied over an absorption 

edge. The detected transmission function (𝐼𝑡) is converted to an absorption function, or optical density 

(OD) using the Beer-Lambert law, shown in Eq. (6), where 𝐼𝑜 is the incident photon flux, and 𝜇𝑑 is 

the absorption function (𝜇) multiplied by the density of the material (𝑑). 

 

 𝐼𝑡 = 𝐼𝑜𝑒−𝜇𝑑 Eq. (6) 
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There are multiple modes of operation for a STXM instrument; imaging at a fixed photon energy by 

rastering the sample window across a narrowly focussed beam; collecting spectra at a defined point 

or line across the sample; and collecting a stacked image. The stacked image is a series of rastered 

images collected over a chosen absorption edge. This creates a 3 dimensional image, where an 

absorption spectrum may be derived from each pixel in the image. STXM measures the transmission 

of photons through the sample, shown in Eq. (7). The transmission signal is then converted to the 

linear absorption scale, known as “optical density”, by dividing by the Io (incident photon intensity) 

signal, and taking the natural logarithm, as shown in Eq. (8). For single images, unless the Io is 

otherwise defined, it is taken as the maximum transmission signal in the unprocessed image, or better, 

the averaged pixel value over a region of the image which is determined to be a hole in the sample, 

as this is assumed to be the intensity of photon transmission through the window. The benefit of 

presenting images in optical density is that the scale is linear, rather than exponential, and therefore 

small changes in intensity due to thickness or changes in the absorption coefficient are linear and 

more easily visible. 

 

 𝐼𝑡 = 𝐼𝑜𝑒−𝜇𝑑 Eq. (7) 

 OD = − 𝑙𝑛 (
𝐼𝑡

𝐼𝑜
) = 𝜇𝑑 Eq. (8) 

 

Spectra collected as line scans measure the transmission of photons across a defined photon energy 

range over a line across the sample. As with images, line scans are also converted to optical density, 

however the Io signal may either be from a section of the line which passes over a “hole”, where 

maximum transmission occurs due to the absence of sample, or can be collected separately from a 

blank window, which accounts for attenuation due to the thickness of the window, and any 

contamination from the beamline which may contribute to the sample. The Io signal used for stacks 

can be collected in the same way as for the line scans; either from a separate blank window, or from 

a “hole” in the sample. 

 

Due to the design of the beamline optics and the sample plate, STXM can be used for samples which 

are difficult to analyse using the techniques previously described. The small spot size delivers a much 

lower radiation dose than a technique such as PEEM, while maintaining a good signal to noise ratio 

[38]. This makes the technique appropriate for samples such as polymers or biological samples which 

may otherwise suffer significant beam damage [39]. The development of sample holders extends the 

possibilities of sample environments to include wet cells [40], and more recently the boundaries of 
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this technique have been pushed further to include electrochemical analysis [41, 42], and with flow-

through chemistry [43, 44] 

 

3.6.1 Data collection 

The data presented in Chapter 9 was collected at the Canadian Light Source STXM beamline 10ID1, 

or at the Swiss Light Source PolLux beamline. The CLS soft X-ray microscopy beamline has an 

Apple II Elliptically Polarizing Undulator light source which provides polarised photons in a range 

of 130 – 2700 eV. The spectral resolving power of the endstation for normal operation is E/ΔE = 

3000. The spatial resolution is 30 nm. The endstation is able to operate at atmospheric pressure, or 

under a vacuum of down to 10-2 Torr. Experiments were conducted with the chamber backfilled with 

helium at a pressure of approximately 130 Torr, as helium is transparent in the soft X-ray region [45]. 

 

The PolLux beamline at the Swiss Light Source uses polarized X-rays from a bending magnet source, 

which provides photons in an energy range of 250 – 1600 eV. The beamline is fitted with a spherical 

grating monochromator, with a spectral resolution of E/ΔE > 3000. The spatial resolution is at least 

40 nm. The vacuum of the beamline is separated from the endstation by a 100 nm thick Si3N4 

membrane, which is located just upstream of the Fresnel Zone Plate, allowing the measurements to 

be made at atmospheric pressure, or in a vacuum of down to 10-6 Torr [46]. 

 

Since STXM is a relatively new technique, and the expansion of this technique to sulfide minerals is 

a key aspect of this thesis, the analysis of the results will be discussed in Chapter 9. 
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4 PRISTINE FRACTURE SURFACES OF MONOCLINIC PYRRHOTITE 

Pyrrhotite is an abundant terrestrial iron sulfide mineral which is commonly associated with valuable 

metal sulfide minerals such as pentlandite and is a carrier for platinum group metals. Pyrrhotite is one 

of the most commonly found sulfide minerals, and therefore is important for the mining and minerals 

processing industries. During mineral processing, pyrrhotite reacts and dissolves to produce acidic 

solutions that may contribute significantly to acid mine drainage and affect the recovery of valuable 

mineral phases. Pyrrhotite has also been a mineral of interest regarding pre-biotic reactions. There is 

a suggestion that the catalytic potential of pyrrhotite’s surface may have played a role in the formation 

of the building blocks of living organisms [1]. A mineral’s reactions are determined by its surface 

structure and electronic structure; therefore, these aspects are important areas of research for 

understanding the surface reactions.  

 

Some studies have investigated the surface structure of pyrrhotite using XPS, but the spectra are 

difficult to interpret. The difficulty arises from the overlapping binding energies of multiple bulk and 

surface states in both the Fe and S 2p photoelectron spectra. The spectra are further convoluted by 

final state effects such as multiplet states and energy loss features which contribute to the spectra, 

which may be misinterpreted as additional states [2-4].  

 

While some previous studies have investigated the surface structure of troilite (FeS) and monoclinic 

pyrrhotite and hexagonal pyrrhotites, none have been able to spectroscopically identify the species 

present on fracture surfaces [3, 4]. Other studies have investigated the electronic structure of 

pyrrhotite; investigating the bonding between Fe and S states [5-8], and identifying weak π-π bonding 

between Fe atoms adjacent in the c-axis [9]. No studies have yet addressed the relationship between 

the electronic structure of pyrrhotite and the effect of electron correlation on the photoelectron spectra 

and its effect on the interpretation of the presence of surface states.  

 

The original contribution to knowledge presented in this chapter is the identification of the surface 

species present on fracture surfaces of monoclinic pyrrhotite using varying analysis depths to isolate 

the surface and bulk contributions to X-ray photoelectron spectra. This technique allows for the 

identification of the bulk pyrrhotite sulfide line shape. Detailed analyses of the valence states and the 

effect of electron correlation in transition metal sulfides are considered and inform a discussion about 

the peak line shape in photoelectron spectra. 
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4.1 Methods 

The sample analysed in this chapter is a section of monoclinic pyrrhotite originating from the Naica 

Mine in Chihuahua, Mexico. The sample was analysed using X-ray diffraction to confirm the 4C 

crystal structure, and a total acid digest followed by inductively coupled plasma – mass spectrometry 

to determine the stoichiometry to be Fe6.93S8.00. 

 

The core level and valence band X-ray photoelectron spectra, and the X-ray absorption spectra were 

collected at the Australian Synchrotron soft x-ray beamline (14ID) [10]. The binding energies of the 

photoelectron spectra were calibrated using the Au 4f7/2 peak of a gold standard and calibrating the 

peak 84.00 eV [11]. The pyrrhotite sample was fractured in the preparation chamber of the endstation 

under a vacuum of at least 10-8 Torr, as described in section 3.1.3. A survey spectrum for this sample 

was collected with hν = 1487 eV and is shown in Figure 4.1. There are no oxygen or carbon species 

evident in the survey spectrum around 530 eV or 285 eV respectively. The peaks in the survey 

spectrum can all be attributed to iron and sulfur species, and the ratio of the Fe 3p and S 2p features 

is consistent with the stoichiometry of the sample as measured by microprobe analysis. 

 

 

Figure 4.1: Survey spectrum for pristine vacuum fractured monoclinic pyrrhotite which shows no evidence 

of carbon or oxygen contamination at the surface. hν = 1487 eV. 

 

Fe and S 2p photoelectron spectra were normalised to the bulk peaks to allow direct comparison 

between spectra. Each sulfur 2p spectrum has a Shirley background applied [12]. Where the S 2p 

spectrum has been fitted, each feature is fitted with two spin-orbit split peaks for the 2p3/2 and 2p1/2 

peaks as described in section 3.2.4. Valence band spectra have been normalised to constant photon 

flux at a point a few eV below the onset of the spectrum to compare relative intensities of the features.  
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4.2 Analysis of sulfur states 

Sulfur 2p photoelectron spectra were obtained with hν = 260 eV, 846 eV and 1487 eV and are shown 

in Figure 4.2. The 2p3/2 peak for bulk monosulfide is at 161.2 eV consistent with the bulk five-

coordinate peak fitted to previously reported monoclinic pyrrhotite [3]. While these spectra have been 

collected with the same experimental conditions and acquisition parameters as the pentlandite spectra 

presented in Chapter 6 and recently published in Applied Surface Science [13], the line widths of the 

main peak shown in the three spectra in Figure 4.2 are considerably broader and vary between 

approximately 0.75 to 0.9 eV. The hν = 260 eV spectrum has a significantly broader line width of the 

main peak in comparison to the hν = 846 eV spectrum, and the minimum between the 2p3/2 and 2p1/2 

peaks is not as great as in the bulk sensitive spectrum. A similar observation is made in the comparison 

of the S 2p spectra for chalcopyrite [14] and bornite [15]; the latter of which is seen to have a broader 

line width due to the surface features present. Therefore, the increase in the line width of the main 

peak in the spectra presented in Figure 4.2 is expected to be due to the increase in spectral contribution 

from surface features. All three spectra show an asymmetric line shape that extends in the high 

binding energy region to approximately 167 eV. These tails have previously been attributed to a 

Doniach-Sunjic line shape for conductors due to pyrrhotite’s possible metallic nature [3, 4, 16]. 

However, the true shape of the pyrrhotite bulk monosulfide tail is difficult to determine due to the 

uncertainty in bulk features that should be fitted, and the overlap of the bulk features with surface 

disulfide and polysulfide features.  

 

 

Figure 4.2: Vacuum fractured monoclinic pyrrhotite S 2p photoelectron spectra collected with hν = 260 eV, 

846 eV, and 1487 eV.  
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4.2.1 Identifying the sulfur states on pyrrhotite fracture surfaces 

A method of finding the binding energy of surface features is to calculate a difference spectrum from 

spectra of varying surface sensitivities. Each spectrum (𝐼(𝐸)) can be considered to be a convolution 

of bulk (𝐵(𝐸)) and surface states (𝑆(𝐸)) and therefore may be expressed in the simplified form shown 

in Eq. (9). In this equation, 𝛼 and 𝛽 are coefficients of the bulk and surface states and are dependent 

on the incident photon energy. 

 

 𝐼(𝐸) = 𝛼𝐵(𝐸) + 𝛽𝑆(𝐸) Eq. (9) 

 

Therefore the 846 eV and 260 eV spectra can be shown by Eq. (10) and Eq. (11). 

 

 𝐼846(𝐸) = 𝛼846𝐵(𝐸) + 𝛽846𝑆(𝐸) Eq. (10) 

 𝐼260(𝐸) = 𝛼260𝐵(𝐸) + 𝛽260𝑆(𝐸) Eq. (11) 

 

Since each spectrum is normalised to the bulk sulfide peak, it is expected that 𝛼846 ≅ 𝛼260, and that 

𝛽846 < 𝛽260. The difference spectrum, calculated by Eq. (12) and shown in Figure 4.3, is expected to 

represent the shape of the surface components of the spectrum. 

 

 
                                 ∆𝐼 = 𝐼260 − 𝐼846 

                                          = 𝛼260𝐵 + 𝛽260𝑆 − 𝛼846𝐵 − 𝛽846𝑆 

Eq. (12) 

 

 

                                  ∆𝐼 = (𝛽260 − 𝛽846)𝑆     (𝛽260 − 𝛽846 > 0) Eq. (13) 

 

The 846 eV and 260 eV spectra were selected for this calculation, since the 1487 eV spectrum has a 

lower resolution and a greater line width, and therefore any difference spectrum calculated using the 

1487 eV spectrum would have less detail. Furthermore, it can be seen in Figure 4.2 that the 
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background in the 1487 eV spectrum is significantly higher than for the 846 eV and 260 eV spectra, 

therefore using the 1487 eV spectrum will result in distortion of the difference spectrum. 

 

 

Figure 4.3: Difference spectrum calculated by subtracting S 2p 846 eV spectrum from 260 eV spectrum. The 

difference spectrum shows evidence of three doublet features labelled A, B and C. 

 

The difference spectrum in Figure 4.3 shows three clear peaks. The features on the high binding 

energy side show some asymmetry, indicating that this may be due to a broad doublet. The negative 

intensity of the background on the low binding energy side is due to the normalisation of the two 

spectra and not a significant feature of this difference spectrum. Since each feature has a doublet at a 

binding energy 1.19 eV higher, and due to the overlap of some of these peaks, it is simplest to begin 

identifying doublets on the low binding energy side. The first clear peak is around 160.8 eV and is 

due to the 2p3/2 component of peak A as labelled in Figure 4.3. The 2p1/2 component of this peak is 

therefore expected at 162.0 eV and is marked with a vertical dashed line. The second peak in the 

spectrum is broader than the first, and is centred around 161.8 eV, rather than at 162.0 eV as is 

expected for the 2p1/2 components of peak A. Furthermore, the second peak has a greater intensity 

than the first peak, contrary to what is expected for the 2p1/2 doublet. Therefore, it is expected that 

there is a 2p3/2 peak of a second component contributing to the spectrum in this region. It is estimated 

that the binding energy of this component is around 161.7 eV, thus deducing the 2p1/2 component is 
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at 162.9 eV, as indicated in Figure 4.3. The third component, which is estimated to be broader than 

the first two based on the width of the high binding energy shoulder, is at a higher binding energy 

around 163 eV, labelled as peak C in Figure 4.3. 

 

Since the difference spectrum is expected to represent the shape of the surface states only (Eq. (13)), 

this spectrum may be subtracted from one of the original spectra to obtain the shape of the bulk peak. 

This has been done by subtracting the difference spectrum from the hν = 846 eV spectrum, to obtain 

the shape shown in Figure 4.4. This shape is expected to represent the shape of the bulk monoclinic 

pyrrhotite sulfur spectrum, with no surface component. It is noted that the shape closely resembles 

the sulfur 2p spectrum of the structurally similar millerite (NiS) [17] more so than the Doniach-Sunjic 

line shape [16]. Unfortunately, the bulk line shape shown here gives no clear indication of the 

presence of multiple bulk components, as has been found for pentlandite [13, 18], and has been 

suggested for pyrrhotite [3]. The origin of this asymmetric line shape is discussed in more detail 

further in this chapter. 

 

 

Figure 4.4: Bulk peak shape obtained by subtracting the difference spectrum (Figure 4.3) from the 846 eV 

spectrum. 
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4.2.2 Fitting pyrrhotite S 2p photoelectron spectra 

The pyrrhotite S 2p spectra from Figure 4.2 have been fitted with the three surface components 

identified in Figure 4.3, in addition to the bulk peak shape identified in Figure 4.4. It is clear from the 

spectrum in Figure 4.4 that an asymmetric line shape is required, however only a few asymmetric line 

shapes have been developed [19], with a theoretical explanation given only for the Doniach-Sunjic 

line shape [16, 20]. Two methods have been used to fit the bulk sulfide line shape. The first is to use 

the hybrid Doniach-Sunjic/Gaussian-Lorentzian line shape “H(0.02, 70)GL(50)” [20]. This line shape 

was found to fit the hν = 1487 eV spectrum, which is expected to have the most bulk contribution. 

The line shape was then applied to the bulk contribution of the hν = 846 eV and 260 eV spectra. No 

extra doublets were required for the bulk sensitive spectrum, but doublets were required for the hν = 

846 eV and 260 eV spectra at the energies identified in Figure 4.3. The fitted spectra are shown in 

Figure 4.5, with the quantification of these spectra shown in Table 4.1. 

 

 

Figure 4.5: Sulfur 2p spectra for vacuum fractured monoclinic pyrrhotite, collected with hν = (a) 260 eV, (b) 

846 eV, and (c) 1487 eV, each fitted with asymmetric bulk peaks in addition to symmetric surface peaks as 

identified in Figure 4.3. 
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Table 4.1: Peak contributions to sulfur 2p spectra of pristine pyrrhotite, fitted with asymmetric bulk peaks. 

Species 

Binding Energy (FWHM) % contribution to fit 

Photon Energy: 260 846 1487 

Peak A 160.9 (0.75) 19.7 160.8 (0.77) 5.1 0.0 

Bulk monosulfide 161.2 (0.88) 58.6 161.2 (0.73) 78.3 161.2 (0.99) 100 

Peak B 161.8 (0.85) 8.1 161.8 (0.79) 4.3 0.0 

Peak C 163.1 (1.3) 13.6 163.1 (1.3) 12.3 0.0 
 

Estimated % from surface monolayer 34.9 13.5 8.5 

 

The binding energy of the surface peaks fitted in hν = 260 eV and 846 eV spectra in Figure 4.5a,b is 

consistent between both spectra and consistent with the difference spectrum in Figure 4.3. The 

residuals from the fitted spectra, shown on each graph below each fitted spectrum, are minimal and 

show no extra components. However, the small residual and consistent fit are not necessarily evidence 

of the validity of the fit, and the quantification of sulfur species in  

Table 4.1 is therefore not necessarily reliable, specifically in the high binding energy region where 

disulfide and polysulfide species are expected to overlap with the tail of the bulk sulfide peak. 

Furthermore, the fitted contribution from peak C, assuming it is a surface contribution, does not 

follow that which is expected based on the estimated contribution from the surface layer, and no 

surface contribution is fitted in the hν = 1487 eV spectrum. Additionally, having fitted the tail with a 

hybrid Doniach-Sunjic line shape is certainly not evidence of the metallic nature of pyrrhotite, since 

fitting XPS line shapes cannot be used as a diagnostic tool for the nature of the sample.  

 

The second method for fitting the bulk sulfide line shape is one similar to that used for fitting the 

asymmetric tails of pentlandite sulfur spectra [13]. This method uses an empirically-derived series of 

symmetric peaks to model the asymmetric tail. This tail shape has been modelled to fit the bulk line 

shape that was identified in Figure 4.4. The details of the series of symmetric peaks are shown in 

Table 4.2, where the parameters are set relative to those of the bulk 2p3/2 peak. The fit of these peaks 

to the bulk line shape are shown in Figure 4.6. The S 2p spectra were then fitted with this bulk line 

shape in addition to the three surface components identified in Figure 4.3, which were required in all 

three spectra, with differing intensities which varied with surface sensitivity. The fitted spectra are 

shown in Figure 4.6b-d. 

 



Chapter 4: Pristine fracture surfaces of monoclinic pyrrhotite 

51 

Table 4.2: Peak parameters for symmetric peaks fitting the high binding energy tail of bulk pyrrhotite, 

relative to the bulk 2p3/2 peak. 

 Area FWHM Position 

Peak 1 × 0.13 × 1.2 + 0.63 

Peak 2 × 0.28 × 2.2 + 1.66 

Peak 3 × 0.28 × 5.8 + 3.2 

 

 

Figure 4.6: (a) Bulk peak shape obtained by subtracting the difference spectrum (Figure 4.3) from the 846 eV 

spectrum, and sulfur 2p photoelectron spectra collected with a photon energy of (b) 1487 eV, (c) 846 eV, and 

(d) 260 eV, each fitted with additional peaks to account for the high binding energy tail and surface 

components where necessary. 

 

By fitting with the additional peaks to account for the high binding energy tail it is possible to obtain 

a fit for each spectrum with a small residual which is within the noise of each spectrum. However, 

unlike the fitted spectra in Figure 4.5 which only required surface species fitted to the more surface 

sensitive spectra, every spectrum in Figure 4.6 requires some surface component, including the hν = 

1487 eV spectrum. The binding energy and contribution of each sulfur species fitted to the spectra in 
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Figure 4.6 are shown in Table 4.3. For comparison, the contribution of these species to the spectra 

fitted with the hybrid asymmetric peak shape (method 1) are also shown in Table 4.3. 

 

Table 4.3: Peak contributions to the pyrrhotite sulfur 2p spectra fitted with empirical tail shapes. The “% 

contribution from asymmetric fit” data is taken from  

Table 4.1 for comparison. 

Species 

Binding Energy (FWHM)  

% contribution 

% contribution from 

asymmetric fit 

260 846 1487 260 846 1487 

Peak A 
160.9 (0.68) 

16.8 

160.8 (0.80) 

5.9 

160.7 (0.80) 

0.8 
19.7 5.1 - 

Bulk monosulfide 
161.2 (0.84) 

65.9 

161.2 (0.69) 

80.2 

161.2 (0.93) 

91.3 
58.6 78.3 100 

Peak B 
161.8 (0.90) 

6.6 

161.7 (0.95) 

6.9 

161.7 (0.95) 

4.4 
8.1 4.3 - 

Peak C 
163.2 (1.2) 

10.7 

163.2 (1.3) 

7.0 

163.2 (1.3) 

3.5 
13.6 12.3 - 

        

Estimated % from 

surface monolayer 
34.9 13.5 8.5 

   

 

4.2.3 Assignment of S 2p peaks 

A peak which is associated with a monomeric surface species has been previously identified in 

synchrotron studies of vacuum fractured pyrrhotite surfaces [3, 4] However, surface dimers or 

polymers could not be identified due to the overlap in binding energy of the relatively broad bulk 

monosulfide peak with the binding energy region in which polymerised sulfur species are expected. 

In this work, spectra obtained with varying surface sensitivities have been used to identify and extract 

the surface and bulk components of each spectrum. Synchrotron radiation is useful for this purpose 

[21] and is employed in this thesis, where the incident photon energy is selected to maximise the 

surface sensitivity of the spectra. Difference spectra between surface and bulk sensitive spectra 

definitively show the binding energies of surface components. By this method, it is shown here in 

Figure 4.3 that three components contribute to the surface sensitive hν = 260 eV spectrum more than 

the hν = 846 eV spectrum; one of which is at a binding energy lower than the bulk peak (at 160.8 eV, 

bulk peak at 161.2 eV), and the other two which have higher binding energies (at 161.8 eV and 163.1 

eV respectively). Since the survey spectrum in Figure 4.1 shows no evidence of oxygen or carbon 
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species on the surface of this sample, the surface components observed in the S 2p spectrum must be 

formed due to surface stabilisation and not due to reaction of the surface with external oxidants.  

 

Peak A in the difference spectrum has a lower binding energy than the bulk monosulfide peak and is 

estimated at 160.8 eV. The binding energy difference of 0.4 eV between this peak and the bulk sulfide 

peak is similar to uncoordinated surface monosulfide species such as those observed in some other 

minerals [14, 22, 23]. An undercoordinated sulfur species is likely to occur at a surface when a 

material such as pyrrhotite fractures along a cleavage plane that reveals a non-polar face, exposing 

both cation and anion species in approximately equal abundance. To form the lowest energy surface, 

the newly exposed face subsequently relaxes, where electrons that were previously shared in covalent 

bonds between neighbouring atoms relax into states closer to the more electronegative atom. In the 

case of pyrrhotite, the sulfur anion experiences the greatest electronegativity. Therefore, when the 

undercoordinated surface monosulfide forms due to rupture of the Fe-S bond, the sulfur anion will 

display a surface core level shift to a lower binding energy. This occurs due to the increased electron 

density around the sulfur atom, in comparison to the bulk anion. Therefore, peak A is assigned to an 

undercoordinated sulfur species, likely formed on a non-polar surface that undergoes relaxation rather 

than reconstructions. 

 

Peak B is fitted to each spectrum with a binding energy of 161.8 eV, which is 0.6 eV higher than the 

bulk monosulfide peak. The increase in binding energy relative to the bulk peak indicates that there 

is a lower electron density around the emitted atom in comparison to the bulk sulfide. Since peak B 

is a surface feature, the binding energy shift is most likely due to a reconstruction of the pyrrhotite 

fracture surface and specifically due to sulfur polymerisation. As mentioned in section 2.5.1, surface 

reconstruction to form surface disulfide and polysulfide species has been observed for polar surfaces 

of other minerals such as millerite (NiS) [3], chalcopyrite [14], and bornite [15]. Although a binding 

energy less than 162.0 eV is generally considered to be low for bulk polymerised sulfur species [24], 

the binding energy of 161.8 eV is equal to that observed for the surface disulfide on the fracture 

surface of chalcopyrite [14] and similar to the surface disulfide observed on the galena (PbS) fracture 

surface [25]. Therefore, peak B fitted to the pyrrhotite S 2p spectrum at 161.8 eV is assigned to a 

surface disulfide species. 

 

Peak C appears to be broader than peak A and B, observable in the broadness of the 2p1/2 component 

on the high binding energy side of the difference spectrum. Due to the overlap of the 2p1/2 component 

of peak B with the 2p3/2 component of peak C, the binding energy of this peak is difficult to determine 

solely from the difference spectrum. This peak has been fitted to each of the spectra around 163.1 eV, 
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indicating that it is due to polymerised sulfur species [24]. The width of this peak is somewhat larger 

than the other surface components, indicating a variety of oligomer lengths. While polysulfide species 

are common on oxidised sulfide surfaces, they are less common on vacuum fractured surfaces and 

generally form short chains such as the sulfur trimers formed on marcasite surfaces [23, 26]. The 

formation of the sulfur trimers on marcasite surfaces occurs by the unstable surface S- species, which 

are formed by rupture of bulk disulfide bonds, reacting with the surface disulfide species to form 

sulfur trimers [26]. In the case of pyrite, these surface polymers are not formed and instead the S- 

species stabilise through auto-redox reaction with Fe2+ to form S2- and Fe3+ species on the surfaces 

[23, 26]. The mechanism for the formation of the surface polysulfide species on pyrrhotite cannot be 

the same as for marcasite, since pyrrhotite has no bulk disulfide species. Bulk pyrrhotite has only Fe-

S bonds present in the structure (with evidence of some weak Fe-Fe bonding [9]), therefore S2- species 

are expected to initially form on fracture surfaces due to the rupture of Fe-S bonds.  

 

A scanning tunnelling microscopy (STM) study of the (001) fracture surface of monoclinic pyrrhotite 

[27] may offer some clues to the assignment of surface sulfur oligomers. Firstly, the study used 

scanning tunnelling spectroscopy to show that the (001) fracture surface is sulfur terminated, and 

supporting calculations indicated that the sulfur terminated surface is the most energetically 

favourable. With an excess of sulfur atoms at the surface, it is reasonable to expect some surface 

reconstruction of sulfur species occurs. Secondly, clusters of three sulfur atoms had formed on surface 

terraces. This occurred as a result of the relaxation of the upper surface layer, and the Fe layer below, 

both relaxing outwards from the bulk, thereby levelling out the sulfur atoms that were previously not 

level in the c-axis of the bulk structure. Finally, STM showed evidence of S-S bonds forming between 

the triangular clusters of sulfur atoms [27]. These observations may explain the contributions to peak 

A and more specifically peak B, however they offer little explanation to the formation of the longer 

chain polysulfide species at peak C. Pyrrhotite is known to have uneven fracture with no cleavage, 

and is therefore expected to reveal multiple fracture planes, with the possibility of both polar and non-

polar faces. Therefore, the STM study of the (001) fracture surface cannot be expected to offer a full 

description of the uncontrolled fracture surface presented in this work. For a more complete 

understanding of the spectra and the mechanism of formation of the longer chain polysulfide species, 

more studies such as those using STM, combined with spectroscopy of a known surface are required.  

 

4.2.4 Pyrrhotite bulk sulfide peak shape 

Both of the two previous XPS studies of vacuum fractured pyrrhotite surfaces fitted multiple 

components to the bulk monosulfide peak, attributing them to 5-coordinate and 6-coordinate sulfur 

respectively [3, 4]. The two components were argued to be required to account for the relative 
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broadness of the bulk peak and its asymmetry on the high binding energy side. A broad peak has been 

observed for other sulfides, namely bornite, which has a broader bulk sulfide peak in comparison to 

similar minerals such as chalcopyrite [14, 15]. The increased width of the bornite sulfur 2p peak in 

comparison with other sulfide minerals was justified by the multitude of structurally discrete sulfur 

sites present in the bornite crystal structure and effect of the variation in electron density causing 

slight binding energy shifts, resulting in several inseparable XPS signals [15]. Consequently, the high 

binding energy signal in the bornite spectrum was attributed to a surface polymer arising from the 

reconstruction of the sulfur-rich fracture surface. In the previous studies of pyrrhotite sulfur spectra, 

the increased width of the peaks was attributed to the presence of multiple sulfur sites in the bulk 

structure, and slight variation in binding energy between these sites [3]. This assignment was justified 

by comparing the relative intensities of the peaks and their similarity to that expected for the sample 

that was being analysed. However, using relative heights of peaks is not a robust justification, 

especially when so few samples are being compared. Indeed, such an argument was used for the 

pentlandite sulfur spectrum, arguing that the peak at 161.4 eV was due to a 4-coordinate pentlandite 

sulfur [18], which was later shown to be due to a secondary oxidation product [28]. Furthermore, it 

has been shown that a difference in the number of bonding partners does not necessarily cause a 

binding energy shift, and that other factors such as bond length and ultimately electronegativity must 

be considered [29]. In the case of pyrrhotite, it has not been clear if the high binding energy tail to the 

bulk peak is due to a 6-coordinate bulk sulfide, or if it is due to energy-loss processes of the bulk 

peak, and that the similarity in fitted peak heights with the prevalence of the two bulk sulfide 

environments is simply fortuitous. The work by Skinner, Nesbitt and Pratt [4] which compared the 

sulfur spectra for troilite (FeS) and monoclinic pyrrhotite (Fe7S8) provided the most compelling 

evidence for the assignment of different binding energies for 5-coordinate and 6-coordinate bulk 

sulfide. However, even with two bulk components, there is still a high binding energy contribution 

which has not been accounted for. Nesbitt, Schaufuss, Scaini, Bancroft and Szargan [3] proposed that 

the contribution, which was observed in the region between 163.5 – 165.5 eV, may be due to either 

an inadequate Doniach-Sunjic contribution, or an energy loss feature such as has been observed for 

pyrite. A similar feature of the pentlandite spectrum has been observed [13, 18], and in Chapter 7 is 

attributed to the S 3p → Fe 3d ligand-to-metal charge-transfer final state. A similar feature may be 

present for pyrrhotite. 

 

Figure 4.7 shows the sulfur L2,3 edge absorption spectrum which may offer some clues to the origin 

of the high binding energy tail on the bulk sulfide peak. The absorption spectrum has been energy 

corrected such that the pre-edge peak labelled a aligns with the energy reported for the sulfur L edge 

absorption spectrum for another pyrrhotite sample [30]. The shape of the spectrum generally agrees 
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with pyrrhotite L edge spectrum previously published [8, 30], however the relative intensities of the 

peaks vary between the spectra in literature and that presented here. The onset of the absorption edge 

just below 162 eV is attributed to the transition of S 2p electrons to S 3p states and has a crystal field 

splitting estimated to be 1.3 eV, in agreement with estimations made in literature [5]. These S 2p 

states are generally agreed to be mixed with the unoccupied Fe 3d crystal-field band [8, 30]. The 

shoulder at 166 eV is assigned to the transition of S 2p electrons to S 3s-like states, and the structure 

at higher energies is due to the transition to empty S 3d states split into t2g and eg bands [8, 30]. The 

similarity of the splitting of the features labelled a and a’ in Figure 4.7 and the crystal-field splitting 

predicted for the Fe 3d valence band [5] indicates that the unoccupied Fe 3d states may be hybridised 

with sulfur 3p and 3s states, and that the pyrrhotite conduction band is comprised of Fe s and p states 

strongly hybridised with sulfur 3s, 3p and 3d states.   

 

 

Figure 4.7: Sulfur L2,3 NEXAFS spectrum for vacuum fractured monoclinic pyrrhotite showing a spin-orbit 

splitting of 1.3 eV. 

 

A ligand-to-metal charge-transfer (LMCT) state has previously been identified for the sulfide mineral 

chalcopyrite [31]. The S 3p → Fe 3d charge-transfer state which occurs due to the creation of the core 

hole during the photoemission process, was found to be the cause of the high binding energy tails 

observed in the core-level photoemission spectra for chalcopyrite, similar to that observed for the 

pyrrhotite sulfur spectrum. Therefore, it is possible that the high binding energy tail in the S 2p core-

level spectrum occurs due to a LMCT final state. 
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4.3 Analysis of iron states 

4.3.1 Fe 2p X-ray photoelectron spectra 

Figure 4.8 shows the Fe 2p spectrum of the pristine vacuum fracture pyrrhotite sample collected with 

hν = 846 eV and 1487 eV. The Fe 2p3/2 peak is centred at 707.7 eV and the 2p1/2 peak around 721 eV, 

consistent with the Fe 2p spectrum for pyrrhotite after argon sputtering [32] and that of vacuum 

fractured pyrrhotite [2]. There is a low, broad, symmetric peak centred around 731eV, which is due 

to a plasmon satellite from the 2p3/2 peak [6]. The surface sensitivity expected for the hν = 1487 eV 

spectrum is approximately 13% contribution from the surface monolayer, while the 846 eV spectrum 

is calculated to have approximately 32% from the surface monolayer, yet there is no significant 

difference in the shape of these two spectra. This indicates that there is negligible oxidation of FeII to 

FeIII due to restructure at the surface, and that the electronic structure of the surface Fe states is 

approximately the same as those in the bulk. 

 

 

Figure 4.8: Fe 2p photoelectron spectrum for vacuum fractured pyrrhotite shows a broad Fe 2p3/2 peak at 

707.7 eV. hν = 846 eV (blue, dotted), and 1487 eV (black, dashed). 

 

The strong peak at 707.7 eV is consistent with the FeII-S present in the structure. The broad 

asymmetric tail is indicative of multiplet structure resulting from unpaired electrons in high-spin iron 

[33]. This confirms the assignment of high-spin FeII-S as proposed from calculations by Sakkopoulos, 

Vitoratos and Argyreas [5]. The broad high binding energy tails seen in Figure 4.8 are similar to those 

for tetrahedral FeIII-S in chalcopyrite [29] and especially that of high-spin FeII-S in sphalerite [34]. In 
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contrast, pyrite and marcasite Fe 2p spectra both show sharp peaks with very little high binding energy 

multiplet structure, indicative of the low-spin FeII-S present in both the minerals’ structures [23, 26]. 

 

The asymmetric tail is also partly due to the convolution of FeII and FeIII contributions from the bulk 

[2]. FeIII-S has previously been identified in the pyrrhotite spectra, with the main peak centred at 

709.2 eV; a little higher than the FeII-S peak. Surface sensitive Fe 2p spectra for both pyrite and 

marcasite were used to determine the auto-redox reactions that occur on the fracture surfaces of these 

minerals, stabilising the surface S states by oxidation of FeII to FeIII. The subsequent changes in the 

Fe 2p spectra showed an increase of FeIII at the surface, with characteristic multiplet structure, in 

addition to increased high-spin FeII at the surface due to change in coordination [23]. No such changes 

are seen in the pyrrhotite spectra, where no significant differences are observed in the shape between 

the 1487 eV and 846 eV spectra, indicating that abundance of FeIII species is the same at the surface 

as in in the bulk. Therefore, no significant oxidation of FeII to FeIII at the surface is expected, and the 

reconstruction of the sulfur species at the surface does not involve the surface iron species. 

 

As seen in the S 2p core-level spectrum, there may also be final state effects contributing to the 

asymmetric tail in the Fe 2p spectrum. The following section investigates the electronic structure of 

this pyrrhotite sample using Fe L2,3 NEXAFS, and resonant photoemission spectroscopy of the 

valence band, collected with photon energies from over the L2,3 edge to highlight the valence states 

with Fe character. 

 

The Fe L2,3 edge absorption spectrum for vacuum fractured pyrrhotite is shown in Figure 4.9. The L3 

peak is an asymmetric peak, broadened on the high energy side and with a small unresolved shoulder 

on the low energy side of the peak. The shape of the spectrum agrees with previously reported 

pyrrhotite Fe L edge spectra [7, 8, 29, 35]. The main L3 peak, labelled B in Figure 4.9 has an 

absorption energy of 706.8 eV and is predominantly due to the transition of 2p electrons to the 

minority spin egβ orbitals of octahedral high-spin FeII-S [7, 8, 35]. The pre-edge shoulder, which is at 

approximately 705.1 eV; 1.7 eV lower than the main absorption peak, has previously been observed 

[7, 29]. The crystal field splitting of the FeII 3d orbitals of pyrrhotite has previously been calculated 

to be split by 1.8 eV [5], therefore the pre-edge feature at A has been attributed to partly filled t2gβ 

orbitals of high-spin FeII-S. Since FeIII-S is also expected natively in the pyrrhotite structure, the broad 

shoulder at C is assigned to the egβ orbitals of high-spin FeII-S, and therefore some contribution at the 

main peak B is expected to be due to the t2gβ orbitals of high-spin FeIII-S. There are weak contributions 

to the broad shoulder around D which are assigned to antibonding orbitals involving the Fe 4s and 4p 

states [7, 8]. 
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Figure 4.9: Fe L2,3 NEXAFS spectrum for vacuum fractured pyrrhotite showing the L3 peak at 706.8 eV with 

pre-edge peak at 705.1 eV. 

 

Calculations of the valence band of an Fe2+ ion in octahedral coordination with sulfur determined that 

the majority-spin Fe 3d orbitals are 80% Fe in character, and that the minority-spin Fe 3d orbitals 

have even less sulfur character [36]. However, these calculations do not account for the distorted 

octahedra reported for pyrrhotite, or the regular iron deficiencies in the lattice, which are expected to 

affect the valence states. In contradiction to these calculations, the S L edge absorption spectrum 

presented in Figure 4.7, specifically the similarity in pre-edge crystal field splitting for the S and Fe 

L edge spectra, indicates that there is significant hybridization between the S 3p states and the Fe 3d 

valence band states. 

 

4.3.2 Fe states in the pyrrhotite valence band 

Figure 4.10 shows the valence band spectrum for pyrrhotite collected with a photon energy below the 

main absorption peak at hν = 695.5 eV. Key features of the valence band spectrum have been 

highlighted in Figure 4.10 by blue dotted lines. Assignments for the valence band peaks have been 

made based on ground state calculations for pyrrhotite in literature [5]. The pyrrhotite valence band 

spectrum has a strong broad peak around 4 eV with a shoulder around 6 eV. Both features are 

attributed to S 3p states [6, 9]. There is also a strong localised peak around 14 eV which is attributed 

to S 3s states. The fine structure in the upper valence band is attributed to the Fe 3d-like states. In 

particular, there is a sharp peak near the Fermi energy at 0.25 eV, which is attributed to the partly-
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filled minority-spin t2gβ states, while the t2gα states are seen as a small shoulder at around 2.5 eV, as 

shown in Figure 4.10 [3, 6]. These features are separated by a local minimum. Previous literature has 

presented a pyrrhotite valence band spectrum which identifies a small peak at 1.0 eV within this local 

minimum, which is attributed to the Fe egα state [3]. This feature may be present in the spectrum in 

Figure 4.10, however may be obscured by the low signal to noise ratio. 

 

 

Figure 4.10: Pyrrhotite off-resonance (hν = 695.5 eV) valence band spectrum, showing Fe 3d states in the 

upper valence band, and S 3p and 3s states in the lower valence band. Key features are indicated by blue 

dotted lines at 0.25, 2.5, 3.8 and 6.0 eV. 

 

4.3.3 Resonant valence band spectra over the Fe 2p absorption threshold 

Figure 4.11 shows the resonant valence band spectra collected over the Fe L2,3 absorption edge, with 

the absorption spectrum shown on the right. The photon energies used to collect each valence band 

spectrum are shown by dotted lines on the absorption spectrum and labelled on each valence band 

spectrum. Each valence band spectrum is normalised to constant flux and plotted on the same scale, 

vertically offset for clarity. The spectrum at the top of Figure 4.11 is the off-resonance valence band 

spectrum which was shown in Figure 4.10, collected with hν = 695.5 eV; below the onset of the 

absorption spectrum. The valence band spectrum collected with the pre-edge absorption energy of hν 

= 705.1 eV has increased in intensity across the whole spectrum in comparison to the off-resonance 

valence band spectrum. This is most notable in the lower valence band around 3 – 5 eV. The valence 

band spectrum collected at the peak absorption energy of hν = 706.8 eV shows an immense increase 
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in intensity in the lower valence band region, with the peak of this spectrum just below 5 eV. The 

increase in intensity is so great that to plot this spectrum on the same scale as the off-resonance 

spectrum causes the latter spectrum to appear insignificant. The intense signal seen in the hν = 706.8 

eV spectrum is seen to move through the subsequent valence band spectrum with a photon energy 

dependence, and an intensity profile which follows the shape of the absorption spectrum, indicating 

that it is likely the Auger decay signal. The strength of this deexcitation channel at its maximum is 

estimated to be around 45 times greater than the intensity of the photoemission signal. In the valence 

band spectra collected with photon energies over the L2 absorption edge, there is another increase in 

the lower valence band especially, which once again moves through subsequent spectra with a photon 

energy dependence. This second Auger-like signal is significantly less intense than that observed over 

the L3 absorption edge. 
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Figure 4.11: Pyrrhotite valence band spectra collected with photon energies across the Fe 2p absorption 

spectrum. A strong increase in seen in the lower valence band region at the absorption peak photon energy. 

 

The nature of the Auger-like feature is investigated in Figure 4.12, where the off-resonance valence 

band spectrum has been subtracted from each subsequent valence band spectrum, and the result 

plotted in the kinetic energy scale. If there is no coherence and therefore no interaction between the 

photoemission and Auger deexcitation channels, then each valence band spectrum is expected to be 

a superposition of these two signals. In that case, by subtracting the off-resonance photoemission 
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signal from each subsequent spectrum, only the Auger signal would remain, in the absence of true 

resonance.  

 

It can be seen in the spectra in Figure 4.12 that the photoemission signal is not completely removed 

and can still be observed in the spectra which are not completely overshadowed by the deexcitation 

channel. Key examples of this can be seen in the difference spectra originating from the hν = 713.5 

eV, 722.2 eV, and 726.5 eV spectra, where the deexcitation channel has moved sufficiently away 

from the regular photoemission signal, but this photoemission signal is still visible in these spectra 

which have had the off-resonance spectrum subtracted. This shows that at photon energies above the 

absorption peak, the photoemission signal is enhanced across the whole spectrum, indicating that 

there are valence states across the upper and lower valence band which originate from Fe 3d-like 

states. 

 

The difference spectra in Figure 4.12 which originate from spectra collected with photon energies 

above the absorption maximum show an Auger feature with a peak around 702 eV, and a second 

feature in the higher photon energy spectra with a peak around 715 eV. The main feature at 702 eV 

is consistent in each of the difference spectra, except for the spectrum collected with hν = 705.1 at 

the L3 absorption pre-edge. In contrast, this spectrum has a different shape, with a second peak around 

700 eV in the kinetic energy scale. This shows that at energies below the absorption peak, the 

deexcitation channel is not at a constant kinetic energy, but transitions to the constant kinetic energy 

regime at the absorption threshold. 
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Figure 4.12: Resonant valence band spectra each with the off-resonance spectrum (hν = 695.5 eV) subtracted 

to show the constant LMM Auger feature moving through the spectra. The 705.1 – 713.5 eV spectra have 

been vertically offset for clarity. 

 

The resonant valence band spectra shown in Figure 4.13 include the off-resonance spectrum scaled 

up by 10× such that its features are visible, and the valence band spectra collected with photon 

energies at the L3 pre-edge and L3 absorption peak respectively. As previously described, the off-

resonance valence band spectrum collected with a photon energy at the absorption edge has a peak at 

4.7 eV due to the Auger deexcitation channel which is much stronger than the photoemission channel. 

There is also a shoulder to this peak at 3.0 eV, marked by a dotted line in Figure 4.13. The features 

at 4.7 eV and 3.0 eV are also seen in the spectrum collected with the pre-edge photon energy, however 

the relative intensities of these features differ between the two spectra.  

 

The increase in the hν = 705.1 eV spectrum at 4.7 eV cannot be attributed to the Auger deexcitation 

channel, as seen in Figure 4.12. This may indicate either a Fe 3d derived state near this binding energy, 

or an interatomic resonant enhancement of the S 3d states, as first seen by Kay, Arenholz, Mun, 

Garcı́a de Abajo, Fadley, Denecke, Hussain and Van Hove [37]. A previous resonant photoemission 

study of the pyrrhotite valence band had identified a satellite feature near 5 eV which was resonant 

over the 3p absorption edge [6]. This was only a weak resonance, indicating a weakly localised state, 

and it was not detected at all in the later study by Nesbitt, Schaufuss, Bancroft and Szargan [9] which 

also detected a resonant feature at 0.25 eV and attributed it to the t2gβ orbitals contributing to the weak 

Fe-Fe π-π bonding. This study also showed that the feature at 2.5 eV has strong Fe 3d character and 
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is owing to the majority spin t2gα orbitals. This feature could be contributing to the intensity of the hν 

= 705.1 eV and 706.8 eV spectra around that binding energy, contributing to the peak in the hν = 

705.1 eV spectrum, and to the shoulder in the hν = 706.8 eV spectrum.  

 

The current study is the first to detect a feature in the lower valence band around this energy that is 

resonant at photon energies corresponding to Fe core electron absorption. The lower valence band 

has been shown to generally have strong S 3p character, especially the feature at 4.5 eV [5, 9], and 

ground state calculations have shown that at higher binding energies around 5 – 7 eV there are Fe 3d 

– S 3p bonding states [36]. However, such calculations do not account for final state effects, which 

can be significantly affected by electron correlations. 

 

The satellite feature previously observed by Shimada, Mizokawa, Mamiya, Saitoh, Fujimori, Ono, 

Kakizaki, Ishii, Shirai and Kamimura [6] was attributed to a mixture of d5 and d7L2 final states. This 

feature was likely not observed in the study by Nesbitt, Schaufuss, Bancroft and Szargan [9] but is 

observed strongly in this study since the Fe L3 absorption cross section is significantly larger than the 

absorption cross section for core level 3p electrons, used in previous studies [6, 9]. Since the 

absorption cross section is much larger any resonant effects would be more visible. The 4.7 eV feature 

is also obscured by the density of S 3p states and not easily detectable in non-resonant photoemission 

studies. 
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Figure 4.13: Resonant valence band spectra collected with hν = 695.5 eV (black), 705.1 eV (red) and 706.8 

eV (blue). The binding energy of highlighted features is shown above the spectra. The hν = 695.5 eV 

spectrum has been scaled ×10. The features at 4.7 eV and 3.0 eV binding energy have been highlighted. 

 

The detection of a localised state in the lower valence band, in addition to the t2gα state at 2.5 eV and 

the t2gβ state contributing to the Fe-Fe π-π bonding at 0.25 eV [9], shows that electron correlation 

plays a role in the electronic structure of Fe7S8 pyrrhotite. The presence of weakly localised states 

indicates that Doniach-Sunjic line shapes are not appropriate for fitting core level photoelectron 

spectra such as those presented previously in this chapter. The high binding energy tail observed for 

pyrrhotite S 2p photoelectron spectrum can therefore be attributed to a final state effect arising from 

electron correlation in the valence band, such as the weak satellite structure seen in pyrrhotite’s lower 

valence band.   

 

4.4 Conclusions 

This chapter has presented core-level and valence band photoemission spectra for a pristine vacuum 

fractured monoclinic pyrrhotite sample. The aim of this study was to investigate in detail the surface 

species present on pristine fractured pyrrhotite surfaces, and also investigate the effect of electron 

correlation on the spectral interpretation for pyrrhotite. The core-level X-ray photoelectron spectra 

were collected with varied photon energies, thus varying the sampling depth. This method allowed 

for the surface states to be distinguished from the bulk states present in each core-level spectrum. By 

this method it was shown for the first time that both disulfide and polysulfide species occur natively 
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in addition to a previously identified undercoordinated surface monosulfide species. A difference 

spectrum calculated by subtracting a more bulk sensitive spectrum from a surface sensitive spectrum 

identified a surface monosulfide at 160.8 eV, while surface disulfide and polysulfide species were 

identified at 161.8 eV and 163.1 eV respectively. Concurrently, the Fe species displayed no 

observable change to oxidation state or electronic structure at the surface in comparison to the bulk, 

indicating that the upper surface layer is dominated by sulfur species, and that the relaxation and 

reconstruction of this layer largely involves the sulfur species alone. 

 

The line shape of the Fe 2p spectrum showed asymmetry on the high binding energy side which is 

attributed to the convolution of peaks due to FeII and some FeIII species, and the multiplet structure 

expected due to high-spin Fe species in the bulk pyrrhotite structure. As in previous literature, this 

chapter also identified an asymmetric line shape in the sulfur 2p, the origin of which is less clear. 

Previous literature has fitted two components to the bulk sulfide line shape to account for both 5-

coordinate and 6-coordinate sulfur in the bulk structure. However, this does not account for the high 

binding energy tail which extends out to 166 eV, which was identified in this chapter using the 

difference spectrum. Therefore, an alternative approach was made in this chapter, where a series of 

empirically derived symmetrical peaks was used to fit the asymmetric shape of the bulk sulfide line 

shape. This line shape was used to successfully fit the series of S 2p spectra collected for this sample, 

in addition to the surface components previously identified. Although this method was able to 

accurately fit the bulk component of the S 2p spectrum, it provides no explanation for the origin of 

the line shape. 

 

The comparison of Fe and S L2,3 absorption edge spectra identified the possibility of a S 3p → Fe 3d 

ligand-to-metal charge-transfer final state, highlighted by the similarity in crystal field splitting 

energy observed in both spectra.  

 

Resonant valence band photoemission spectroscopy showed that there are localised Fe-derived 

valence states in the lower valence band, which was previously understood to be occupied by a large 

density of S 3p states. The Fe-derived state observed at 4.7 eV in the lower valence band is in addition 

to other localised states observed in previous literature at 0.25 eV and 2.5 eV, attributed to the partially 

occupied eg orbital and the t2gβ orbital contributing to the Fe-Fe π-π bonding, respectively. The 4.7 

eV valence state shows that there is significant mixing between the Fe 3d and S 3p states, attributed 

to a ligand-to-metal charge-transfer final state. These valence states show that electron correlation 

plays an important role in the electronic structure of pyrrhotite and contributes to the photoemission 

final states.  
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This is an important result because it highlights the necessity to consider final state effects in the 

interpretation of core level and valence band spectra. Specifically, in the case of pyrrhotite sulfur 

spectra, the final state effects are seen to contribute significantly to the bulk sulfide line shape. 

Because the final state contribution to the bulk sulfide line shape overlaps with the binding energy of 

disulfide and polysulfide species, these naturally occurring surface species have previously been 

undetected. These final state effects are also important to consider when interpreting valence band 

spectra as the photon energy being used must be considered to avoid or account for any resonance 

effects that may occur due to the excitation of core electrons. 

 

Finally, this chapter additionally highlights the need for caution when fitting spectra to identify 

surface species. Here, two fits were proposed for the S 2p spectra; the first which uses a Doniach-

Sunjic hybrid line shape for the bulk sulfide peaks, and the second which used symmetric line shapes 

for the bulk peaks, and a series of empirically derived symmetric peaks to account for the high binding 

energy tail caused by final state effects. While both fits included all three surface components in the 

more surface sensitive spectra, the quantification arising from these fits differed significantly. It is 

expected that the quantification from the second fit, which used the series of symmetric peaks to 

model the bulk line shape, is more accurate, since the peak shape is designed to fit the bulk shape. 

Alternatively, using pre-designed line shapes such as the Doniach-Sunjic hybrid line shape used in 

this chapter, is unnecessarily constricting and may only accurately fit the bulk line shape fortuitously, 

rather than by design. The variation between the two fits highlights the limitation in quantifying 

species from fitted photoelectron spectra when the bulk line shape is not well defined. 
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5 OXIDISED SURFACES OF MONOCLINIC PYRRHOTITE 

Pyrrhotite surfaces are an area of interest in mineral studies due to the natural abundance of pyrrhotite, 

its close association with other economically relevant minerals, catalytic activity, and the role it may 

have played in pre-biotic chemistry. Furthermore, since pyrrhotite is naturally reactive, understanding 

the way its surfaces react upon exposure to various oxidants is equally as important. The previous 

chapter investigated the surface and electronic structure of a monoclinic pyrrhotite sample which had 

been fractured in high vacuum and analysed before exposure to air or other external oxidants. This 

chapter shifts the focus to altered pyrrhotite surfaces, to understand the physical and chemical origin 

of features observed in X-ray photoelectron and X-ray absorption (NEXAFS) spectra. The aim of this 

is to simultaneously improve the interpretation of complex spectra, thus providing more robust 

analytic tools for sulfide minerals, while developing the current understanding of how pyrrhotite 

surfaces react under such conditions. 

 

The initial exposure of pyrrhotite surfaces to water results in adsorption of hydroxyl ions to the iron 

vacancies in the lattice, coinciding with an increase in disulfide species [1]. When pyrrhotite is 

oxidised in water or air over the time period of a few days, an amorphous sulfur rich upper surface 

layer forms with a thickness of less than 2 nm and does not further oxidise significantly after a few 

days [2]. The sulfur-rich layer forms by migration of Fe species from the bulk to the surface to be 

oxidised to form a Fe oxide and hydroxide surface [3]. The sulfur-rich layer has a ratio of Fe:S close 

to 1:2, and this ratio gradually changes composition to pyrrhotite in the bulk [3]. XRD studies have 

shown that this layer is mostly amorphous [2]. 

 

After exposure to acidic conditions the sulfur-rich upper surface layer is shown by XRD studies to 

form a crystalline structure which more closely resembles the NaCl structure than the NiAs structure 

to which pyrrhotite is typically compared [2]. The structure has been shown to have polymerised 

sulfur and low-spin Fe)II), in contradiction to the high-spin FeII found in bulk pyrrhotite. It is expected 

that the transition to low-spin is due to the reduction in Fe-S bond length and a change in coordination 

[4].  

 

The original contribution to knowledge within this chapter is to develop a deeper understanding and 

interpretation of data through cross-examination of prevailing reported ideas with new higher 

resolution results presented here. The aim is to reconsider evidence presented in previous studies with 

the new interpretation of pyrrhotite core level spectra and electronic structure presented in Chapter 4. 

This will help in identifying species in photoelectron spectra, which are difficult to resolve due to the 



Chapter 5: Oxidised surfaces of monoclinic pyrrhotite 

71 

overlap in binding energies of peaks associated with different species, which also overlap with 

complex final state effects that feature in spectral peaks. By identifying species present in synchrotron 

data, these species can be justified and included in the analysis of spectra obtained with conventional 

lab methods, thus enhancing the interpretation of all future conventional photoelectron studies of 

sulfide minerals. 

 

5.1 Methods 

The monoclinic sample investigated in this chapter is from the same source as the pyrrhotite sample 

investigated in the previous chapter. Both the polished pyrrhotite and pyrrhotite reacted in pH 1 

H2SO4 were shaped and polished using the method described in section 3.1.3 After polishing, one 

sample was then exposed to pH 1 H2SO4 solution for 1 hour at ambient temperature and will be 

referred to as pyrrhotite in pH 1 H2SO4. The samples were carefully dried with lint-free laboratory 

tissue, ensuring the analysis surface was not disturbed, before being inserted into the vacuum chamber 

of the synchrotron endstation. 

 

Synchrotron XPS (SXPS) spectra were collected at the Australian Synchrotron soft X-ray beamline 

[5]. Spectra collected for the polished sample includes a survey spectrum and sulfur 2p spectrum 

collected with hν = 1487 eV and 260 eV. The same spectra were collected for pyrrhotite in pH 1 

H2SO4, in addition to an Fe 2p spectrum collected with hν = 1487 eV. The energy scale of each hν = 

1487 eV spectrum was calibrated to the C 1s peak in the survey spectrum at 284.8 eV [6]. The hν = 

260 eV spectra were calibrated by aligning the sulfate peaks in each hν = 260 eV spectrum with those 

in the hν = 1487 eV spectrum of the same sample. 

 

Spectra were fitted using CasaXPS software [7]. After fitting a background to each spectrum, a 

GL(50) line shape was used for each peak, and a series of symmetric peaks used to model the tail of 

the bulk sulfide component, as was devised in Chapter 4. 

 

The NEXAFS spectra and corresponding images presented in this chapter were collected at the PEEM 

beamline (BL05B2) at the NSRRC as described in section 3.5 [5]. The Fe L edge absorption spectrum 

was calibrated by comparison to a spectrum from the same mineral prepared in the same way, 

collected at the Australian Synchrotron soft X-ray beamline. The main peak of the oxygen K edge 

spectrum was set to 0 eV to report relative energies of other features. The PEEM images shown in 

this chapter were also collected at the BL05B2 beamline with a 450 µm field of view. Images were 

taken below each absorption edge as a background image showing primarily topography of the 
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sample surface. These background images were used to remove this topography from the images 

collected at the absorption edge, such that only the distribution of chemical states remains. The images 

presented have had the background images removed as described in Eq. (5) in section 3.5.1. 

 

5.2 Monoclinic pyrrhotite 

The species present at the near-surface of the sample were quantified using the survey spectra 

collected with hν = 1487 eV, shown in Figure 5.1. Iron, sulfur, carbon and oxygen species are 

observed on both the polished pyrrhotite and pyrrhotite in pH 1 H2SO4, and the quantification of these 

species is shown in Table 5.1. Both samples show a little more than 40% contribution from carbon 

species. This is expected to arise from a combination of polishing, and the presence of adventitious 

carbon. The polished sample shows 30 at % contribution from oxygen species, and a slightly greater 

ratio of iron to sulfur species. The sample of pyrrhotite in pH 1 H2SO4 has a ratio of sulfur to iron 

similar to what is expected from the bulk pyrrhotite stoichiometry of Fe7S8. This sample also has 

comparatively less oxygen contribution to the survey spectrum, with only 11.8 at % oxygen 

contribution, compared to 30 at % for the polished sample. 

 

 

Figure 5.1: Survey spectra of polished monoclinic pyrrhotite and monoclinic pyrrhotite exposed to pH 1 

H2SO4 for 1 hour, each obtained with hν = 1487 eV. 

 

Table 5.1: Atomic % elements for the samples of polished pyrrhotite and pyrrhotite in pH 1 H2SO4 for 1 

hour. 

Species Polished pyrrhotite Pyrrhotite, pH 1 H2SO4 

Fe 3p 16.9 % 21.6 % 

S 3p 11.0 % 24.1 % 

C 1s 42.0 % 42.5 % 

O 1s 30.1 % 11.8 % 
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The sulfur 2p spectra collected with hν = 260 eV and 1487 eV for both the polished pyrrhotite and 

pyrrhotite in pH 1 H2SO4 are shown in Figure 5.2. Also included in Figure 5.2 are the S 2p spectra 

from the vacuum fractured monoclinic sample of Chapter 4 for comparison. The spectra collected 

with hν = 1487 eV from the polished pyrrhotite and pyrrhotite in pH 1 H2SO4 show a decrease in the 

minimum between the two main peaks around 162 eV, indicating an increase in disulfide and 

polysulfide species in the pyrrhotite in pH 1 H2SO4 sample. Also seen is the emergence of sulfate 

species at 168 eV. The spectra from both oxidised samples collected with hν = 260 eV show a 

remarkable difference in comparison to the vacuum fractured spectrum. While the vacuum fractured 

pyrrhotite hν = 260 eV spectrum has a similar shape to the bulk S 2p spectrum, the polished pyrrhotite 

sample shows an apparent increase in disulfide and polysulfide species at the surface, resulting in a 

flat-top spectral shape with the highest peak just below 163 eV, and clear evidence of both sulfite 

(SO3
2-, 166.5 eV) and sulfate (SO4

2-, 168 eV) species. The hν = 260 eV spectrum of pyrrhotite in pH 

1 H2SO4 shows distinct peaks at a low binding energy near the energy of the bulk peak, which appear 

to have a higher resolution than the polished and the vacuum fractured pyrrhotite hν = 260 eV spectra. 

The peak of the spectrum for pyrrhotite in pH 1 H2SO4 is at 163 eV, indicating a strong presence of 

polysulfide species, and with clear evidence of sulfate species in the high binding energy region. 

 

 

Figure 5.2: S 2p photoelectron spectra for polished pyrrhotite and pyrrhotite in pH 1 H2SO4 collected with (a) 

hν = 1487 eV, and (b) hν = 260 eV. The S 2p spectra from the fractured pyrrhotite sample of Chapter 4 have 

been included for comparison. 

 

5.2.1 Polished monoclinic pyrrhotite surfaces 

There was no high resolution Fe 2p spectrum collected for the polished sample, however from the 

survey spectrum there are some significant observations that can be made. The main Fe 2p3/2 peak is 

centred around 711 eV, indicating the presence of FeIII-OOH species [8]. There is a low binding 
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energy shoulder present around 707.5 eV, attributable to bulk pyrrhotite Fe-S species. Since no high 

resolution spectrum was collected, no observations can be made regarding high- or low-spin iron. 

 

The hν = 1487 eV S 2p spectrum has been fitted with six components. The first doublet represents 

the bulk monosulfide, and contribution 85% to the spectrum (Figure 5.3a). A second doublet at 161.8 

eV, which contributes 8.5% to the sulfur spectrum, is required to account for the decreased minimum 

between the bulk sulfur 2p3/2 and 2p1/2 peaks and has been attributed to disulfide. A sulfur-oxy 

component is also required to account for the slight increase in intensity in the 166 – 169 eV region, 

and although this could be fitted with a single doublet species, in this case has been fitted with a 

sulfite component at 166.7 eV and a sulfate at 168.2 eV [8] to maintain consistency with the fitted hν 

= 260 eV spectrum. Similarly, the sulfur components in Figure 5.3 attributed to polysulfide and 

elemental sulfur are small enough that the need to include them in the fit is not clear from the hν = 

1487 eV spectrum alone. 

 

The hν = 260 eV spectrum is more difficult to fit accurately due to the large secondary electron 

background at binding energies greater than the main peak. Three separate methods are used here to 

model this background; using a Shirley background (Figure 5.3b), a Tougaard background (Figure 

5.3c), and a linear background (Figure 5.3d). Of these three background fitting methods, only the 

Shirley and Tougaard backgrounds have a theoretical description. The Shirley background considers 

the inelastically scattered photoelectrons contributing to higher binding energies in the spectrum [9]. 

While the Tougaard background considered the inelastically scattered electrons which lose kinetic 

energy, but also the elastically scattered photoelectrons which have an increased path length and 

therefore increase the number of inelastic scattering events [10]. 
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Figure 5.3: Fitted S 2p spectra of polished monoclinic pyrrhotite collected with (a) hν = 1487 eV, and (b) hν 

= 260 eV fitted with a Shirley background [9], (c) fitted with a Tougaard background [10], and (d) fitted with 

a linear background. 

  

The Shirley model is the most commonly used for background subtraction when fitting photoelectron 

spectra. This is shown for the current data in Figure 5.3b. However, in this instance the Shirley 

background cannot be accurately applied to model the secondary electron background present in the 

spectrum in Figure 5.3b. This is evidenced by the overfitting of the background to the spectrum, 

specifically in the binding energy region between 166 eV and 167 eV, where the fitted background 

clearly strikes through the spectral peak, which is an unreasonable result and will lead to incorrect 

analysis when attempting to deconvolute the peaks of the various contributing species. 

 

The Tougaard background has a far more in-depth consideration for both elastic and inelastic 

scattering of photoelectrons during their transport to the surface, in comparison to the Shirley 

background [10]. Tougaard proposes an algorithm for modelling the background created by 

inelastically scattered electrons, which is appropriate for most samples [11]. While not used 

extensively, this method for background fitting has been shown to give more accurate quantitative 

results than the Shirley method [12, 13], and has been used to determine the thickness, distribution, 
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and mechanism of film growth on surfaces [14-17]. The key difference between the Shirley and 

Tougaard background methods is that while the Shirley background is considered reasonable for 

homogeneous samples, the Tougaard method can be used for samples with non-homogeneous 

distribution of species through the sample. 

 

A linear background subtraction has also been tested in Figure 5.3d for comparison, since the 

Tougaard background typically requires a much larger region below and above the spectrum to obtain 

an accurate result. While the linear background has no theoretical description, the background directly 

above and below the S 2p photoelectron spectrum appears to be linear, and therefore a linear 

background fitted underneath the measured spectrum may be reasonable. 

 

The hν = 260 eV spectrum has been fitted with peaks for both the Tougaard and linear background 

methods, and the contribution from each species is shown in Table 5.2. In each case, the hν = 260 eV 

spectrum has been fitted with disulfide and polysulfide components in addition to the bulk 

monosulfide as is required to fit the intensity of the spectrum in the region 162 – 165 eV. Both sulfite 

and sulfate components are also required to fit the structure in the high binding energy region and 

have been fitted at 166.7 eV and 168.2 eV respectively. An extra component is required around 164 

eV in both Figure 5.3c and d, which is in the binding energy region often attributed to elemental sulfur 

[18]. The assignment of this peak to elemental sulfur is not straightforward, since elemental sulfur is 

volatile in vacuum and is therefore not expected in photoelectron spectra unless the samples are 

cooled. There are a number of possible explanations for this peak. Firstly, inaccuracies in the 

background correction will propagate into errors in the fitted spectra. While it is possible that the 

Tougaard method underestimates the background in the region 165 – 166 eV, thus necessitating the 

use of an elemental sulfur feature, the linear background, which is higher in this region, also requires 

an elemental sulfur feature. It is therefore more likely that this peak is not simply an artefact of the 

background correction, but can be attributed to a sulfur component of the sample. 

 

There are two possible sulfur assignments for the peak fitted at 164 eV. Previous literature has 

postulated that the amorphous sulfur rich layer contains long polysulfide chains with bond lengths 

similar to that of elemental sulfur [4]. It is possible that the 163 – 165 eV region should be entirely 

attributed to iron polysulfide species with a range of oligomer chain lengths, and consequently a range 

of sulfur 2p binding energies. This explanation is not considered likely, since an attempt was made 

to fit the spectrum with a broader polysulfide component and no extra component for elemental sulfur. 

No good fit could be attained using this method. The alternative, and more likely explanation is that 

the peak around 164 eV is attributable to elemental sulfur (Sn
0), which has not volatized in the 
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vacuum. This may be due to the uppermost oxide layer, which is mostly devoid of sulfur, which has 

been found to form after air-oxidation of pyrrhotite surfaces [19]. If the upper surface layer is 

extensive enough, it may be physically trapping the elemental sulfur species which are formed during 

oxidation of the surface. The strong secondary electron background observed in the hν = 260 eV S 

2p spectrum is likely also caused by the chemically and structurally distinct surface overlayer. An 

alternative explanation for the entrapment of elemental sulfur species is the assumed amorphous 

structure of the sulfur rich layer, as was observed for air oxidised pyrrhotite samples analysed using 

X-ray diffraction [2]. As the sulfur rich underlayer develops during polishing, it is possible that the 

elemental sulfur produced is trapped in pockets formed in the amorphous sulfur rich phase. A similar 

conclusion has previously been offered for the observation of elemental sulfur in ultra-high vacuum 

conditions on bioleached mineral surfaces; where the elemental sulfur was proposed to be trapped 

within other surface compounds as the surface phase developed [20]. 

 

The hν = 1487 eV spectrum has been fitted with the same peaks used in the hν = 260 eV spectrum, 

adjusting the heights as necessary. The results from fitting these spectra, and the atomic % 

contribution to the overall surface calculated from the hν = 1487 eV spectrum are shown in Table 5.2. 

While the bulk monosulfide component accounts for almost 10 at % for the overall sample, each of 

the other sulfur components accounts for less than 1% of the total atomic contribution. This data 

supports the observations reported in literature of an overlayer of an iron deficient sulfide consisting 

of disulfide species and long chain polysulfide species, which gradually returns to the bulk pyrrhotite 

structure at depth.  

 

Table 5.2: Fitted components of the polished monoclinic S 2p spectrum, including the binding energy (BE), 

peak width (FWHM), % contribution represents the contribution of that species to each spectrum, with 

Tougaard background removal(T), and linear background removal (L), and overall atomic % contribution 

calculated from the hν = 1487 eV spectrum. 

 

Species                               Binding Energy  

(FWHM) 

% contribution At % 

260 eV 

(Tougaard) 

260 eV 

(Linear) 

1487 eV (1487 eV) 

Bulk monosulfide (S2-) 161.2 (0.90) 38.4 43.4 83.2 9.15 

Disulfide (S2
2)- 161.8 (0.90) 13.3 15.8 9.0 0.99 

Polysulfide (Sn
2)- 162.9 (1.3) 30.6 22.6 5.0 0.55 

Elemental Sulfur 163.9 (1.1) 4.2 6.7 0.9 0.10 

Sulfite (SO3
2-) 166.7 (1.2) 6.2 4.2 0.6 0.07 

Sulfate (SO4
2-) 168.2 (1.2) 7.3 7.3 1.3 0.14 
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Previous studies of air oxidised pyrrhotites have reported the uppermost layers to consist of a thin 

layer of saturated carbon, carbonate and sulfate species, which overlies an Fe-oxide/oxyhydroxide 

layer [2, 3, 21]. Angle-resolved XPS has shown that the oxygen species do not diffuse appreciably 

into the iron deficient sulfide layer and are primarily found in the upper layer of iron oxyhydroxide 

(FeOOH) species.  

 

The results presented here do not include high-resolution spectra of carbon or oxygen species, 

therefore no comment can be made about the chemical state of oxygen and carbon species. Neither is 

there direct evidence of the distribution of measured species within and across the sample. However, 

the shape of the inelastic background observed in the S 2p hν = 260 eV spectrum is evidence of an 

overlayer of species other than the sulfide species which constitute a significant proportion of the 

sulfur signal.  

 

The Fe 2p peak in the survey spectrum in Figure 5.1 is observed at a binding energy higher than that 

for vacuum fractured pyrrhotite; at 711 eV, consistent with Fe-oxyhydroxide species [19]. This is 

consistent with the reports in previous literature of the Fe-oxyhydroxide overlayer. The results 

presented here point towards the pyrrhotite surface and near-surface layers being similar to those of 

other air oxidised pyrrhotite samples [2, 3, 21]. There, the origin of the feature in the S 2p spectrum 

around 164 eV is proposed to be due to elemental sulfur in the sulfur rich near surface layer, which 

is formed when the Fe ions diffuse to the surface to oxidise to Fe-oxyhydroxide species. The 

elemental sulfur is detected in the photoelectron spectra, despite its volatility in vacuum and lack of 

sample cooling, due to being physically trapped by the Fe-oxyhydroxide overlayer which is 

sufficiently extensive. 

 

5.2.2 Surface of monoclinic pyrrhotite in pH 1 H2SO4 

The Fe 2p spectrum for pyrrhotite in pH 1 H2SO4 is compared to the Fe 2p spectrum for vacuum 

fractured pyrrhotite in Figure 5.4. The resolution of the spectrum for this sample appears to be better 

than that for the fractured sample, despite the samples being collected on the same beamline with the 

same instrumental settings. It is expected that this is due to the nature of the surface of the samples. 

The surface of the vacuum fractured pyrrhotite sample is not expected to be perfectly flat since 

pyrrhotite has no cleavage, while the surface of the pyrrhotite sample in pH 1 H2SO4 had been 

polished to a high shine before reacting with acidic solution and was still visibly smooth after reaction. 

The Fe 2p3/2 peak for this sample is also narrower than that for the vacuum fractured sample, which 

is considerably broad due to the multiplet structure owing to the high-spin FeII-S in bulk pyrrhotite 
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and a convolution of FeII-S and FeIII-S found natively in bulk pyrrhotite. The width of the Fe 2p3/2 

peak on the low binding energy side is at least partly owing to the Fe-Fe π-π bonding which is less 

prominent in more iron deficient pyrrhotites, and most prominent in troilite (FeS) [22]. The Fe 2p3/2 

peak of this sample is similarly centred at 707.7 eV, but has a sharp leading edge. There is also less 

intensity on the high binding energy side but with a shoulder emerging around 710 eV. Previous 

studies have shown that the Fe:S ratio in the sulfur rich layer of pyrrhotite samples which have been 

similarly reacted in acid becomes close to 1:2 at the near surface [3]. The decrease in iron in this layer 

would likely result in less Fe-Fe π-π bonding, causing a decrease in the low binding energy feature 

and give the Fe 2p3/2 peak a sharper leading edge. Mössbauer studies have shown that the iron in the 

sulfur rich layer of pyrrhotite reacted in HCl solution is primarily low-spin FeII-S, with a shorter Fe-

S bond length than found in bulk pyrrhotite, as shown by S K edge absorption spectra [4]. If a similar 

transformation of the near surface layers of the pyrrhotite sample analysed here has taken place, the 

transition from high- to low-spin FeII-S would explain the decrease in intensity in the overall width 

of the main peak. The emergence of the shoulder around 710 eV is attributable to the presence of Fe-

oxide/oxyhydroxide species [23]. 

 

 

Figure 5.4: Fe 2p spectra for pyrrhotite exposed to pH 1 H2SO4 for 1 hour (black) and vacuum fractured 

(blue) monoclinic pyrrhotite from Chapter 4. 

 

The hν = 1487 eV S 2p spectrum has a similar shape to the bulk S 2p spectra of the vacuum fractured 

and polished pyrrhotite samples, but with a decrease in the minimum between the 2p3/2 and 2p1/2 

components. There is also additional intensity in the 163 – 165 eV region, indicating a greater 
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presence of disulfide and polysulfide species than in the vacuum fractured and polished pyrrhotite 

sample. In comparison to the polished sample, the sample of pyrrhotite in pH 1 H2SO4 has a similar 

percentage of sulfur-oxy species contributing to the S 2p spectrum (1.9% in the polished sample 

compared to 2.4% for pyrrhotite in H2SO4). However, the atomic % contribution to the overall sample 

from the sulfur-oxy species is significantly greater in the acid reacted sample (0.2% in the polished 

sample compared to 0.6% for pyrrhotite in H2SO4).  

 

As in the polished sample, the sulfur features that are additional to the bulk monosulfide in the sample 

of pyrrhotite in H2SO4 are not clear from the hν = 1487 eV spectrum alone, and the fitted peaks from 

the hν = 260 eV spectrum are applied to the hν = 1487 eV spectrum, with the heights adjusted as 

necessary. 

 

 

Figure 5.5: Fitted S 2p spectra of monoclinic pyrrhotite exposed to pH 1 H2SO4 for 1 hour, collected with hν 

= (a) 1487 eV and (b) 260 eV. 

 

The hν = 260 eV spectrum in Figure 5.5b shows a curious double peak feature in the 161 – 162 eV 

region which is either not present or not resolved in the S 2p spectra for either the vacuum fractured 

or the polished pyrrhotite samples. The energies of the two peaks are similar to the bulk monosulfide 

and the disulfide species fitted to the vacuum fractured sulfur spectrum and have been fitted as such 

in the spectrum in Figure 5.5b. An extra peak on the low binding energy side of this spectrum has 

been fitted to account for the small inflection in this region and contributes to 6% of the total fit. The 

binding energy of this peak is consistent with the undercoordinated surface monosulfide species fitted 

to the vacuum fractured hν = 260 eV sulfur spectrum. The inclusion of this peak necessitates a 

narrower line width for the bulk monosulfide and disulfide peaks, which is required to recreate the 

double peak feature in the 161 – 162 eV region of the spectrum. The binding energies of the bulk 

monosulfide and disulfide peaks are consistent with those fitted to the spectra of the vacuum fractured 
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and polished pyrrhotite samples, and account for 34% and 12% of the total spectral fit respectively. 

The main peak of the hν = 260 eV spectrum is well fitted with a broad polysulfide component fitted 

at 163.0 eV and constitutes 42% of the hν = 260 eV sulfur spectrum. A single sulfur-oxy species is 

required at 168.6 eV and is attributed to sulfate (SO4
2-) species. 

 

Unlike in the polished pyrrhotite sample, no extra peaks were required to fit the hν = 260 eV spectrum, 

such as those attributed to elemental sulfur. It may initially seem that this may be due to the choice 

of Shirley background in the hν = 260 eV spectrum for pyrrhotite in H2SO4, however the increased 

background due to secondary electrons is not as obvious in this spectrum as it was for the polished 

sample. Therefore, the Shirley background was chosen as it best fitted the background of the 

spectrum, is consistent with other spectra presented in this work, and with spectra shown in previous 

literature. The difference in the heights of the backgrounds between the two samples is expected to 

be due to the increase in total path length of electrons and therefore the loss of kinetic energy due to 

a chemically distinct overlayer. 

 

Since a Shirley background was sufficient for the sample of pyrrhotite in pH 1 H2SO4, which did not 

have such a significant contribution to the background compared to the polished sample, the 

background indicates that there is not a significant overlayer for this sample, as there was observed 

for the polished sample. This coincides with the lack of elemental sulfur observed in the S 2p spectrum 

for the sample of pyrrhotite in H2SO4. Since this sample was polished in the same way as the polished 

sample, elemental sulfur can be expected to have been produced and trapped in the same way. 

However, during the reaction with sulfuric acid, the sample has changed such that the elemental sulfur 

is either consumed, leached into solution, or is able to escape into atmosphere or in the vacuum 

chamber of the end station.  

 

As previously shown in Table 5.1, the total contribution to the sample from the sulfate species is 

observed to be significantly higher in the sample reacted in sulfuric acid than in the polished sample. 

It is possible that a significant contribution to the sulfate species arises from the sulfuric acid solution. 

In contrast, this pyrrhotite sample has a significantly lower contribution from oxygen species than in 

the polished sample, despite the relative increase in sulfur-oxy species. This indicates that it is the Fe-

oxyhydroxide overlayer which is being removed due to the reaction with acidic solution. The removal 

of the oxyhydroxide overlayer coincides with the reduction in the inelastic background in the low 

photon energy S 2p spectrum, indicating that the background in the low photon energy S 2p spectrum 

for the polished sample is due to the presence of a significantly extensive Fe-oxyhydroxide overlayer. 
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Table 5.3: Fitted components of the S 2p spectra of monoclinic pyrrhotite in pH 1 H2SO4 for 1 hour. The 

binding energy (BE), peak width (FWHM), % contribution to the fit for both hν = 1487 eV and 260 eV 

spectra, and overall atomic % contribution to the sample calculated from the hν = 1487 eV spectrum.  

Species Binding Energy 

(FWHM) 

% contribution At % 

260 eV 1487 eV (1487 eV) 

Surface monosulfide 160.7 (0.73) 6.0 9.1 2.2 

Bulk monosulfide 161.8 (0.89) 33.7 68.8 17 

Disulfide 162.9 (0.82) 12.1 7.9 1.9 

Polysulfide 163.9 (1.3) 42.0 11.8 2.8 

Sulfate 168.2 (1.1) 6.2 2.4 0.6 

 

5.2.3 NEXAFS spectra and PEEM images of pyrrhotite immersed in pH 1 H2SO4 for 1 hour 

The Fe L2,3 edge NEXAFS spectrum for pyrrhotite in pH 1 H2SO4 is shown in Figure 5.6a with the 

spectrum for vacuum fractured monoclinic pyrrhotite. The spectrum for pyrrhotite in H2SO4 shows a 

slight shift of the main absorption peak to a higher absorption energy and an increase in intensity 

around 710 eV in comparison to the vacuum fractured pyrrhotite. This increase at 710 eV is attributed 

to an increase in FeIII species [24], which is partly due to the creation of Fe-oxyhydroxide species 

evident in the Fe 2p photoelectron spectrum. The pre-edge shoulder at 705 eV is less clear in the 

oxidised sample, indicating a decrease in the transition of 2p electrons to the FeII-S t2gβ state. This is 

consistent with a transition of high-spin FeII-S to low-spin FeII-S, as the Fe t2g band becomes more 

filled, resulting in a less intense peak relating to this transition. Similarly, the slight shift in the 

position of the main L3 absorption peak may be due to the change in proportion of high- to low-spin 

FeII-S. The shift in peak position may also represent a change in relative intensity of FeII to FeIII 

species to favour the latter. 
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Figure 5.6: (a) Fe L2,3 edge NEXAFS spectra for vacuum fractured pyrrhotite and pyrrhotite in pH 1 H2SO4, 

(b) Oxygen K edge NEXAFS for pyrrhotite in pH 1 H2SO4. 

 

The oxygen K edge spectrum has a main peak at D, and a small peak at an energy approximately 5 

eV lower. Both of these peaks have additional structure, with a pre-edge shoulder to the main peak at 

C, approximately 6.5 eV below the main peak. The structure around peak D and up to 15 eV above 

has been assigned to transitions from O 2p states hybridised with unoccupied metal 4s and 4p states 

[25]. The energy difference between peaks A and B is approximately 1 eV, which is consistent with 

the calculations of the pyrrhotite iron valence states [26] and consistent with the results in the previous 

chapter. Therefore, peaks A and B are attributed to the O 2p orbitals which are mixed with the Fe 3d 

t2g and eg orbitals respectively. The relative height of the main peak and the peak around B reflects 

the number of unoccupied metal 3d states available for electrons to transition to the final state, and 

the spectrum shows that the transition of electrons into the conduction band is more likely, as the Fe 

3d-like states are mostly filled. This spectrum shows that the oxygen species are strongly associated 

with the covalent Fe-O bonding reported for the upper surface layer of oxidised pyrrhotite. However, 

the little difference between the Fe L edge spectra of the vacuum fractured sample, and pyrrhotite in 

pH 1 H2SO4 indicates that the Fe-O species contribute only a small proportion of the Fe species in 

the sample. This is consistent with the thin Fe-O overlayer proposed in literature. 

 

The PEEM images presented in Figure 5.7 are taken at the Fe L pre-edge shoulder, the L3 absorption 

peak, and the main O K edge absorption peak respectively, each with the same 450 µm field of view. 

Each of these images has had the topography removed using a background image taken below each 

absorption edge. The feature seen running diagonally across the field of view is likely from a scratch 

remaining from the polishing procedure. The surface also has a speckled appearance, which aligns 

with regions of strong absorption at the O K edge. It is not clear from the images if the speckled effect 
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is from pitting of the surface, or if it is from island growth of oxygen species. These images show that 

the oxygen species aggregate in small regions across the sample rather than in an even surface layer. 

This speckled appearance shows that the Fe-oxyhydroxide species exist predominantly in patches. 

This is consistent with the hypothesis that after reaction with acidic solution, the Fe-oxyhydroxide 

layer is not sufficiently extensive to trap elemental sulfur in the sulfur rich underlayer. The Fe 

absorption image in Figure 5.7b shows stronger absorption in regions where there is less oxygen, 

indicating that the Fe L edge NEXAFS spectrum is predominantly from pyrrhotite Fe-S species. 

 

 

Figure 5.7: Images of monoclinic pyrrhotite surface after 1 hour in pH 1 H2SO4, collected (a) below the iron 

absorption edge, (b) at the iron absorption edge (background removed) and (c) at the oxygen absorption edge 

(background removed). Field of view = 450 μm. 

 

5.3 Conclusion 

This chapter has presented photoelectron spectra for polished pyrrhotite and pyrrhotite after 1 hour 

in pH 1 H2SO4, with NEXAFS spectra and PEEM images over the iron L and oxygen K absorption 

edges for the sample in sulfuric acid. Survey spectra were used to quantify the contributions to each 

sample’s surface from individual elements, showing strong contributions from carbon in both 

samples, and oxygen in the polished sample, while Fe 2p core level spectra showed the Fe species in 

the polished sample to be largely be due to iron oxyhydroxide species, and the sample reacted in 

acidic solution to be largely iron sulfide species. A detailed analysis of the sulfur 2p core level spectra, 

using both surface sensitive and more bulk sensitive photon energies, revealed the sulfur species 

present on the surface of the sample, including an elemental sulfur component in the polished sample, 

but not the sample in sulfuric acid.  

 

Overall, the results showed that the surface of the polished sample resembled surfaces of other air 

oxidised pyrrhotite samples presented in literature. Specifically, the survey spectrum showed a large 

proportion of carbon and oxygen species at the surface, with an increased proportion of iron in 

comparison to the expected bulk. This result is consistent with the air oxidised pyrrhotite samples 

(a) (b) (c) 
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presented in previous studies by Buckley and Woods [21], Jones, LeCount, Smart and White [2] and 

Mycroft, Nesbitt and Pratt [3], on which a layer of iron oxyhydroxide species develops as the iron 

ions diffuse through the bulk towards the surface to react with oxygen. The Fe 2p peak in the survey 

spectrum was at a binding energy consistent with Fe oxyhydroxide species, and very little evidence 

of pyrrhotite Fe-S species remained, indicating that the iron oxyhydroxide layer was significantly 

thick and extensive. The S 2p spectrum of the polished pyrrhotite sample had a contribution from 

elemental sulfur, which is initially surprising since elemental sulfur is typically not expected on a 

sample in ultra-high vacuum at ambient temperature. It is likely that this species is physically trapped 

by a combination of the amorphous sulfur rich underlayer which has formed due to oxidation of the 

surface during polishing, and a physical barrier that is possibly provided by an extensive layer of Fe-

oxyhydroxides. The low photon energy S 2p spectrum showed a strong inelastic background in the 

low photon energy spectrum, which is evidence of a significant overlayer of elementally distinct 

species, which does not contribute significantly to the peaks in the spectrum. Rather, this overlayer 

contributes to the background by increasing the path length and therefore the inelastic collisions of 

the photoelectrons. It is suggested that the overlayer contributing to the background in the S 2p 

spectrum is largely the iron oxyhydroxide overlayer, and that this layer is also possibly contributing 

to the entrapment of elemental sulfur within the near surface region of the sample. 

  

After reacting with acidic solution, the surface of the sample had significantly lower contribution 

from oxygen species, and the ratio of iron to sulfur was similar to that expected from bulk pyrrhotite. 

This showed that the iron oxyhydroxide overlayer which was created by polishing the sample is 

largely removed upon reaction with acidic solution. The Fe 2p spectrum supported this observation, 

as the shape of the 2p3/2 peak was similar to that of bulk pyrrhotite, with only a small contribution 

from Fe oxyhydroxide species. Concurrently, the S 2p spectrum showed contributions from disulfide 

and polysulfide species, but no contribution from elemental sulfur. The low photon energy S 2p 

spectrum also showed significantly less inelastic background than was seen for the polished sample. 

This showed that the overlayer which was present on the polished sample was not as extensive on the 

sample in sulfuric acid. The sulfur rich underlayer was still present, evidenced by the strong 

contribution to the low photon energy S 2p spectrum from polysulfide species, yet no elemental sulfur 

was detected. This reinforces the proposition that it is the iron oxyhydroxide overlayer, and not the 

sulfur rich near surface layer which is trapping the elemental sulfur in the polished sample. The 

NEXAFS spectra and PEEM images supported this theory, as iron oxyhydroxide species were 

observed on the surface of pyrrhotite in acidic solution but were not extensive across the sample. 

Rather, they existed in patches, and did not contribute significantly to the Fe L edge spectrum. This 
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showed that while some oxyhydroxide species exist on the surface, they are not extensive, and have 

been removed in the reaction in acidic solution such that the Fe-S near surface layer is exposed.  

 

A significant outcome of this chapter is the ability to accurately fit the S 2p spectra, and the detail of 

the sample surface that could be gained from the analysis of these spectra. The significant inelastic 

background in the low photon energy S 2p spectrum for the polished sample highlighted the 

importance of considering the most appropriate background to use for a spectrum, and what that might 

physically mean for a sample. Although there has been significant work in this field, the information 

that is contained in the background of a sample is often not considered, despite the effect it may have 

on the fit of a core level spectrum, and the additional information that may be gained about the surface 

of the sample. The method used for fitting the S 2p spectra is also a significant outcome of this 

chapter. The higher binding energy sulfur species are often difficult to accurately fit in conventional 

photoelectron spectra due to the overlap of species and the undefined shape of the bulk sulfide tail. 

By using the bulk pyrrhotite line shape which was found empirically in Chapter 4, these higher 

binding energy species such as disulfide, polysulfide and elemental sulfur species could be fitted with 

greater accuracy. Furthermore, the comparison of the low photon energy, surface sensitive spectra 

with the spectra collected with conventional photon energy provided more confidence in fitting 

minority species which could not otherwise be justified in conventional photoelectron spectra. These 

results will inform future analysis of similar samples, thereby enhancing the advantage of 

conventional photoelectron spectroscopy. 
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6 PRISTINE FRACTURE SURFACES OF PENTLANDITE 

6.1 Introduction 

The interpretation of photoelectron spectra for pentlandite has been a point of discussion in published 

literature since the first observation of pentlandite photoelectron spectra by Richardson and Vaughan 

[1]. Subsequent studies reported sulfur spectra similar to each other but asserted differing assignments 

of states to the features in the spectra. Common to all modern observations of the pentlandite sulfur 

spectrum is a dominant peak at 162.2 eV binding energy, assigned to the bulk sulfide, and a smaller 

peak on the low binding energy side around 161.4 eV. It is the assignment of this second peak that is 

contentious among experts in the field [2, 3] assigning this feature to an oxidised sulfide feature, such 

as that observed in the transformation from pentlandite to violarite [1]. Other literature has suggested 

that the two sulfur features can be attributed to 5-coordinate and 4-coordinate bulk sulfide 

respectively [4, 5]. Although it has been shown that there is no general relationship between 

coordination and binding energy, there may be a difference in binding energy between the 4- and 5-

coordinate sulfur sites in pentlandite based on bond length, or more accurately, electronegativity [6]. 

Since the publications of these mentioned studies there has been considerable improvements in the 

spectral resolution available, especially with the use of synchrotron radiation XPS (SXPS), which this 

chapter utilises to address this contention in the literature.  

 

The pentlandite structure has been described in detail in section 2.3. The uncertainty in distribution 

of Fe and Ni cations in the pentlandite lattice complicates the interpretation of photoelectron spectra 

and it is difficult to predict the electronic structure of the material. The expectation of metal-metal 

bonding between adjacent tetrahedral cations has given rise to discussion of the metallic nature of 

pentlandite and the subsequent fitting of pentlandite S 2p spectra with asymmetric Doniach-Sunjic 

tails [4]. The asymmetric nature of the tails arises from the readjustment of valence band electrons in 

the final state as a result of the creation of a core hole [7]. However, more recently sulfide 

semiconductors similar to pentlandite have displayed more discrete energy loss features in their S 2p 

spectra [8-11]. As seen in previous chapters, any inaccuracy in the selection of the tail shape will 

likely overshadow the contribution from possible surface states at binding energies higher than the 

bulk peak, thus creating more uncertainty in the interpretation of S 2p spectra. 

 

Choosing the appropriate line shape to use for fitting spectra is a perplexing issue surrounding the 

pentlandite photoelectron spectra and is not isolated to this mineral, but is an issue for transition metal 

compounds in general [12, 13]. The previously mentioned pentlandite studies have identified broad 

tails on the high binding energy side of the sulfide peaks. Analogous features have previously been 



Chapter 6: Pristine fracture surfaces of pentlandite 

89 

observed for other similar sulfides for example such as chalcopyrite [8] and bornite [9]. Due to the 

resolution available for previous pentlandite studies, the overlap between different sulfide states and 

the relatively high binding energy of the bulk sulfide, up to this point it has been unclear if the broad 

high binding energy tails are due to products of surface reconstruction such as disulfide and 

polysulfide species, or if the tails are a bulk sulfide feature. By identifying the surface features in the 

sulfur spectrum, this chapter also aims to address the origin of this high binding energy tail. 

 

6.1.1 Methods 

Both samples presented in this chapter were cut from the same synthetic pentlandite mineral. Analysis 

revealed a stoichiometry of Fe4.4Ni4.6S8.1 throughout the mineral. Each sample was notched then 

fractured under high vacuum, and the exposed surface analysed without exposure to atmosphere. This 

process is described in detail in the methods section. The samples were fractured and analysed at 

separate times and are referred to in this chapter as “Pn1” and Pn2” respectively. 

 

For comparison between samples each spectrum was normalised to the bulk peak and the intensity 

scale is therefore arbitrary. The spectra taken with each photon energy were energy corrected using 

the valence band spectra which are presented in Chapter 7. Each of the sulfur 2p spectra have been 

fitted with a Shirley background [14] before fitting individual components.  

 

6.2 Photoelectron spectra of the “Pn1” fractured surface 

The survey spectrum for Pn1 is shown in Figure 6.1 below, with approximate quantification from the 

spectrum shown in Table 6.1. The quantification has used relative sensitivity factors (RSF) based on 

a photon energy of 1487 eV. The quantification is expected to be reasonable at this photon energy 

since the photoionization cross section of each of the subshells used for the quantification increases 

at a similar rate from hν = 1487 eV to hν = 1400 eV [15]. 
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Figure 6.1: Survey spectrum for vacuum fractured Pn1 sample, showing no apparent contribution from 

carbon or oxygen species, hν = 1400 eV. 

 

Due to the overlap with the Ni LMM Auger at 540 eV (binding energy) the oxygen 1s peak at 530 

eV is difficult to quantify. There is a small peak around 285 eV due to a small amount of carbon on 

the sample, however the peak is barely noticeable above the noise in the 1400 eV spectrum. The 

approximate quantification of atomic species based on the 1400 eV spectrum is shown in Table 6.1. 

The Fe and Ni 3s peaks were used to quantify the cations, due to the significant background 

overlapping with the 3p states, and the Auger components overlapping with the 2p states. The 

quantification results show that there is very little carbon and oxygen species present on the surface, 

indicating that the sample is relatively pristine.  

 

Table 6.1: Approximate quantification from the hν = 1400 eV survey spectrum for Pn1. 

Peak At% contribution 

Fe 3s 27.7 

Ni 3s 31.2 

S 2p 37.7 

O 1s 1.6 

C 1s 1.7 

 

6.2.1 Pn1 Fe & Ni 2p SXPS 

Both Fe 2p spectra presented in Figure 6.2(a) show a peak centred at 707.3 eV for divalent iron sulfide 

in pentlandite [2-4] with a tail that extends to approximately 714 eV. The peak binding energy is 
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similar to high-spin divalent iron FeII-S that is octahedrally coordinated to sulfur in pentlandite and 

pyrrhotite [16] and trivalent tetrahedrally coordinated iron FeIII-S in chalcopyrite (CuFeS2) [3]. The 

broad shape of the peak can be explained by multiplet splitting of the spectral line and supports the 

designation of high spin divalent iron [17]. While the 1400 eV spectrum has approximately 10% of 

the signal from the surface, the 1110 eV and 846 eV spectra are expected to have approximately 15% 

and 26% contribution from the surface, respectively. The 1110 eV and 846 eV spectra show increased 

intensity at 710 eV, indicating oxidation of the iron sites at the surface [16, 18, 19]. This corresponds 

to the estimated 1% oxygen and 1.5% carbon species observed in the survey spectrum. There is an 

increase in intensity at 708 eV in the 1110 eV and 846 eV spectra which is attributed to divalent iron 

oxide species [20]. Since the sample was fractured in vacuum, and due to pentlandite’s propensity to 

oxidise along grain boundaries, it is expected that the oxidation observed at the iron sites is confined 

to the grain boundaries and is not extensive across the surface. 

 

 

Figure 6.2: (a) Fe 2p XPS spectra of pristine pentlandite collected with hν = 846 eV, 1110 eV, and 1400 eV, 

(b) Ni 2p XPS spectra collected with hν = 1110 eV, and 1400 eV. 

 

The 1110 eV and 1400 eV Ni 2p spectra, shown in Figure 6.2b, both show a strong peak centred at a 

binding energy of 852.8 eV, which is consistent with divalent Ni-S [1, 2, 4]. The tail of the Ni 2p 

spectrum has more structure than the Fe 2p spectrum, with two broad peaks observable around 856 

eV and 860 eV. The higher binding energy peak has a separation from the main peak of 6 eV which 

is similar to the satellite seen in the 2p spectrum for nickel metal. This has been attributed to the 

3d94s2 final state, while the main peak is attributed to the 3d104s final state [21]. The two high binding 

energy peaks observed in Figure 6.2(b) show no observable difference in shape or relative intensity 

between the 1400 eV spectrum and the 1110 eV spectrum, indicating that these peaks are bulk 

features. This indicates that here is no alteration of the nickel sites at the surface due to either 

oxidation or surface electronic structure changes relative to the bulk. The absence of oxidised nickel 
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products confirms that the iron in the pentlandite lattice oxidises preferentially over the nickel, as has 

previously been suggested [1, 2]. 

   

6.2.2 Pn1 Sulfur 2p spectra 

Figure 6.3 displays a series of S 2p photoemission spectra collected from in situ vacuum fractured 

pentlandite with incident photon energies of 260, 400, 600, 846, and 1400 eV. As shown in Table 

6.2, an incident photon energy of 260 eV yields S 2p photoelectrons with a kinetic energy of 100 eV, 

from a depth of 5.2 Å. Approximately 30% of those photoelectrons arise from the surface monolayer 

[22, 23]. Comparably, an incident photon energy of 1400 eV yields S 2p photoelectrons with kinetic 

energy of 1240 eV, which results in the photoelectrons arising from a depth of 23.3 Å, with less than 

10% of these electrons originating in the surface monolayer. Therefore, the variation in surface 

sensitivity of the spectra presented may be used to isolate the species due to surface and bulk 

contributions. 

 

Shown in Figure 6.3, each spectrum exhibits three doublets and a high binding energy tail that extends 

out to 168 eV. Each S 2p3/2 peak has been labelled A, B and C from low to high binding energy 

(Figure 6.3(a) to (e)). Each peak was fitted with symmetric doublets, providing a good fit at low 

binding energies up to around 162.5 eV, but a poor fit at higher energies due to the significant high 

binding energy tail. 

 

The 2p3/2 peak, ‘A’ is located at a binding energy of 161.1 eV and has the smallest contribution of 

15% to the 260 eV spectrum, and decreases consistently to 5% at1400 eV spectrum due to the change 

in IMFP of the photoelectrons [23]. The decrease in intensity indicates this feature is a surface-derived 

feature. Table 1 shows that peak A accounts for a little more than half of the expected surface signal 

in each of the spectra. 

 

Peak B is located at 161.7 eV and is clearly visible in each spectrum. The intensity of this feature 

exhibits some dependence on photon energy. It contributes to 40.4% of the total fit in the 260 eV 

spectrum and decreases to 26% in the 1400 eV spectrum. Unlike peak A, peak B does not trend to 

0% contribution in the most bulk sensitive spectrum. Therefore, peak B is likely a combination of 

both surface and bulk features. 

 

The primary feature in each spectrum is labelled peak C and has a 2p3/2 binding energy of 162.2 eV, 

consistent with that of bulk pentlandite monosulfide previously described in literature [2-4].  
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Table 6.2: Contribution of each component to the fitted S 2p spectra, and estimated contribution from the first 

monolayer for each spectrum. 

Species  

Photon Energy = 

Binding Energy (FWHM) % contribution to 

fit 

260 400 600 846 1400 

‘A’ - Surface 3-coordinate 

161.1 

(0.42) 

15.0 

161.1 

(0.43) 

11.6 

161.1 

(0.43) 

8.2 

161.1 

(0.48) 

8.2 

161.1 

(0.53) 

5.0 

‘B’ - Bulk & surface 4-coordinate 

161.6 

(0.52) 

40.4 

161.7 

(0.53) 

39.3 

161.7 

(0.52) 

37.5 

161.7 

(0.53) 

32.9 

161.7 

(0.53) 

26.0 

‘C’ - Bulk 5-coordinate 

162.2 

(0.50) 

44.6 

162.2 

(0.44)4

9.1 

162.2 

(0.43) 

54.3 

162.2 

(0.43) 

58.9 

162.2 

(0.51) 

69.0 
      

Inelastic mean free path of photoelectrons (Å) 5.2 7.5 10.9 15.0 23.3 

Estimated % from surface monolayer 29.2 21.3 15.2 11.3 7.4 
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Figure 6.3: S 2p synchrotron X-ray photoelectron spectra collected from in situ fractured pentlandite 

(Fe4.4Ni4.6S8) obtained with hν = (a) 260 eV, (b) 400 eV, (c) 600 eV, (d) 846 eV, and (e) 1400 eV, each fitted 

with three symmetric doublets. 

 

To determine the nature of the high binding energy tail, residual spectra were generated by subtracting 

the fitted spectra shown in Figure 6.3. The residual spectra shown in Figure 6.4 have a doublet-like 

feature at 162.6 and 163.8 eV and a broad high binding energy tail that extends out to 168 eV with 

no obvious structure beyond 164 eV. The binding energy of the doublet-like feature is consistent with 

possible disulfide or polysulfide species, arising from either surface reconstruction as a result of 

vacuum-fracture, or oxidation [24]. However, there is very little dependence on photon energy and 

hence surface sensitivity on the intensity profile of the residual spectra, therefore the majority of the 

signal in these residual spectra is expected to be due to bulk effects rather than surface reconstruction. 
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Figure 6.4: Residual signal from the Pn1 S 2p spectra taken at each incident photon energy, after subtraction 

of the fitted spectra with three symmetric spin-orbit-split doublets. 

 

6.2.3 Pn1 valence band  

Valence band spectra (0-18 eV) were collected with 260, 400, 600, 846, and 1110 eV incident photon 

energies. Each spectrum shown in Figure 6.5(a) shows three distinct features; the upper valence band 

shows the strongest peak around 1.1 eV binding energy, which is dominated by metal d states, while 

the lower valence band shows significant intensity in the region between 4 – 8 eV, dominated by S 

3p states, and a small peak at 13 – 16 eV due to S 3s states, as have been shown previously by 

calculations [25]. It has also been shown by calculations that the energy difference between the S 3s 

states and the metal valence orbitals prevents significant mixing between these states, and that most 

of the bonding occurs between the metal 4s and 3d, and the S 3p orbitals [26]. 
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The overall intensity of each valence band spectrum decreases with increasing photon energy, 

especially in the broad region at 4 – 8 eV, which has mostly S 3p character, and the main peak at 1.1 

eV, which is due to the eg orbitals of the octahedral cations [27]. In comparison, the intensity of the 

peak at 13 – 16 eV attributable to the presence of S 3s states shows little change across each of the 

spectra. The intensity of each spectrum is largely influenced by the change in photoionization cross 

section of the atomic subshells, calculated by Yeh and Lindau [15] and shown in Figure 6.5(b). As 

the photon energy is increased, the decrease in photoionization cross section for Fe and Ni 3d orbitals 

is greater than that for the S 3s, and to a lesser extent, the S 3p subshells. There is also expected to be 

a contribution from the change in surface sensitivity of each valence band spectrum. The 260 eV 

spectrum is estimated to have approximately 20% contribution from the first surface monolayer, 

while the 846 eV spectrum has just less than 10% surface contribution. In contrast, the 

photoionization cross sections for any of the atomic subshells shown in Figure 6.5(b) differs by a 

factor of 10 between the 260 eV and 846 eV spectra and is therefore expected to overshadow the 

difference in valence band spectra that occurs due to surface sensitivity. 

 

The inset to Figure 6.5(a) shows the upper valence band region for the 260 to 846 eV spectra that 

have been normalised to the main peak at 1.1 eV. A slight variation can be observed between these 

spectra at 0.3 – 0.5 eV, where the largest difference in intensity is seen between the 600 eV and 846 

eV spectra. The contribution at 0.5 eV is due to electrons in tetrahedral metal t2g orbitals hybridised 

with sulfur S 3p orbitals [28], which is enhanced by the relatively increased photoionization cross 

section at 846 eV in comparison to the lower photon energies. 

 

 

Figure 6.5: (a) X-ray valence band spectra of in-situ fractured Pn1 collected at photon varied photon 

energies. (b) photoionization cross sections of selected atomic subshells, from [15] 
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6.2.4 Assignment of sulfur peaks 

The fracture surfaces of several transition metal sulfides have been investigated using SXPS and show 

evidence of surface monomer species and polysulfide species as a result of relaxation and restructure 

of the fracture surfaces [8-10, 29-32]. Non-polar fracture surfaces, consisting of both metal and sulfur 

terminations, typically result in under-coordinated sulfur monomer species on the surface, bonded to 

a single cation, with a lower binding energy than the bulk sulfide species due to the increased electron 

distribution around the sulfur atom [21, 22]. In contrast, polar surfaces are expected to undergo a 

surface reconstruction, which results in the formation of surface sulfur dimer and polymer species, 

which shift to higher binding energies [22].  

 

There are 13 possible distinct fracture surfaces from the low Miller Index planes [100], [110], and 

[111] for the pentlandite structure [33]. Three of the four possible fracture surfaces parallel to the 

[100] plane are polar surfaces of either metal or sulfur character, while the third surface is an evenly 

distributed non-polar surface. Parallel to the [110] plane, there are two distinct non-polar fracture 

surfaces, one of which exhibits cations and face-capping sulfur, the other exhibits cations with both 

face-capping and linking sulfur sites at the surface. Finally, each of the seven possible fracture 

surfaces in the [111] plane are polar surfaces which exhibit both face-capping and linking sulfur 

environments within the first monolayer. It is expected that with uneven fracture, a combination of 

polar and non-polar surfaces will be exposed, and both face-capping and linking sulfur environments 

will be present at the surface. 

 

6.2.5 Surface monosulfide species 

Each S 2p spectrum shows three distinct peaks that are most prominent in the 260 eV photon energy 

spectrum. The lowest binding energy 2p3/2 peak is at 161.1 eV and is assigned to an under-coordinated 

surface monomer. An under-coordinated anionic surface monomer is expected to have an increased 

electron density compared to the bulk anions due to the loss of bonding partner, and therefore a 

decrease in binding energy is observed relative to the bulk anionic species. The binding energy 

difference observed for other surface monosulfide species is as small as 0.5 eV for chalcopyrite [8] 

and hexagonal pyrrhotite [29], and up to 0.7 eV in pyrite [34]. A binding energy difference of 0.6 eV 

between peak A and peak B in these results is therefore considered reasonable for a core-level shifted 

surface monosulfide species of the bulk component of peak B. While previous studies of pentlandite 

surfaces have shown clear evidence of only two sulfur environments, none have shown surfaces as 

pristine as those presented here. A study of the incipient oxidation of pyrite surfaces shows that the 

under-coordinated surface monosulfide species are the most reactive upon exposure to air, and after 

only one minute in atmosphere, the surface monosulfide species have almost completely oxidised to 
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form sulfate species [32]. Similarly, for pentlandite, in less pristine conditions, this surface 

monosulfide species could be quickly oxidised during sample preparation and therefore not detected. 

 

6.2.6 Surface and bulk contributions to peak B 

The intensity of peak B at 161.7 eV shows a clear surface dependency as it changes relative to the 

bulk peak with the change in incident photon energy. However, the contribution from this feature, in 

addition to that from peak A, is significantly greater than the calculated signal from the first surface 

monolayer (Table 6.2). Furthermore, while the signal from peak A decreases to almost 0% in the most 

bulk sensitive spectrum, in the same spectrum, the signal from peak B accounts for one third of the 

intensity of the total signal. The peak fitted to this feature is also observed to be slightly broader than 

the other two features, hinting that there is more than one contribution to this feature. This indicates 

that while peak B has some dependence on surface sensitivity, there must also be some contribution 

from the bulk.  

 

The binding energy of peak B is 0.5 eV lower than the bulk monosulfide peak C at 162.2 eV. Since 

the binding energy is lower, this indicates an increase in electron density around the surface species, 

indicative of a second surface monosulfide species. Therefore, the surface component of peak B is 

assigned to under-coordinated face-capping sulfur, which is coordinated with 5 cations in the bulk, 

but only 4 cations at the surface. Consequently, the surface feature at 161.1 eV is due to under-

coordinated sulfur atoms that have only 3 bonding partners at the fracture surface. 

 

It follows that the bulk contribution to peak B must be due to a distinction of two sulfur environments 

in the bulk pentlandite structure; namely face-capping (5-coordinate) sulfur and linking (4-

coordinate) sulfur. The clear presence of these two surface monomers is indicative of a non-polar 

surface, such as the example (110) fracture plane shown in Figure 6.6. The structure in Figure 6.6 

shows bulk face-capping sulfur (dark blue) and bulk linking sulfur (purple), in addition to 4-

coordinate (magenta) and 3-coordinate (orange) surface monomers. This surface is similar to that 

investigated by density functional theory calculations of a pentlandite fracture surface, which showed 

that upon fracture, the uppermost layer relaxes to form three surface layers and consequently, both 

bulk sulfur environments form under-coordinated surface species [28]. The results presented here 

highlight these two surface states, however it is expected that due to pentlandite’s uneven fracture, a 

combination of possible non-polar surfaces is exposed, producing both surface monomers. 
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Figure 6.6: (a) Pentlandite crystal structure terminated at the (110) fracture plane, (b) hν = 260 eV S 2p 

spectrum fitted with three monosulfide components, and an asymmetric bulk tail, described in section 6.2.7. 

 

Previous studies have observed two distinct peaks in the pentlandite sulfur 2p spectrum. While the 

peak at 162.2 eV (peak C) is attributed to the bulk pentlandite sulfide, the assignment of the feature 

reported in other work at 161.4 eV has been disputed. Legrand, Bancroft and Nesbitt proposed that 

the peak at 161.4 eV was due to 4-coordinate bulk monosulfide, while the peak at 162.2 eV is due to 

5-coordinate monosulfide [4]. However, the height of the peak at 161.4 eV has been seen to vary [2, 

3, 5], and in particular, Goh et al. showed that this feature increased relative to the bulk peak with 

increasing exposure to air, therefore concluding that it is due to a violarite-like oxidation product [3]. 

Goh et al. also proposed that if the 4-coordinate bulk sulfide species had a binding energy separate to 

the 5-coordinate species, it is likely to be at a binding energy around 161.8 eV, however the resolution 

that is required to resolve a peak within 0.5 eV of the bulk peak was not available at the time [3]. It 

must also be noted that the binding energy for a sulfur atom is not determined exclusively by the 

number of coordinating atoms, as has been shown for NiS structures with sulfur in 5-coordinate and 

6-coordinate environments respectively [6]. Rather, the binding energy of a species is determined by 

the electron density surrounding the atom, which is also influenced by bond length. It is fortuitous 

that the 4-coordinate bulk sulfur and 4-coordinate surface monomer species of pentlandite have 

similar binding energy values. 

 

6.2.7 Pentlandite’s sulfur high binding energy tail 

The residuals spectra in Figure 6.4, indicates that the origin of the high binding energy tail is from a 

bulk energy loss process. Previous studies have claimed pentlandite has a metallic nature due to the 

short interatomic distances between tetrahedral metal atoms [35]. Similar asymmetric tail shapes have 

been demonstrated for millerite and pyrrhotite [29], both of which show similar metallicity [36, 37]. 

Other transition metal chalcogenides including pyrite, chalcopyrite, marcasite, arsenopyrite and 

loellengite, display similar high binding energy tails [10]. The asymmetric tail shape of the 
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chalcopyrite spectrum has been found to be due to an energy loss process which arises from the ligand 

to metal charge transfer (LMCT) S 3p → Fe 3d states, and has been fitted with a single broad peak 

approximately 3 eV higher in binding energy than the bulk peak [8, 11]. The comparison of the 

valence band spectra shown in Table 6.5 indicates that for pentlandite there may indeed be some 

hybridisation of the metal t2g states with the S 3p orbitals for the tetrahedral cations in particular.  

 

The high BE tail in the pentlandite S 2p spectrum has previously been fit with a combination of 

asymmetric line shapes for the bulk peaks, and extra features to account for a contribution from 

polymerised sulfur species [3, 4]. The use of additional doublets for polymerised sulfur is reasonable 

in other studies where significant surface oxidation is expected to occur due to abrading prior to 

analysis. In contrast, this study is expected to have minimal contribution from oxidised surface 

products since the sample was fractured and maintained under ultra-high and therefore had little 

chance to oxidise in the short time before analysis. The uncertainty in the tail shape for bulk species 

makes the analysis of species in the high binding energy region difficult, therefore a calculated 

approach to analysing the tail region has been implemented. 

 

An empirical approach has been employed to fit the high binding energy tails in each of the sulfur 

spectra. Since the tail is attributed to bulk processes, a series of symmetric peaks were added on the 

high binding energy side of the bulk peak and the parameters of these peaks fixed to the bulk peak. 

The parameters for the tail peaks were initially found for the 1400 eV spectrum since this spectrum 

has the least surface sensitivity and therefore the least opportunity for errors arising from the overlap 

of the surface components with the bulk peak. These peaks were applied to subsequent spectra and 

the peaks for the surface and bulk features were altered as little as required to achieve the best possible 

fit. The parameters used for the tail peak, which are shown in Table 6.3, are reported relative to the 

parameters of the bulk peak C. 

 

Table 6.3: Parameters used for the three peaks used to fit the tail region. Values are relative to the bulk peak 

at 162.2 eV. 

 Area FWHM Position 

Tail 1 × 0.3 × 1.6 + 0.5 eV 

Tail 2 × 0.5 × 2.8 + 1.6 eV 

Tail 3 × 0.3 × 5.0 + 3.0 eV 

 

Figure 6.7 shows an example of the 1400 eV spectrum fitted with the three peaks in the tail region. 

The fit in Figure 6.7 shows the asymmetric shape of the bulk 5-coordinate peak that is obtained when 
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using the three peaks to fit the tail region as described. Figure 6.8 displays the residual signal from 

each spectrum after fitting the tail region. The intensity of each of the residual spectra is within the 

range of ± 0.04, indicating a reasonably good fit in each spectrum. The region beyond 164 eV shows 

a reasonable fit for each spectrum, resulting in a minimal residual, with a variation in intensity within 

± 0.02. The peaks slightly over-fit the tail region in the 260 eV spectrum, which is due to an 

inaccuracy in the background selection due to a broad energy loss peak feature around 180 eV, which 

is most significant in the low kinetic energy spectrum. The peaks slightly under-fit the tail region in 

the 846 eV spectrum, and although an explanation for this is less clear, it is likely due to inaccuracies 

in the fit of the three features. 

 

 

Figure 6.7: Sulfur 2p spectrum of pentlandite obtained with 1400 eV incident photon energy, fitted with 

three distinct features and the asymmetric tail shape described in Table 6.3. 
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Figure 6.8: Stack plot of S 2p residual signal after subtracting the three tail peaks and fitted monosulfide 

species from each spectrum. 

 

Other than the 1400 eV case, each residual spectrum in Figure 6.8 has some intensity between 162 

and 164 eV illustrating the mismatch between the fitted peaks and the original data spectrum. The 

260 eV residual has a doublet shape with an energy separation consistent with a S 2p doublet. The 

binding energy of this feature is consistent with a possible surface disulfide feature [24]. The 

goodness of each fit is measured by the chi-squared (χ2) value shown on each residual spectrum in 

Figure 6.8, and shows a χ2 value of less than 0.2 for the 1400 eV and 846 eV residuals, and less than 

0.05 for the other residual spectra. 

 

To ascertain the surface species resulting from reconstruction of the fracture surface, difference 

spectra have been calculated by subtracting the normalised 1400 eV and 846 eV spectra from the 260 

eV spectrum, respectively, shown in Figure 6.9. It is expected that the surface species are represented 

in these difference spectra as positive peaks. Both spectra show a clear peak at 161.1 eV and a second 

peak above 161.5 eV, corresponding to the 2p3/2 peaks A and B from Figure 6.3 that represent surface 

3-coordinate sulfur and surface and bulk 4-coordinate sulfur respectively. The third peak at 162.7 eV 

in Figure 6.9 is attributed to the 2p1/2 component of peak B. The 2p1/2 component of peak A is just 
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visible in the 260-1400 eV spectrum in the minimum near 162 eV. Both difference spectra show a 

positive background in the region between 164 eV and 170 eV, which does not change between the 

two difference spectra. The origin of this non-zero background is the slightly larger background that 

can be observed in the 260 eV spectrum in comparison to the other spectra, which is due to a broad 

satellite structure at 20 eV above the main peak, which is stronger for the 260 eV spectrum. 

 

 

Figure 6.9: Difference between hν = 260 eV spectrum and hν = 1400 eV spectrum and hν = 846 eV spectrum 

respectively. All spectra are normalised to the bulk peak. 

 

Since neither of the difference spectra show evidence of surface features additional to those already 

discussed, it can be concluded that no additional components such as for disulfide or polysulfide 

species are required to fit the sulfur spectra. Consequently, the structure seen in the residual spectra 

in Figure 6.8 is due to small inaccuracies in the fitted peaks, rather than additional sulfur components. 

The percentage contribution for each component shown in Table 6.4 includes the empirically-derived 

asymmetric tail in the 5-coordinate bulk contribution. It is acknowledged that the asymmetric tail is 

not necessarily attributed only to the 5-coordinate peak, and likely has a contribution from the 4-

coordinate bulk species also. Therefore, the precise distribution of the reported contribution from bulk 

and surface states is unclear, however the data shown in Table 6.4 has been included to demonstrate 

that with the broad tails fitted, the quantification of the surface and bulk states is reasonable. 
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Table 6.4: Quantification of the percentage contribution of each feature to the fit, with the 5-coordinate bulk 

peak fitted with the empirically-derived asymmetric tails described in Table 6.3. 

Species (Binding Energy) 
PE (eV) = 

% contribution to fit 

260 400 600 846 1400 

‘A’ - Surface 3-coordinate (161.1 eV) 11.7 8.7 6.4 5.2 4.0 

‘B’ - Bulk & surface 4-coordinate (161.7 eV) 33.1 30.1 26.1 23.7 19.4 

‘C’ - Bulk 5-coordinate (162.2 eV) 55.2 61.2 67.5 71.0 76.6 
       

Estimated % from surface monolayer 29.2 21.3 15.2 11.3 7.4 

 

6.3 Consistency of vacuum fracture method: Comparison to “Pn2” 

The spectra in the following section are obtained from a sample with a stoichiometry of Fe4.4Ni4.6S8.1. 

The survey spectrum shown in Figure 6.10 was taken with hν = 1600 eV and clearly shows the 

presence of carbon and oxygen species. The peaks which are indicated in Figure 6.10 were used to 

approximately quantify the species in the sample. The approximately quantification is shown in Table 

6.5. 

 

 

Figure 6.10: Survey spectrum of vacuum fractured “Pn2” obtained with hν = 1600 eV, indicating some small 

contribution from carbon and oxygen species. 

 

The approximate quantification shown in Table 6.5 reports a ratio of Fe:Ni:S that transcribes to a 

stoichiometry of Fe4.5Ni4.9S7.7 in comparison to the stoichiometry of Fe4.4Ni4.6S8.1 found by 

microprobe analysis. The results shown in this table should be reasonable since the ratios of the 

photoionization cross sections for the atomic subshells used in the quantification are similar at hν = 
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1600 eV and hν = 1487 eV, therefore the RSF values should be similar. The ratio of Fe:Ni which is 

measured by XPS survey analysis is almost identical to that measured by microprobe analysis, 

however less sulfur signal is observed by XPS than is expected. The estimated contribution from 

oxygen and carbon species is reported to be just less than 14% and a little more than 15% respectively. 

Comparing the quantification of the Pn2 spectrum with the Pn1 spectrum shows that Pn2 has 

significantly more carbon and oxygen species. This may be an indication that Pn2 has oxidised more 

than Pn1, or may simply represent residual hydrocarbons, either deposited on the surface during 

fracture, or already existing along pre-exposed grain boundaries. 
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Figure 6.11: Photoionization cross section of atomic subshells [15] used for approximate quantification of 

the XPS survey spectrum.  

 

Table 6.5: Approximate atomic % contribution of species for the hν = 1600 eV survey spectrum. 

Peak At% contribution 

Fe 3p 18.7 

Ni 3p 20.3 

S 2p 31.9 

O 1s 13.8 

C 1s 15.3 
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6.3.1 Pn2 Fe & Ni 2p spectra 

The Fe and Ni 2p spectra for Pn2 were collected with hν = 850 eV, 1050 eV and 1530 eV to reveal 

changes in the spectra due to change in surface sensitivity, and are shown in Figure 6.12. The Fe 2p3/2 

peak is located at 707.0 eV, similar to that of Pn1 presented in the previous section. There is a tail on 

the high binding energy side that extends out to approximately 715 eV with some obvious structure 

as a shoulder around 708 eV, which has previously been attributed to divalent iron oxide species [20], 

and a broad peak around 710 eV, the binding energy of which is consistent with trivalent iron oxides 

and oxyhydroxides [16, 38]. The Fe 2p spectrum with hν = 850 eV has a larger background and a S 

LMM Auger peak observable around 702 eV binding energy. However, disregarding the difference 

in background, there is no change to the spectral shape between the three spectra taken with different 

photon energies. Therefore, the structure observed in the high binding energy tail at 708 eV and 710 

eV is attributed to multiplet structure of the divalent Fe-S species. The conclusion can be made that 

this Fe 2p spectrum is less oxidised than that presented for the previous sample, based on the 

consistent spectral shape between the spectra collected with different sampling depths. The multiplet 

structure is also more obvious in the spectrum for this sample than for the previous sample. It is 

therefore reasonable to propose that the bulk Fe 2p peak has distinct multiplet structure in the tail, 

which was inhibited in the previous sample by the additional components due to oxidised iron species.  

 

The Ni spectrum shown in Figure 6.12(b) has a sharp 2p3/2 peak at 853.0 eV which is consistent with 

the Ni spectrum presented for the previous sample. There are two clear broad peaks on the high 

binding energy side of the Ni 2p3/2 peak centred around 856 eV and 860 eV respectively. The Ni 2p 

spectrum does not show any change in spectral shape as a function of photon energy, indicating that 

there is no oxidation of the Ni sites as for the Fe sites, within the detection limits. This is consistent 

with the Ni 2p spectrum presented for the previous sample. 
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Figure 6.12: (a) Fe 3p photoelectron spectra obtained with hν = 850 eV (red), 1050 eV (blue) and 1530 eV 

(black), and (b) Ni 2p photoelectron spectra obtained with hν = 1050 eV (red), 1400 eV (blue), and 1600 eV 

(black). 

 

Fe and Ni L2,3 NEXAFS spectra were also obtained for this sample, and are shown in Figure 6.13. 

The energy scale of these two spectra has been corrected to match the Fe and Ni NEXAFS spectra 

shown in Chapter 7 for a similar vacuum fractured pentlandite sample. The Fe L3 edge has a sharp 

peak at 706.8 eV with an asymmetric shoulder on the high photon energy side. It appears as though 

there may be some structure in the high energy shoulder around 711 and 713 eV. There may also be 

some inflection on the low photon energy side of the L3 peak, similar to that previously observed for 

a natural pentlandite sample [39]. The shape of the Fe L edge spectrum is generally similar to that of 

the pyrrhotite spectrum, although the shoulder on the high energy of the L3 peak appears to be stronger 

in the pentlandite spectrum than in the pyrrhotite spectrum. The Ni L2,3 spectrum shown in Figure 

6.13(b) has a sharp L3 peak with no obvious shoulders, followed by a low, broad feature on the high 

photon energy side. This is similar to the Ni L3 spectrum presented for α- and β-NiS, although the 

broad feature is stronger in the pentlandite spectrum [6]. 
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Figure 6.13: (a) Fe L2,3 NEXAFS spectrum, (b) Ni L2,3 NEXAFS spectrum of Pn2. 

 

6.3.2 Sulfur 2p spectra 

Sulfur 2p photoelectron spectra were collected using hν = 260, 400, 600, 850 and 1050 eV. Each 

spectrum has been fitted with three doublet components, with the binding energy of the 2p3/2 

components at 161.1, 161.7 and 162.2 eV respectively. These binding energies are equivalent to the 

three components fitted in the S 2p spectrum of the sample in the previous section. The third 

component, which is attributed to bulk 5-coordinate monosulfide has been fitted with the asymmetric 

tail shape that was devised for the previous sample and detailed in Table 6.3. The fitted spectra are 

shown in Figure 6.14 and the quantification from these fitted spectra is shown in Table 6.6.  
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Figure 6.14: Fitted sulfur 2p spectra collected with hν = (a) 260 eV, (b) 400 eV, (c) 600 eV, (d) 850 eV, and 

(e) 1050 eV. 

 

Table 6.6: Contribution from each of the features to the fitted spectra shown in Figure 6.14. The tail 

components are included in the bulk 5-coordinate contribution. 

Species (Binding Energy)  
 % contribution to fit 

PE (eV) = 260 400 600 850 1050 

Surface 3-coordinate (161.1 eV) 13.0 8.4 7.3 6.3 5.6 

Surface & bulk 4-coordinate (161.7 eV) 32.7 31.5 27.3 23.3 23.9 

Bulk 5-coordinate (162.2 eV) 54.3 60.1 65.4 70.4 70.5 

Estimated % from first surface monolayer 29.2 21.3 15.2 11.3 9.5 

 

6.3.3 Additional surface components 

The three monosulfide species used to fit the spectra in Figure 6.14 fit the higher photon energy 

spectra reasonably well, however there is a noticeable residual in the hν = 260 and 400 eV spectra in 

particular in the binding energy region between 163 – 165 eV. The residual after fitting the three 

components is shown for each spectrum in Figure 6.15. The residual is the largest for the hν = 260 
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eV spectrum and decreases with decreasing surface sensitivity, where it is within the noise of the hν 

= 850 and 1050 eV spectra. The shape of the residual, where observable, shows that there is at least 

one more S 2p component present in these spectra, with a 2p3/2 peak at around 162.6 eV, attributable 

to disulfide species [24]. Just visible in the residual of the hν = 260 and 400 eV spectra is a small 

feature around 165 eV, which is expected to be the 2p1/2 peak of a second feature which is attributable 

to polysulfide species. 

 

 

Figure 6.15: Residual signal from subtracting fitted components from the S 2p spectra in Figure 6.14. 

 

The disulfide and polysulfide species observed in the residual spectra have been fitted for the hν = 

260 and 400 eV spectra, and the 600 eV spectrum has been fitted with a disulfide component. In the 

hν = 850 and 1050 eV spectra the signal from the polymerised sulfur components is sufficiently small 

to be within the spectral noise and therefore these components have not been fitted for these two 

photon energies. The spectra fitted with the polymerised sulfur components are shown in Figure 6.16 

while the quantification of these species is shown in Table 6.7. 
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Figure 6.16: Pn2 S 2p spectra fitted with polymerised surface components in addition to the observed surface 

and bulk components. 

 

Table 6.7: Contribution from each of the features to the fitted spectra shown in Figure 6.16. The tail 

components are included in the bulk 5-coordinate contribution. 

Species (Binding Energy)  
Binding Energy 

(FWHM) 

% contribution to fit 

260 400 600 850 1050 

Surface 3-coordinate 161.1 eV (0.50) 12.3 8.0 7.1 6.3 5.6 

Surface & bulk 4-coordinate 161.7 eV (0.52) 30.8 29.2 26.9 23.3 23.9 

Bulk 5-coordinate 162.2 eV (0.44)  51.1 58.0 64.0 70.4 70.5 

Disulfide 162.6 eV (0.50) 3.5 3.2 2.0 0.0 0.0 

Polysulfide 163.2 eV (0.77) 2.3 1.6 0.0 0.0 0.0 

 

This polymerisation of sulfur species may either be caused by the reaction of the surface with the 

carbon and oxygen species observable in the survey spectrum, or it may be due to the exposure of 

polar surfaces that subsequently reconstruct without the influence of external oxidants. The 

contribution from the carbon and oxygen species estimated in the survey spectrum together equals 
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almost the entire signal from the sulfur spectrum, while the polymerised sulfur species contribute 

only a very minor amount to the overall sulfur species. Additionally, no S-O species such as sulfite 

or sulfate species are observable in the spectra in Figure 6.14. Therefore, if the polymerised sulfur 

species are attributable to the carbon and oxygen species, it is an incomplete explanation of the carbon 

and oxygen, and it is more likely that the carbon and oxygen species form an adventitious layer over 

some of the sample’s surface, possibly along grain boundaries. Furthermore, it appears from the Fe 

and Ni 2p spectra that the adventitious species have reacted very little with the cations, indicating that 

the adventitious species are isolated in cracks and grain boundaries, rather than spread extensively 

across the surface of the analysis area.  

 

The second possibility is that the adventitious species observed on this sample interact very little with 

the pentlandite structure, and that the reconstruction of sulfur species that is observed occurs without 

the aid of external oxidants. As seen for the pyrrhotite surface in Chapter 4 and numerous other sulfide 

minerals (for example [8-10, 31, 32, 40]), such a reconstruction occurs when cleaving the sample 

exposes a fracture plane with a polar surface, which reconstructs to form the most stable surface 

structure. It is possible that the exposed surface that was analysed for Pn1 fortuitously consisted of 

only non-polar surfaces, while the exposed surface of Pn2 consists of both polar and non-polar 

surfaces.  

 

6.3.4 Pn2 valence band 

Figure 6.17 shows the valence band spectra for Pn2 collected with the same photon energies used for 

the sulfur spectra for this sample. These spectra are similar to the valence band spectra shown for 

Pn1, as they show distinct changes to the intensity due to the change in photoionization cross section 

of the subshells. The inset to Figure 6.17 shows the upper valence band of the hν = 260, 400 and 600 

eV spectra that have been normalised to the main peak in the upper valence band. This shows that 

relative to the upper valence band, the broad band above 4 eV binding energy decreases with 

increasing photon energy. Since this is a relatively small change in intensity, and due to the 

normalisation method for these spectra, the change in intensity of the broad feature around 5 eV may 

be attributed to surface species. This is consistent with the calculations which indicate that this region 

is dominated by S 3p states, and the observation from the sulfur 2p results of polymerised sulfur 

species on the surface. In contrast to the valence band spectra from Pn1, these spectra show no 

difference in the shape of the upper valence band, specifically around 0.5 eV where small deviations 

were observed for Pn1. This indicates that those small changes in spectral shape observed in the Pn1 

valence band spectra in Figure 6.5(a) are likely due to the slight oxidation of iron sites that was 

observed from the Fe 2p spectrum for Pn1, and hence why it is not observed for the valence band 
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spectra of the Pn2 sample. Importantly, this indicates that the states contributing to the valence band 

around 0.5 eV are Fe-dominated states, which vary in intensity for a sample that has some slight 

oxidation of the Fe sites. 

 

 

Figure 6.17: X-ray valence band spectra of in situ fractured Pentlandite 2 obtained with hν = 260, 400, 600, 

1050 and 1400 eV. Inset: Valence band spectra normalised to the upper valence band peak. 

 

The comparison of these two pentlandite samples is a valuable assessment to make since the samples 

are identical in their synthesis and preparation and differ only in their inadvertent surface oxidation. 

This allows an insight into the validity of the vacuum fracture method for pentlandite, despite this 

method previously being dismissed due to pentlandite’s propensity to fracture along pre-oxidised 

grains [2]. It is unclear from these results if the reconstruction of the sulfur species on the surface of 

Pn2 is due to the reconstruction of polar fracture surfaces, or if it is caused by external oxidants. This 

comparison has shown that while some oxidised surfaces may exist around fracture planes, the extent 

of the surface alteration due to this is minimal, and only observable with high resolution techniques 

and analysis. The presentation of pristine, or near-pristine pentlandite spectra made in this chapter is 

of great benefit to help understand the features observed in spectra of altered pentlandite surfaces. 

This will aid in identifying alteration products and consequently understanding the analysed surfaces 

in future studies. 
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The comparison of fitted S 2p spectra from these two pentlandite samples also gives an indication of 

the error associated with fitting high resolution spectra. It is difficult to isolate the error in the fit from 

the variation in samples, but considering the similarity of the two pentlandite samples shown in this 

chapter, an estimation can still be made. While Pn1 was shown to have no contribution from disulfide 

and polysulfide species, Pn2 had a small contribution on the surface from polymerised sulfur, 

amounting to a combined total of less than 6% of the fitted species in the most surface sensitive 

spectrum. There was no observable contribution in the two most bulk sensitive spectra for Pn2. By 

comparing the Pn1 hν = 846 eV fitted spectrum with the Pn2 hν = 850 eV fitted spectrum, we see that 

the discrepancy between the fits is up to 1% of the total fitted species. An error of approximately 1 – 

2% in the fitted components throughout this thesis is therefore expected to be a reasonable estimate. 

 

6.4 Conclusions 

This chapter presents photoelectron spectra from two vacuum fractured synthetic pentlandite samples. 

Prior to this work, there has been no reports of pristine pentlandite surfaces, as most studies have 

prepared the pentlandite samples by abrasion resulting in surface oxidation. The original contribution 

to knowledge presented in this chapter is the analysis of the pristine, or near-pristine samples using 

synchrotron radiation of varied photon energies. This method has identified the bulk and surface 

contributions to Fe, Ni and S 2p photoelectron spectra. The first sample showed evidence of slight 

oxidation of the Fe sites, but no changes to Ni or S species due to oxidation. Two surface species 

were identified in the S 2p spectrum, which were attributed to 3- and 4-coordinate undercoordinated 

surface monosulfide species. This showed that the fracture surface experienced relaxation rather than 

reconstruction to form a stable surface. This conclusion altered the previous understanding about the 

assignment of S 2p states for pentlandite. In contrast, the second pentlandite sample showed no 

evidence of oxidation of the Fe or Ni sites, but showed evidence of reconstruction of the sulfur species 

at the surface. This indicates that the pentlandite surface may have multiple fracture planes that cause 

the surface to stabilise either through relaxation or by reconstruction.  

 

By identifying the bulk and surface contributions to the S 2p spectrum, a fitting method was 

developed to fit the broad asymmetric tail observed on the high binding energy side of the bulk 

monosulfide species. A series of empirical symmetric peaks have been proposed to fit the bulk 

contribution, which was used for the second sample to identify the disulfide and polysulfide species 

in the surface sensitive spectra. This fitting method is significant for future studies that wish to use 

photoelectron spectroscopy to characterise pentlandite surfaces. Although fitting the asymmetric tail 

does not provide any evidence of the origin of the tail, valence band spectra show that the cation and 

anion valence states are potentially significantly mixing. The Fe L edge absorption spectrum also 
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shows a pre-edge feature similar to that seen for pyrrhotite and other sulfide minerals. This shows 

that the broad tails in the S 2p spectrum arise from ligand to metal charge transfer final states. A 

deeper analysis of the pentlandite valence band spectrum is required to give a deeper insight into this 

process, which is addressed in the next chapter.  
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7 ELECTRONIC STRUCTURE OF PRISTINE PENTLANDITE SURFACES 

7.1 Introduction 

There is increasing interest in using pentlandite and similar structures as a catalyst for the hydrogen 

evolution reaction [1-5]. With this gaining interest comes a requirement to understand the catalytic 

activity of this mineral. The previous chapter largely described the surface structure of vacuum 

fractured pentlandite, and while this is important, it only aids in partway understanding the reactions 

that occur at the surface. The aim of this chapter is to investigate the electronic structure of pentlandite 

and how it may affect the reactions that occur at the surface of this complex mineral. To date there 

have been a number of calculations presented in the literature for density of states of pentlandite and 

similar structures [6-10]. However, until the results presented in the previous chapter, some of which 

have been recently published [11], there have been no other reported experimental observations of 

the valence band of pentlandite. Therefore, the original contribution to knowledge that is presented 

in this chapter is an experimental investigation of the valence band density of states of pentlandite. 

This is achieved through two separate techniques. The first technique is resonant photoemission 

spectroscopy, which aims to identify the states in the experimental valence band that can be attributed 

to Fe and Ni states respectively. The second technique investigates the valence band of a series of 

pentlandite samples with varied stoichiometry; analysing the variation in intensity of states as a result 

of changing photoionization cross section and making a comparison between samples with varied 

stoichiometries. By these methods it is shown in this chapter the regions of pentlandite’s valence band 

that are dominated by Ni, Fe and S valence states respectively, and provides greater insight into the 

electronic structure of pentlandite.  

 

7.2 Resonant valence band study of pentlandite electronic structure 

Resonant photoemission spectroscopy has been used for understanding the electronic structure of 

various other samples. By combining atom-specific X-ray absorption spectroscopy with 

photoelectron spectroscopy in the valence band region, the atomic character of valence band states 

may be investigated. This is a strength of the technique, especially for complex structures such as 

pentlandite, which potentially have broad bands and overlapping states, and are consequently difficult 

to explicate.  

 

While the term ‘resonance’ is used to describe resonant photoemission spectroscopy, this technique 

does not always reveal ‘true resonance’ in the valence band spectra, as true resonance is only observed 

for valence states with specific qualities. Many publications (such as references [12-16]) use the term 

‘resonance’ to refer to the enhancement of the photoemission spectrum that results from the onset of 
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the normal Auger decay signal as the photon energy is varied over the absorption edge. Quite often 

this effect is simply a superposition of the two channels and does not represent a ‘true resonance’. 

The stricter definition is that which refers to the interaction between the photoemission channel and 

the deexcitation (Auger decay) which follow the X-ray absorption process. The interaction arises 

from the two channels having the same initial and final states, and requires the two channels to be 

coherent [17]. The effect is an increase (resonance) or decrease (anti-resonance) in the spectrum that 

is additional to the superposition of the individual channels. True resonance is often characterised by 

a decrease just below, and a significant increase above the absorption threshold photon energy. This 

intensity profile is referred to as a Fano-profile [18]. In the following data the term ‘resonant valence 

band spectra’ is used to describe the process of collecting the data, rather than the outcome. However, 

when discussing the change in features in these spectra, the term ‘resonance’ is reserved for the 

stricter definition.  

 

7.2.1 Methods 

The sample analysed in this section was cut from the same mineral used in the previous chapter and 

has the same stoichiometry of Fe4.4Ni4.6S8.1. The spectra shown in this section were collected at the 

Australian Synchrotron Soft x-ray beamline [19]. The photon energy of the beamline was calibrated 

by observing the absorption spectra of internal Fe and Ni metal standards, calibrating the main peaks 

to 706.8 eV [20] and 852.7 eV [21] respectively. The binding energy scales of the valence band 

spectra were calibrated using a series of Au 4f7/2 spectra calibrated to 84.00 eV [22], which were 

collected with photon energies similar to those of the valence band spectra. A linear relationship 

between the photon energy and the necessary binding energy correction was created, by which the 

binding energy scales of the valence band spectra were corrected. This linear relationship is shown 

in Figure 7.1, while the energy calibration required for each Au 4f7/2 spectrum is shown in Table 7.1. 

Each valence band spectrum was normalised to constant flux at a few eV below the onset of the 

valence band in the binding energy scale in each spectrum.  
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Figure 7.1: Binding energy calibration from Au 4f7/2 reference spectra. 

 

Table 7.1: Au 4f7/2 reference for energy calibration. 

Photon energy  Measured energy  Correction  

700.0 eV 87.04 eV - 3.04 eV 

717.0 eV 87.16 eV - 3.16 eV 

857.1 eV 88.09 eV - 4.09 eV 

864.8 eV 88.11 eV - 4.11 eV 

Slope  0.006587  

Intercept  -1.56432  

 

The survey spectrum for this sample is shown in Figure 7.2 while the quantification of species from 

this survey spectrum is shown in Table 7.2. The At% contribution to the survey spectrum shows an 

approximately equal ratio of iron to nickel, and a ratio of sulfur to metal (Fe+Ni) only slightly less 

than that expected from the sample’s stoichiometry. There is clear evidence of carbon and oxygen 

species in the survey spectrum, which equates to 3.8% oxygen and 13.6% carbon detected at the 

surface. While this is greater than the estimated carbon and oxygen species in Pn1, it is less than those 

detected in Pn2 of the previous chapter.  
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Figure 7.2: Survey spectrum of vacuum fractured pentlandite, hν = 1487 eV.  

 

Table 7.2: Atomic % contribution from species to survey spectrum shown in Figure 7.2. 

Species At% contribution 

Fe 3p 20.4 

Ni 3p 20.1 

S 2p 42.1 

O 1s 3.8 

C 1s 13.6 

 

The Fe 2p and Ni 2p spectra from this pentlandite sample are shown in Figure 7.3 with the spectra 

from the two vacuum fractured pentlandite samples from the previous chapter. The Fe 2p spectrum 

in Figure 7.3ai has a peak at 707.1 eV consistent with the 2p3/2 peak of the previous two pentlandite 

samples, also shown in Figure 7.3aii,iii. The peak in Figure 7.3ai is seen to be broader than the peak 

in the two previous pentlandite samples. There is an asymmetric tail on the high binding energy side 

of this peak which extends out to 715 eV. The shape of the tail is similar to that observed for Pn1, 

and there is no obvious structure as can be seen in the Fe 2p3/2 tail in Pn2. The broadness of the peak 

in Figure 7.3a,i and the lack of structure in the high binding energy tail indicates that the Fe species 

are slightly oxidised, more so than both Pn1 and Pn2 samples.  

 

The Ni 2p spectrum shown in Figure 7.3bi has a peak at 853.0 eV with some low intensity structure 

on the high binding energy side. The spectrum is consistent with the 2p peak of pentlandite NiII-S 

shown for Pn1 and Pn2 samples. The similarity in the peak energy, shape, and structure of the high 

binding energy tail indicates there is little to no oxidation of the Ni sites at the surface. 
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Figure 7.3: (a) Fe 2p and (b) Ni 2p spectra from three vacuum fractured pentlandite samples show the iron 

sites on the pentlandite surface are partly oxidised. 

 

A S 2p spectrum was collected for this sample with hν = 1475 eV. The spectrum was fitted using the 

method devised in Chapter 6, with three doublets attributed to surface 3-coordinate monosulfide, 

overlapping surface and bulk 4-coordinate sulfide, and bulk 5-coordinate monosulfide species, 

respectively. The empirically derived asymmetric tail has been included in the bulk 5-coordinate 

component in the fitted spectrum shown in Figure 7.4. The % contribution from each of these features 

to the overall fitted S 2p spectrum shown in Table 7.3 is similar to that of the high photon energy 

spectra for Pn1 and Pn2 shown in Chapter 6. Although there is no clear evidence in this spectrum of 

disulfide and polysulfide species, the contribution from the surface features in this spectrum is 

expected to be approximately 7% of the total sulfur signal. When polymerised sulfur species were 

observed for Pn2 in Chapter 6 they could only be observed in the most surface sensitive spectra, and 

there was no evidence of them in the hν = 1050 eV spectrum. Therefore, if there are similar amounts 

of disulfide and polysulfide species on the surface of this sample as were observed for Pn2, they 

would not be observable in the spectrum shown in Figure 7.4. Yet, this spectrum does show that the 

sulfide species have not been altered significantly. 
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Figure 7.4: S 2p spectrum for vacuum fractured pentlandite showing no evidence of polymerised sulfur, hν = 

1475 eV. 

 

Table 7.3: Quantification of % contribution of each feature to the fitted S 2p spectrum. 

Species (Binding Energy)  Binding Energy (FWHM) 

% contribution 

to fit 

hν = 1475 

Surface 3-coordinate 161.1 eV (0.65) 6.2 

Surface & bulk 4-coordinate 161.7 eV (0.59) 16.4 

Bulk 5-coordinate 162.2 eV (0.67) 77.4 

 

7.2.2 Observation of Fe, Ni and S L edge NEXAFS spectra 

The Fe L2,3 X-ray absorption spectrum for this pentlandite sample is shown in Figure 7.5. The main 

L3 absorption peak is at 706.8 eV, which is equal to that of the metal Fe standards and consistent with 

the L3 absorption peak for Pn2 in the previous chapter and the only other pentlandite Fe L edge 

NEXAFS spectrum previously presented in literature [23]. Since the Fe 2p binding energy is at 707.1 

eV, the absorption peak at 706.8 eV in Figure 7.5 can be attributed to transitions from the 2p orbital 

to unoccupied bound states. Unlike the Fe L edge spectrum for Pn2 and that presented in literature 

[23], the spectrum in Figure 7.5. has a distinct high energy shoulder around 708 eV. Previous Fe L 

edge spectroscopy has observed the main peak of FeIII at a similar energy in hematite (Fe2O3) [20, 

24] and in FeOOH [25]. The presence of this strong shoulder in the spectrum in Figure 7.5 where it 
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is not seen in the Pn2 absorption spectrum in Chapter 6 can be explained by the oxidation of Fe states 

expected at the surface of this sample, where no such oxidation was observed for the Pn2 sample. 

The oxidation of Fe sites is seen to broaden the 2p3/2 peak in the photoelectron spectrum. However, 

this only has a small effect in the photoelectron spectrum due to the overlap of FeII multiplet features 

with the FeIII signal. Contrastingly, the presence of FeIII species has a much clearer effect on the X-

ray absorption spectrum due to the distance between absorption energies for FeII and FeIII species, 

possible changes in symmetry at the oxidised sites, and the increased opportunities for absorption to 

unoccupied states for FeIII species. There is a small inflection that can be seen on the leading edge of 

the main absorption peak around 705 eV. This feature is not as obvious as the pre-edge peak in the 

Pn2 sample in the previous chapter or the spectrum presented in literature [23]. It is possible that the 

strong contribution to the spectrum by FeIII species is somewhat overshadowing the pre-edge feature, 

rather than entirely supressing this state. 

 

 

Figure 7.5: Fe L2.3 absorption spectrum for vacuum fractured pentlandite shows evidence of both FeII and 

FeIII components. 

 

The Ni L3 absorption energy is observed at 853.0 eV, shown in Figure 7.6 and is consistent with the 

previously reported Ni L edge spectrum for Pn2, that presented previously in literature [23], and that 

of NiII-S in millerite (NiS) [26]. The energy of the main absorption peak is the same as the binding 

energy for the 2p photoelectron peak (853.0 eV), indicating that this absorption peak may be due to 

transitions to the continuum, and would therefore result in the appearance of the Auger decay channel 

in the valence band spectrum collected at that photon energy. The L3 absorption peak is a sharp 

asymmetric peak with slight broadening on the high energy side. A broad low intensity feature is 
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observed around 859 eV, similar to the feature observed in the millerite absorption spectrum [26]. 

The Ni L edge spectra have been investigated generally for nickel dihalides (NiF2, NiCl2, NiBr2 and 

NiI2) and NiO [27]. This study showed that for the compounds with greater electronegativity there 

was a small sharp peak on the high energy side of the Ni L3 maximum, which was attributed to 

multiplet states. By decreasing the electronegativity of the ligand, the multiplet structure decreased, 

causing the decrease in the multiplet contribution to the spectra, and simultaneously increased the 

satellite structure, seen as a low intensity broad peak at some distance from the main absorption peak. 

The pentlandite Ni L edge spectrum shown in Figure 7.6 has no distinct high energy contribution 

such as those associated with the multiplet structure, but shows a clear broad peak approximately 6 

eV above the main absorption peak. This energy separation is similar to that seen for the satellite 

peaks observed in the more covalent nickel dihalides, and especially that of NiO. If the trend in 

covalency observed by van der Laan, Zaanen, Sawatzky, Karnatak and Esteva [27] is expected to 

continue for group IV nickel compounds (NiO, NiS etc), then NiS is expected to be more covalent 

with less multiplet structure and a stronger satellite structure in the absorption spectrum. The 

observation of the Ni L edge spectrum, in comparison with the previously published NiO spectra 

supports this theory. 

 

 

Figure 7.6: Ni L2,3 absorption spectrum for vacuum fractured pentlandite shows a broad contribution due to 

multiplet structure arising from Ni-S covalency. 

 

The S L2,3 absorption spectrum for pentlandite is shown in Figure 7.7 and is the first known reported 

L edge spectrum for pentlandite. The absorption spectrum consists of some low intensity fine 

structure in around 163 eV. This structure is split into a doublet, indicating that this feature is due to 
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the transition of S 2p2/3 and 2p1/2 electrons to 3s or 3d states respectively. The energy of this spin-

orbit splitting is estimated to be 1.2 eV, which is similar to the spin-orbit splitting of 1.3 eV for the 

pyrrhotite S L2,3 edge absorption spectrum in Chapter 4. This indicates there may be a strong 

covalency between the sulfur ligand and metal states. It is difficult to compare this spin-orbit splitting 

energy to the energy difference between the Fe absorption peak and the pre-edge energy since the 

pre-edge feature is so small. However, the pre-edge peak of the Pn2 Fe X-ray absorption spectrum 

shown in Chapter 6 is estimated to be approximately 1.2 eV below the main absorption peak. In 

contrast, no pre-edge peak has been observed for the pentlandite Ni L edge absorption spectrum. This 

indicates that there is a ligand to metal charge transfer state between the sulfur and iron atoms.  Other 

features observable in the spectrum in Figure 7.7 include broad shoulders 6 eV and 8 eV higher than 

the onset of the absorption spectrum, respectively labelled ‘b’ and ‘c’, and another broad, strong peak 

approximately 14 eV above the onset of the spectrum labelled ‘d’. The shape and relative energies of 

the features in the pentlandite spectrum are strikingly similar to the pyrrhotite spectrum shown 

previously in Chapter 4 and to that of chalcopyrite, which also has a notably similar S L2,3 absorption 

spectrum [28]. Therefore, the peaks labelled in Figure 7.7 are attributed to transitions of S 2p electrons 

to empty S 3s- and 3p-like states at ‘b’ and ‘c’ respectively, and the peak at ‘d’ is attributed to 

transitions to empty S 3d states. 

 

 

Figure 7.7: S L2,3 absorption spectrum for vacuum fractured pentlandite. 
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7.2.3 Description of valence band for pentlandite 

The photoelectron spectrum taken in the valence band region for pentlandite is shown in Figure 7.8, 

collected with hν = 695.6 eV; below the Fe absorption edge. The shape of the valence band spectrum 

has three distinct features. The upper valence band has a strong peak at 1.1 eV with a shoulder around 

0.3 eV. This region is expected to be dominated by octahedral metal 3d states [8], particularly from 

the eg orbitals [29]. The lower valence band has a peak at 4.4 eV with a shoulder around 6.3 eV. This 

broad peak is separated from the upper valence band by a local minimum around 3 eV, and from 

calculations is expected to be largely due to S 3p-like states from 4-coordinate and 5-coordinate bulk 

sulfur [8], with some contributions from tetrahedral 3d states [29]. There is another peak further from 

the Fermi energy at around 14 eV which is attributed largely to S 3s states [8]. It has been shown by 

previous calculations that the energy difference between the S 3s states and the metal valence states 

is great enough to prevent significant mixing between these orbitals [7]. The variation in intensity 

seen in the valence band spectra for Pn1 and Pn2 in Chapter 6 in comparison with the photoionization 

cross sections of atomic orbitals supports the general assignment of metal 3d states and sulfur 3p 

states to the upper valence band and the lower valence band between 3 – 8 eV respectively. 

 

 

Figure 7.8: Pentlandite valence band photoelectron spectrum, hν = 695.6 eV. 
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7.2.4 Resonant valence band spectra at the Fe 2p absorption threshold 

The Fe L edge absorption spectrum for pentlandite is shown on the right side of Figure 7.9, with the 

resonant photoemission spectra shown on the left. The photon energies used to collect the 

photoemission spectra are indicated by dotted lines connecting to the absorption spectrum.  The 

spectrum at the top of Figure 7.9 is the same spectrum shown in Figure 7.8 and was collected with hν 

= 695.6 eV before the onset of the absorption spectrum. The next photoemission spectrum was 

collected with hν = 705.2 eV, which is the energy at which the pre-edge absorption peak is estimated 

to be. This spectrum appears to have a flat top between 1 – 6 eV. The next spectrum was collected 

with hν = 706.8 eV and shows a broad peak at 4.4 eV, with a shoulder around 7 eV. This structure is 

seen to move through the following spectra at what appears to be constant kinetic energy, with an 

intensity profile which generally follows the intensity of the absorption spectrum. Therefore, these 

features are expected to be due to the normal Auger decay channel.  

 

 

Figure 7.9: Photoelectron spectra collected with photon energies across the Fe 2p absorption spectrum show 

an increase in intensity of the lower valence band at photon energies at and above the L3 absorption peak. 

 

The fine structure of the hν = 705.2 eV and 706.8 eV spectra are investigated in Figure 7.10, which 

shows these two spectra with the off-resonance valence band spectrum. The spectrum taken with the 
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pre-edge peak energy shows some structure in the region between 1 – 5 eV, with a local maximum at 

2.8 eV where the local minimum is in the off-resonance spectrum. In addition to the Auger-like 

feature at 4.4 eV in the hν = 706.8 eV spectrum, there is some additional structure on the Fermi energy 

side at 2.8 eV, and a shoulder at 1.1 eV and 0.2 eV, as indicated by dotted lines in Figure 7.10. The 

latter two binding energies are consistent with structure observed in the upper valence band of the 

off-resonance spectrum and are therefore expected to arise from the photoemission signal. 

 

 

Figure 7.10: Photoelectron spectra collected with hν = 695.6 eV (off-resonance), 705.2 eV (pre-edge) and 

706.8 eV (peak energy). The binding energies of specific features are labelled above the graph in eV. 

 

To determine if the enhancement in the photoemission spectrum is due to resonance or simply the 

superposition of an Auger signal on the photoemission spectrum, the off-resonance photoemission 

spectrum has been subtracted from each subsequent spectrum, and the resulting spectra presented in 

Figure 7.11. These spectra are plotted in the kinetic energy scale to highlight the constant kinetic 

energy feature that moves through the photoemission spectrum. If the enhancement in each resonant 

valence band spectrum is only a superposition of the constant binding energy photoemission signal 

and the constant kinetic energy Auger decay spectrum, then only the Auger signal should be observed 

in the spectra in Figure 7.11. Indeed, there are no features observed in the spectra in Figure 7.11 that 

are not constant kinetic energy features. There is a strong peak at 702 eV (kinetic energy) visible for 

each spectrum, and a second, smaller feature with a peak just above 715 eV visible for the spectra 

collected with photon energies near the L2 absorption edge. This shows that there is no interference 

20 18 16 14 12 10 8 6 4 2 0 -2

hv = 706.8 eV

hv = 705.2 eV

 

 

N
o

rm
a

lis
e

d
 I

n
te

n
s
it
y

Binding Energy (eV)

hv = 695.6 eV

4.4 2.8 1.1 0.2



Chapter 7: Electronic structure of pristine pentlandite surfaces 

129 

between the photoemission and deexcitation channels and therefore no true resonance resulting in a 

Fano-profile. The photoemission and deexcitation channels are non-coherent and do not interfere with 

one another, resulting in the enhancement of the spectra which arises from a superposition of the two 

channels. The loss of coherence of these two channels arises from the charge-transfer between the Fe 

3d and S 3p states [30]. 

 

As far as is observable, the states in the upper valence band, which are expected to be strongly 

octahedral metal character, appear unaffected by the change in photon energies over the L2,3 

absorption edge. However, the constant kinetic energy deexcitation peak appears strongly in the 

photoemission spectrum at 4.4 eV. This region of the valence band spectrum is due to a strong density 

of sulfur states, especially from the 4-coordinate sulfur atoms which link the cube clusters through 

the tetrahedral metal atoms [8]. This shows that the initial and final states of the Fe Auger signal and 

the photoemission signal at this energy are the same. Due to the density of metal tetrahedral t2g states 

calculated to be at that energy [29], the state at 4.4 eV in the valence band is most likely attributed to 

the charge-transfer between the tetrahedral Fe t2g band and the 4-coordinate ‘linking’ sulfur 3p 

valence band, but may also have some contribution from an interatomic resonant enhancement of the 

S 3p states [31]. 

 

 

Figure 7.11: Resonant valence band spectra each with the off-resonance spectrum (hν = 695.6 eV) subtracted 

to show the constant kinetic energy Auger feature moving through the spectra. The 705.2 – 708.2 eV spectra 

have been vertically offset for clarity. 
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7.2.5 Resonant valence band spectra at the Ni 2p absorption threshold 

The valence band photoemission spectra taken with photon energies ranging over the Ni absorption 

edge are shown in Figure 7.12. The first spectrum at the top of Figure 7.12 is an off-resonance 

spectrum collected with hν = 845.9 eV and is consistent with the off-resonance spectrum shown 

previously in Figure 7.10. The spectrum collected with hν = 851.8 eV below the absorption edge 

shows an enhancement of the photoemission spectrum around 7 eV, while the upper valence band 

appears to be subdued. The spectrum collected with hν = 853.0 eV at the absorption peak has a strong 

peak at 8 eV with a shoulder around 5 eV. This asymmetric shape is seen to move through the 

subsequent valence band spectra at what appears to be a constant kinetic energy and an intensity 

which follows the intensity of the absorption spectrum.  

 

 

Figure 7.12: Photoelectron spectra collected with photon energies across the Ni 2p absorption spectrum show 

a strong increase in intensity for photon energies at and above the L3 absorption edge. 

 

The fine structure of the valence band spectra collected below and at the Ni L3 absorption edge is 

shown in more detail in Figure 7.13. The photoemission spectrum collected directly below the Ni 

absorption edge has a diminished upper valence band (at 1.1 eV) in comparison to the off-resonance 

valence band spectrum, with an increase in the lower valence band at 4.5 eV and 6.6 eV. In 
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comparison, the 1.1 eV feature in the spectrum taken at the absorption edge has approximately the 

same intensity as is seen in the off-resonance photoemission signal. This diminished feature below 

the absorption edge may be an indication of either a resonance or anti-resonance Fano-profile [18].  

 

 

Figure 7.13: Photoelectron spectra collected with hν = 845.9 eV (off-resonance), 851.8 eV (pre-edge) and 

853.0 eV (peak energy). The binding energies of specific features are labelled above the graph in eV. 

 

Figure 7.14 shows the photoemission spectra collected with photon energies over the absorption edge 

with the off-resonance spectrum subtracted. In contrast to the similar spectra shown for the Fe 

absorption edge, the spectra in Figure 7.14 appear to have some contributions other than the constant 

kinetic energy Auger feature. Each spectrum has a strong peak in the constant kinetic energy feature 

at 845.5 eV with a shoulder around 848 eV, with the exception of the hν = 851.8 eV spectrum. The 

spectrum originating from the hν = 851.8 eV spectrum has a similar spectral shape, but the main peak 

is at 844.5 eV with a shoulder 0.5 eV below the shoulder of the constant kinetic energy feature which 

is consistent with the LMM Auger electrons. This shows that the deexcitation feature is photon energy 

dependent below the L3 absorption peak, but constant kinetic energy above. This indicates some 

interference between the deexcitation channel and the photoemission states in the region 4 – 7 eV. 

Further indication of interference can be seen in the negative peak in the hν = 851.8 eV spectrum 

around 850.6 eV in the kinetic energy scale. This negative peak represents the diminished upper 

valence band peak just above 1 eV. A typical Fano-profile consists of a dip in intensity below the 

absorption edge, followed by a resonant enhancement at and above the absorption edge [18]. 
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However, it is possible for the channels to interfere and cause a negative resonance, which may be 

characterised by a decrease in the intensity just below the absorption threshold with very little 

enhancement at or above the threshold [18, 32]. The coherence of this photoemission state with the 

deexcitation channel that follow the Ni L edge absorption indicates that the peak at 1.1 eV has strong 

nickel character. 

 

 

Figure 7.14: Resonant valence band spectra collected with photon energies over the Ni absorption edge each 

with the off-resonance spectrum (hν = 845.9 eV) subtracted to show the constant kinetic energy Auger 

feature moving through the spectra. 

 

7.2.6 Conclusions from resonant valence band photoemission spectroscopy 

The resonant valence band spectra for pentlandite have been investigated from the Fe and Ni L edge 

absorption spectra. This has led to the identification of the regions of the valence band photoemission 

spectrum that can be attributed to states with strong Fe or Ni character respectively. Firstly, the S L2,3 

absorption spectrum was presented for the first time in the literature and showed a spin-orbit splitting 

consistent with the separation of the Fe L edge peak and pre-edge energy. This showed evidence of a 

possible ligand to metal charge-transfer state between the sulfur and Fe metal atoms. 

 

The resonant valence band spectra over the Fe L edge absorption threshold showed no clear 

indications of true resonance and the enhancements of the valence band were due to an incoherent 
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superposition of the photoemission and deexcitation channels. This was supported by the spectra with 

the photoemission signal removed, where only the constant kinetic energy Auger feature remained. 

The energy of the Auger enhancement indicated that the Fe valence states overlap with the S 3p 

valence states at 4.4 eV in the valence band spectrum. This signal is attributed to the ligand to metal 

charge transfer state between the tetrahedral Fe t2g states and the S 3d states of the 4-coordinate linking 

sulfur sites. No strict resonance was observed for this feature, indicating that the photoemission and 

deexcitation signals have a loss of coherence due to the delocalisation of this state. 

 

The nickel resonant valence band spectra showed a decrease in the 1.1 eV photoemission feature just 

below the absorption threshold, with no clear increase of this feature at or above the threshold. This 

is an indication of coherence between the 1.1 eV photoemission feature and the deexcitation channel, 

even if it is not a typical Fano-resonance, characterised by the strong increase in intensity above the 

threshold. The true nature of this state requires further investigation to elucidate, but showed that this 

feature at 1.1 eV in the valence band has a strong nickel character. Evidence of coherence between 

the photoemission and deexcitation channels was observed in the lower valence band region, 

specifically between 4 – 7 eV. This was characterised by an enhancement of the photoemission 

spectrum that was not consistent with the superposition of an Auger feature. The enhancement of the 

valence band was observed to be photon energy dependent below the absorption threshold, and 

transitioned to a constant kinetic energy feature above the L3 absorption threshold. The resonance 

observed for the resonant photoemission spectra for nickel indicates that the nickel valence states are 

at least weakly localised, whereas the iron states are less localised. 

 

7.3 Effect of stoichiometry on the valence band of pentlandite 

7.3.1 Introduction 

The effect of changing the ratio of iron and nickel, and other cations such as cobalt or silver in the 

pentlandite lattice has been an area of interest in several studies primarily surrounding the issue of 

the preference for Fe or Ni cations in the octahedral sites in the pentlandite lattice [33-35]. Some 

studies suggest that iron preferentially occupies the octahedral sites of natural pentlandite [35-37]. A 

more recent study which specifically investigated the cation ordering in fresh and annealed synthetic 

pentlandite samples found a disordered distribution of cations in both types of sample [38]. 

Additionally, microprobe studies of natural pentlandites found that the relative ratios of iron, nickel 

and cobalt cations provides an effective d-electron concentration per unit formula of close to 65, 

which corresponds to the ideal (Co9)
16+ such as is found in the only stable monometallic pentlandite 

[6]. A recent DFT calculation of pentlandite cation distribution found that the most stable distribution 

is one in which the cations are heterogeneously dispersed in the bulk, rather than clustered with like 
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atoms, but gives no indication about long-range ordering [10]. Calculations of the pentlandite valence 

band have found that the stable stoichiometries result from the Fermi level lying within a pseudo-gap 

in the density of states [8]. Therefore, it is possible and not unreasonable to expect that on the micro 

scale there would be a variation in local cation distribution and therefore density of states. However, 

the spot size over which these samples were analysed was up to 500 × 500 µm, and therefore any 

variation in local cation distribution is expected to have a minimal effect on the spectra. 

 

A previous study by Fujimori, Mamiya, Mizokawa, Miyadai, Sekiguchi, Takahashi, Mori and Suga 

[39] has investigated the trends in the valence band spectra for pyrite-type FeS2, CoS2 and NiS2 as a 

result of the addition of an extra electron to each unit cell [39]. In this study it was observed that FeS2 

had the sharpest peak in the upper valence band due to the full t2g and empty eg band. With the addition 

of an electron the eg band in CoS2 and another in NiS2 the peak in the upper valence band shows a 

broadening due to the exchange splitting and spin polarization of the eg band. Additionally, a shoulder 

develops on the Fermi energy side of the main peak with increase in cation atomic number, which is 

most obvious in the NiS2 spectrum, as a result of the successive filling of the eg band [39]. While 

these minerals have significantly different structures and density of states to pentlandite, a similar 

trend may be observable in pentlandite samples with differing stoichiometries and different densities 

of valence d electrons.  

 

7.3.2 Methods 

The spectra in the following sections were measured from a series of synthetic pentlandite samples 

with varying ratios of Fe, Ni and S, to investigate the effect on the valence band photoemission 

spectrum by changing pentlandite’s stoichiometry. Figure 7.15 shows the stoichiometry of the 

samples used in this section, and the stoichiometry of the vacuum fractured sample used in the 

previous section. The exact stoichiometries of the samples are listed in Table 7.5 with an overview 

of the observations made from the survey Fe/Ni 3p and S 2p spectra. These samples were analysed at 

the Canadian Light Source using the methods described in section 3.2.3. The samples were fractured 

in a nitrogen-filled glove bag immediately prior to analysis. Photoelectron spectra in the valence band 

region of these samples were collected using low photon energies. The photon energies were varied 

between spectra to attempt to isolate metal- and sulfur-like states based on the change in 

photoionization cross sections of different states. The photoionization cross sections of selected 

atomic valence orbitals are shown in Figure 7.16, calculated from reference [40].  
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Figure 7.15: Ternary plot showing the stoichiometry of pentlandite samples used in this chapter as a 

proportion of sulfur, iron and nickel. 
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Figure 7.16: Photoionization cross section of valence level atomic subshells [40]. 

 

7.3.3 Comparison of survey and core level photoelectron spectra 

The survey spectra from the four synthetic pentlandite samples used in this section are shown in 

Figure 7.17, collected with hν = 240 eV. The main features of each spectrum include a strong peak 

near 160 eV from the S 2p, a broad asymmetric peak around 90 eV (kinetic energy = 150 eV) due to 

sulfur Auger electrons, two small peaks at 70 and 55 eV due to the Ni and Fe 3p respectively, and the 

valence band below 10 eV. Each spectrum also shows a low, broad peak around 25 eV which is 

attributed to the O 2s, indicating that each of the samples has some oxygen contamination. The survey 

spectrum for Fe4.2Ni4.4S8.3 also has a sharp peak just above 100 eV which is not seen in the other 

survey spectra. This is attributed to Si 2p photoelectrons. The Si is evidence of contamination from 

SiO2 (glass) fibres used in the synthesis of these samples. The SiO2 species are expected to be inert 

and not interact with the pentlandite structure, however it causes some intensity in the higher binding 

energies of the valence band spectra. Indeed, it can be seen from the Fe4.2Ni4.4S8.3 survey spectrum 

that the S 3s peak in the valence band spectrum (expected around 15 eV) and the O 2s peak around 

25 eV are not distinct and overlap. This overlap is observed only for Fe4.2Ni4.4S8.3 and is therefore 
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expected to be due to the SiO2 valence electrons which have their greatest intensity at energies above 

10 eV [41]. The contribution to the valence band from the SiO2 valence electrons should be minimal 

below 10 eV. Since no Si photoelectron peak is observed in the survey spectrum for the other three 

samples, the O 2s signal must originate from oxidation of part of the sample. 

 

 

Figure 7.17: Survey spectra for the four pentlandite samples: (i) Fe4.2Ni4.4S8.3, (ii) Fe3.6Ni5.3S8.1, (iii) 

Fe4.8Ni3.9S8.3, (iv) Fe4.0Ni4.9S8.1. Si contamination is only observed in (i). For each spectrum, hν = 240 eV. 

 

Fe and Ni 3p spectra were collected for each sample and are shown in Figure 7.18a. To allow for a 

direct comparison between the hν = 240 and 150 eV spectra of the same sample, the spectra have 

been normalised to the Fe 3p peak and had a Shirley background subtracted. The Fe 3p spectra for 

Fe4.2Ni4.4S8.3 and Fe3.6Ni5.3S8.1 show the main peak centred at 54 eV with asymmetry on the high 

binding energy side of this peak. The asymmetry is caused partly by multiplet structure such as is 

seen in the 2p spectrum, however a large contribution to the asymmetry is the overlap of the 3p1/2 

peak with the stronger 3p3/2 peak. The transition metals 3p peaks are not well studied for sulfide 

minerals other than pyrite, but a comparison can be made with transition metal oxides, as the oxides 

are likely to form under the right conditions. Furthermore, comparison of the 3p peaks with those of 
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the transition metal oxides may give some indication of the valency of the cations in the current 

samples. The binding energy of the 3p3/2 peak is a little higher than that of unoxidized pyrite, which 

is just below 53 eV [42], but is consistent with FeII in hematite (Fe2O3), observed at 53.7 eV [43]. 

The higher binding energy in comparison to pyrite may be due to a broadening of the spectrum due 

to multiple FeII states and multiplet structure that would broaden the spectrum on the high binding 

energy side. The binding energy is significantly lower than FeIII observed in magnetite (Fe3O4) at 55.6 

eV [43, 44] and is therefore not likely to be due to oxidised FeIII species. Furthermore, there is no 

obvious change in spectral shape between the hν = 240 eV and hν = 150 eV spectra, indicating that 

the surface structure does not deviate significantly from the bulk structure in these two samples. In 

contrast, the Fe 3p spectra for Fe4.8Ni3.9S8.3 and Fe4.0Ni4.9S8.1 have a different shape with the main 

peak at a higher binding energy near 55 eV and a shoulder on the low binding energy side. This is 

more consistent with the 3p spectrum for FeIII observed in Fe2O3 [43, 44] and likely represents 

oxidation of the iron sites. Additionally, the shape of this peak differs notably between hν = 150 and 

240 eV for both Fe4.8Ni3.9S8.3 and Fe4.0Ni4.9S8.1, with an increase in the peak at 55 eV for the more 

surface sensitive spectrum. This shows that the Fe states are somewhat oxidised in Fe4.8Ni3.9S8.3 and 

Fe4.0Ni4.9S8.1. 

 

The Ni 3p spectra have a peak at 66 eV with a clear shoulder on the high binding energy side around 

68 eV. This shape is similar to that seen for NiO [45] and for β-Ni(OH)2 [46], although the Ni-O 

species have much higher Ni 3p binding energies at 75 eV and 76 eV respectively. Like the Fe 3p 

spectra for Fe4.2Ni4.4S8.3 and Fe3.6Ni5.3S8.1, the Ni 3p spectra show no noticeable difference in spectral 

shape between the hν = 240 and 150 eV spectra, however the intensity of the Ni 3p peak relative to 

the Fe 3p peak (to which the spectra are normalised) vary. For each of the four samples, the intensity 

of the Ni 3p peak is greater in the hν = 240 eV spectrum than in the hν = 150 eV spectrum relative to 

the Fe 3p peak. This indicates that in each of the four samples the intensity from Fe species is 

relatively greater at the surface than in the bulk. This variation in intensity is most notable in 

Fe3.6Ni5.3S8.1, followed by Fe4.0Ni4.9S8.1. This shows that for all pentlandite samples the Fe species 

migrate towards the surface, possibly due to oxidation, but this effect is most noticeable in nickel-

rich samples. The shape of the Ni 3p peak appears to be consistent between the hν = 240 and 150 eV 

spectra for each of the samples, indicating that there are no noticeable changes between the surface 

and bulk Ni species. 
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Figure 7.18: (a) Fe/Ni 3p spectra with background removed for hν = 150 eV and 240 eV, showing changes to 

Fe and Ni species at the surface. (b) Fitted S 2p spectra showing sulfur species present at the surface. (i) 

Fe4.2Ni4.4S8.3, (ii) Fe3.6Ni5.3S8.1, (iii) Fe4.8Ni3.9S8.3, (iv) Fe4.0Ni4.9S8.1. 

 

The S 2p spectra for all four samples have been fitted using the fitting method devised in Chapter 6, 

and the fitted spectra are shown in Figure 7.18b, with the binding energy of the 2p3/2 component of 

each feature and the quantification of the fitted spectra detailed in Table 7.4. The widths of the S 2p 

peaks are up to 0.2 eV greater than those observed in the previous chapter due to the increased exit 

slit width necessary for reasonable flux at that photon energy. Due to the close binding energy of 

adjacent peaks and the overlap between features, having an accurate fitting method is particularly 

important to be able to fit and quantify the features in these spectra.  

 

The S 2p spectrum for each sample has been fitted with a 2p3/2 peak around 161.1 eV, a second peak 

around 161.6 eV and a main peak at 162.2 eV. These three features are consistent with the surface 3-
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coordinate monosulfide, surface and bulk 4-coordinate monosulfide, and bulk 5-coordinate 

monosulfide species respectively, which were observed for vacuum fractured pentlandite in the 

previous chapter, and these peaks have therefore been assigned to these features as detailed in Table 

7.4. Additional peaks have been fitted to the Fe4.2Ni4.4S8.3 spectrum at 162.8 eV and at 163.5 eV and 

attributed to disulfide and polysulfide components, respectively. The total contribution to the sulfur 

spectrum from polymerised sulfur species (disulfide + polysulfide) is 4% for this sample, which is 

significantly less than that observed for the vacuum fractured sample Pn2 shown in the previous 

chapter (which was approximately 8% for the hν = 260 eV spectrum). The proportion of 3-, 4- and 5-

coordinate species fitted to the S 2p spectrum for Fe4.2Ni4.4S8.3 is similar to that fitted for Pn2 in the 

previous chapter, although there is proportionally more 4- and 5-coorinate sulfur and less 3-cordinate 

monosulfide fitted to Fe4.2Ni4.4S8.3 in comparison to the vacuum fractured Pn2. 

 

Fe3.6Ni5.3S8.1 also has disulfide and polysulfide components fitted to the S 2p spectrum at 162.5 eV 

and 163.7 eV respectively. Although no other species were fitted, a close inspection of the 

Fe3.6Ni5.3S8.1 spectrum in Figure 7.18b shows that there might be a small inflection in the spectrum 

around 166 eV, which would indicate the presence of sulfur-oxy species such as sulfite (SO3
2-). If 

such species are present on this sample, the quantity is so small that their resulting intensity is below 

the limits of detection and within the noise of the spectrum. A total amount of 7.1% polymerised 

sulfur is fitted to the Fe3.6Ni5.3S8.1 S 2p spectrum, which is approximately 3% more than for 

Fe4.2Ni4.4S8.3. The proportion of 3-, 4- and 5-coordinate sulfur species is similar between the two 

samples, however the increase in polymerised sulfur species in Fe3.6Ni5.3S8.1 is accompanied by a 

slight decrease in the bulk 5-coordinate sulfur species.  

 

The Fe4.8Ni3.9S8.3 S 2p spectrum has been fitted with a disulfide component at 162.7 eV but no 

polysulfide component. Almost 1% of the total sulfur fitted is due to a doublet at 166.8 eV which is 

consistent with sulfur-oxy species and has been attributed to sulfite (SO3
2-) species. The proportion 

of 3-, 4- and 5-coordinate sulfur is substantially different in Fe4.8Ni3.9S8.3 than in Fe4.2Ni4.4S8.3 or 

Fe3.6Ni5.3S8.1. While the % contribution from the 5-coordinate bulk monosulfide is similar for 

Fe4.2Ni4.4S8.3 and Fe3.6Ni5.3S8.1, the contribution from the 4-coordinate monosulfide is somewhat less, 

and the contribution from the 3-coordinate surface monosulfide species is substantially greater than 

that seen for Fe4.2Ni4.4S8.3 and Fe3.6Ni5.3S8.1. Considering this with the observed oxidation of Fe 

species, this may indicate an oxidation pathway in which the iron species oxidise at the surface, 

causing an increase in 3-coordinate under-coordinate surface monosulfide species in addition to 

sulfur-oxy species. 
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Fe4.0Ni4.9S8. has a disulfide but no polysulfide component fitted to the S 2p spectrum, and similar to 

Fe4.8Ni3.9S8.3, has clear evidence of sulfur-oxy species. Although there is no polysulfide component 

fitted, the binding energy of the fitted disulfide species is necessarily high to provide a good fit to the 

spectrum. The high binding energy indicates that this doublet may account for disulfide species and 

longer polysulfide chains, although since this feature only contributes 2.6% to the total fit, the error 

in this peak may be relatively high. The sulfur-oxy species in this sample are more well resolved and 

components were fitted for two species at 166.9 eV and 168.5 eV. These components have been 

attributed to sulfite and sulfate (SO4
2-) species respectively, and together they contribute 3.1% of the 

total S 2p fit. 

 

Table 7.4: Binding energy and % contribution to fitted S 2p spectrum for each sample. 

Species 

Pn2 Fe4.2Ni4.4S8.3 Fe3.6Ni5.3S8.1 Fe4.8Ni3.9S8.3 Fe4.0Ni4.9S8.1 

% 
BE 

(FWHM) 
% 

BE 

(FWHM) 
% 

BE 

(FWHM) 
% 

BE 

(FWHM) 
% 

Surface 3-

coordinate 
12.4 

161.0 

(0.64) 
10.8 

161.0 

(0.63) 
10.0 

161.1 

(0.62) 
17.4 

161.1 

(0.68) 
19.0 

Surface & 

bulk 4-

coordinate 

31.4 
161.6 

(0.68) 
33.5 

161.6 

(0.69) 
33.2 

161.6 

(0.64) 
28.7 

161.6 

(0.71) 
32.3 

Bulk 5-

coordinate 
48.1 

162.2 

(0.67) 
51.7 

162.1 

(0.65) 
49.7 

162.1 

(0.71) 
51.9 

162.2 

(0.66) 
42.9 

Disulfide 6.2 
162.8 

(0.71) 
1.8 

162.5 

(0.82) 
4.3 

162.7 

(0.85) 
1.2 

162.8 

(1.0) 
2.6 

Polysulfide 1.9 
163.5 

(1.2) 
2.2 

163.7 

(1.1) 
2.8 

163.7 

(0.85) 
0.0 (NA) 0.0 

Sulfite 0.0 (NA) 0.0 (NA) 0.0 
166.8 

(0.93) 
0.8 

166.9 

(1.0) 
2.3 

Sulfate 0.0 (NA) 0.0 (NA) 0.0 (NA) 0.0 
168.5 

(1.1) 
0.9 

 

An overview of the estimated concentration of species observed in the survey spectra and the 

observation of impurities and oxidised species is detailed in Table 7.5. The atomic % concentration 

of species shows 65 – 80% oxygen contribution in each of the samples. This appears to be a large 
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contribution; however, the sampling depth of the survey spectrum is in the range 15 – 22 Ǻ, and the 

oxygen species are expected to be concentrated at the surface of the sample. The sampling depth is 

also important to consider regarding the ratio of nickel and iron species. In most of the samples there 

is more iron than nickel observed in each survey spectrum, with the exception of Fe4.0Ni4.9S8.1, which 

has more than twice as much contribution from nickel species than from iron. Even in the iron rich 

sample, the ratio of iron to nickel observed in the survey spectrum is greater than is expected from 

the measured stoichiometry. This shows that in the stoichiometric sample, the iron rich sample and 

in the most nickel rich sample (Fe3.6Ni5.3S8.1), the iron species have accumulated near the surface of 

each sample. This may account for the observed alteration of iron species in these three samples. In 

contrast, Fe4.0Ni4.9S8.1 shows a greater contribution from nickel than from iron species; the ratio of 

which is even greater than is expected from the measured stoichiometry, and there may be evidence 

in the high resolution Ni 3p spectrum for changes to the Ni species at the surface. 

 

Table 7.5: Overview of observations of survey and core level spectra for pentlandite samples. 

Stoichiometry 
At% conc. 

SiO2 
Oxidised 

SxOy
2- 

S 2p Ni 3p Fe 3p O 2s Fe Ni 

Fe4.2Ni4.4S8.3 12.4 2.4 7.5 77.7 Y N N N 

Fe3.6Ni5.3S8.1 16.0 4.9 6.2 72.9 N N N N* 

Fe4.8Ni3.9S8.3 9.6 2.4 8.8 79.2 N Y N Y 

Fe4.0Ni4.9S8.1 21.0 8.8 3.8 66.4 N Y Y** Y 

* The S 2p spectrum for Fe3.6Ni5.3S8.1 shows a small inflection between 166 – 167 eV binding energy, 

which may indicate sulfite species. However, the intensity of this feature is so small that it cannot be 

accurately fitted, therefore it is not reported in this table or in the quantification of sulfur features. 

** As discussed in the text above, there may be some alteration of the Ni sites in this sample, but the 

change in spectral shape is small and may be due to the background removal. 

 

Considering the observed oxidation and surface alteration of the four samples, the analysis of the 

valence band spectra for these samples will follow the proposed narrative: A comparison of the 

valence band spectra for Fe4.2Ni4.4S8.3 and Fe3.6Ni5.3S8.1 will highlight if there is any contribution to 

the valence band photoemission spectrum due to the presence of SiO2 species. Furthermore, the 

variation in stoichiometry between these two samples may reveal localised regions of the valence 

band with significant Fe or Ni contributions. Comparing the valence band spectra for Fe3.6Ni5.3S8.1 

and Fe4.8Ni3.9S8.3 will show the effect on the valence band due to the oxidation of surface Fe states 

and the emergence of sulfite species. Finally, a comparison of Fe4.8Ni3.9S8.3 and Fe4.0Ni4.9S8. will show 
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the effect on the valence band of additional oxidation resulting in the presence of sulfate species in 

addition to sulfite species, and the possible oxidation of Ni species in addition to oxidised Fe species 

at the surface.  

 

7.3.4 Comparison of Fe4.2Ni4.4S8.3 and Fe3.6Ni5.3S8.1  

The photoelectron spectrum of the valence band region for Fe4.2Ni4.4S8.3 is shown in Figure 7.19a also 

with the low energy valence band spectrum of Pn1 from the previous chapter (dotted line). Each of 

these spectra have been normalised to constant flux, therefore the overall intensity of each spectrum 

is determined by the photoionization cross section of the subshells that contribute to the spectrum. 

The photoionization cross section of the Fe, Ni and S atomic valence subshells decrease at a similar 

rate from hν = 150 eV to 240 eV, as shown in Figure 7.16. Accordingly, the overall intensity of the 

valence band spectra shown in Figure 7.19a decrease with increasing photon energy. As previously 

discussed, the upper valence band consists of a main peak at 1.1 eV, with a shoulder on the Fermi 

energy side around 0.5 eV which contributes to significant intensity near the Fermi energy. The upper 

valence band is generally attributed largely to metal 3d states, and the resonant valence band section 

showed that the peak at 1.1 eV has strong Ni character. There is a slight shoulder feature observable 

on the high energy side of the main peak around 2 eV in the hν = 150 eV spectrum, but is not clearly 

visible in the hν = 240 eV spectrum. The origin of this feature is currently unclear. The lower valence 

band consists of a broad feature which peaks around 5 eV and extends to 10 eV, which is largely 

attributed to S 3p valence states [8], however the resonant valence band section showed evidence of 

both nickel and iron states in this region. There is a local minimum at 3 eV separating the upper 

valence band, however the relatively large intensity at this local minimum indicates that there is 

significant overlap between the metal 3d and S 3p states. There is also a small feature around 14 – 16 

eV due to S 3s states [7, 8], but as previously observed in the survey spectra for Fe4.2Ni4.4S8.3, this 

feature is somewhat overshadowed by the O 2s photoelectrons which form a broad peak around 25 

eV. These O 2s photoelectrons are contributing largely to the background observed in the valence 

band spectrum seen in Figure 7.19a.  
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Figure 7.19: Photoemission spectra in the valence band region for (a) Fe4.2Ni4.4S8.3 normalised to constant 

flux and (b) normalised to the main peak, and (c) Fe3.6Ni5.3S8.1 normalised to constant flux and (d) normalised 

to the main peak. 

 

The spectra shown in Figure 7.19b are the same as those shown in Figure 7.19a but have been 

normalised to the main peak at 1.1 eV such that the spectra can be directly compared. No change in 

shape is observable in the upper valence band, but there is additional intensity in the hν = 150 eV 

spectrum in the lower valence band at energies above 2 eV. There are two possible explanations for 

this difference in intensity. The first explanation, based on the photoionization cross sections shown 

in Figure 7.16, is that the region above 2 eV can be attributed to oxygen species, since the cross 

section for atomic O 2p states is relatively higher than the Fe, Ni and S valence states at hν = 150 eV 

in comparison to hν = 240 eV. The second explanation is that the formation of disulfide and 

polysulfide species causes an increase in the photoionization cross section of sulfur states at lower 

photon energies, thus causing an increase in intensity in this region of the valence band due to 

polymerised sulfur species.  

 

The latter hypothesis can be tested by comparing the valence band spectra of the two vacuum 

fractured samples of the previous chapter, only one of which has polymerised sulfur at the surface. 
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This comparison is made in Figure 7.20. Figure 7.20a shows a series of valence band spectra for a 

vacuum fractured pentlandite which has no surface polymerised sulfur (Pn1 from Chapter 6), while 

Figure 7.20b shows similar valence band spectra for a vacuum fractured pentlandite sample with up 

to 8% of the sulfur signal at hν = 260 eV contributed to by polymerised sulfur (Pn2 from Chapter 6). 

Each of these spectra have been normalised to the main peak at 1.1 eV, and the intensity of each 

region is therefore being compared to the main peak. 

 

The valence band spectra in Figure 7.20a, for the sample with no polymerised sulfur, show greater 

intensity in the region between 3 – 7 eV for the higher photon energies. This is due to the decrease in 

Fe and Ni 3d photoionization cross section relative to the S 3p orbitals. In contrast, the valence band 

spectra in Figure 7.20b, for the sample which did show polymerised sulfur, have increased intensity 

in the 3 – 6 eV region for the lower photon energy spectra, indicating that the polymerised sulfur 

species have a relatively higher photoionization cross section at lower photon energies than 

monosulfide species. Considering the mixing of the S 3p states with Fe and Ni states in this region, it 

is reasonable that the photoionization cross section of disulfide and polysulfide states would follow 

the S 3p atomic cross section more closely than the monosulfide species. Therefore, the increased 

intensity in the Fe4.2Ni4.4S8.3 hν = 150 eV spectrum in Figure 7.19b, at least in the region 3 – 6 eV, 

can be attributed to disulfide and polysulfide species at the surface of the sample. 

 

 

Figure 7.20: Photoelectron spectra of the valence band region of (a) Pn1 and (b) Pn2, normalised to the main 

peak at 1.1 eV. The change in the relative intensities of the lower valence band between the two samples is 

attributed to polymerised sulfur. 

 



Chapter 7: Electronic structure of pristine pentlandite surfaces 

146 

The features in the valence band spectrum for Fe3.6Ni5.3S8.1 shown in Figure 7.19c are similar to those 

of Fe4.2Ni4.4S8.3, however there appears to be some additional structure between 5 – 10 eV, which is 

not observable in Fe4.2Ni4.4S8.3. The intensity ratio of the upper and lower valence band regions also 

appears to be greater in the Fe3.6Ni5.3S8.1 sample compared to Fe4.2Ni4.4S8.3. This is likely to be due to 

the SiO2 contamination in Fe4.2Ni4.4S8.3 which is expected to contribute to the background [47], 

thereby increasing the apparent intensity of the lower valence band. The fine structure which is 

observed at 5 – 10 eV for Fe3.6Ni5.3S8.1 may also be overshadowed by minor contributions to the 

valence band in this region from SiO2 valence states. 

 

The valence band spectra taken with photon energies in the range of hν = 30 – 50 eV are shown for 

Fe4.2Ni4.4S8.3 and Fe3.6Ni5.3S8.1 in Figure 7.21a and Figure 7.21b respectively. The valence band 

spectra for Fe4.2Ni4.4S8.3 show some weak structure in the upper valence band, whereas most of the 

intensity of the spectrum is located between 4 – 11 eV. The intensity of the spectrum is seen to 

increase with an increase in photon energy from hν = 30 eV to hν = 50 eV. This generally follows the 

shape of the Fe, Ni and S valence orbital cross sections, shown in the inset to Figure 7.16. There is a 

minimum in the photoionization cross section for S 3p states at 30 eV photon energy, however the 

valence band spectra in Figure 7.21a are all seen to increase with increasing photon energy in the S 

3p region. This shows that the states which are expected to be strongly S 3p-like are hybridised with 

Fe and Ni states enough to eliminate this feature in the cross section. The intensity of each spectrum 

in the region above 11 eV varies unpredictably with photon energy, however this is expected to be 

due to the background caused by the SiO2 contamination.  

 

The valence band spectrum for Fe3.6Ni5.3S8.1 also shows an increase in the intensity of the upper valence 

band with increasing photon energy, which is particularly prominent in the hν = 50 eV spectrum. 

Three of the four Fe3.6Ni5.3S8.1 spectra curiously intersect at a point around 4 eV binding energy, where 

the intensity at lower energies (the upper valence band) increase with an increase in photon energy, 

but at higher binding energies the reverse is true. In the lower valence band at energies about 5 eV, 

the intensity of each spectrum is similar, but decreases slightly with increase in photon energy. There 

are two possible explanations for this behaviour in the valence band. The first is that the increase in 

relative cross section at lower photon energies may be indicative of the cross section of S 3p states 

for polymerised sulfur. The second explanation is that the slightly higher relative cross section for Fe 

3d states (relative to Ni 3d states) may be represented in the cross over point in Figure 7.21b. This 

assertion supports the conclusion from the resonant valence band section which showed that the upper 

valence band has strong Ni 3d character, and indicates that the lower valence band region has more 

Fe 3d- and S 3p-like character from around 4 eV and beyond.  
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Figure 7.21: Photoemission spectra in the valence band region for (a) Fe4.2Ni4.4S8.3 and (b) Fe3.6Ni5.3S8.1 

collected with hν = 30, 35, 40, and 50 eV. The background in the Fe4.2Ni4.4S8.3 valence band spectra is 

attributed to Si contamination. 

 

1.1.1 Comparison of Fe3.6Ni5.3S8.1 and Fe4.8Ni3.9S8.3 and Fe4.0Ni4.9S8.1 

Figure 7.22 shows the valence band spectra collected with hν = 150 eV and 240 eV for Fe3.6Ni5.3S8.1, 

Fe4.8Ni3.9S8.3 and Fe4.0Ni4.9S8.1. The key differences between these samples that were previously 

highlighted are firstly the stoichiometries of these samples. Fe4.8Ni3.9S8.3 has a greater proportion of 

Fe to Ni in the bulk stoichiometry. Fe3.6Ni5.3S8.1 and Fe4.0Ni4.9S8.1 have a greater proportion of nickel 

to iron in the bulk stoichiometry, and Fe3.6Ni5.3S8.1 has a greater proportion of nickel than 

Fe4.0Ni4.9S8.1. The second difference between these samples is that Fe3.6Ni5.3S8.1 shows no oxidation 

of the Fe states at the surface, while Fe4.8Ni3.9S8.3 and Fe4.0Ni4.9S8.1 do. The final notable difference is 

in the sulfur species observed for these samples. The S 2p spectrum for Fe3.6Ni5.3S8.1 was fitted with 

disulfide and polysulfide species in addition to the monosulfide species observed for vacuum 

fractured pentlandite. The S 2p spectra for Fe4.8Ni3.9S8.3 and Fe4.0Ni4.9S8.1 showed sulfite species and 

also sulfate species in Fe4.0Ni4.9S8.1. Fe4.8Ni3.9S8.3 and Fe4.0Ni4.9S8.1 were also fitted with a greater ratio 
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of 3- and 4-coordinate species to the bulk 5-coordinate monosulfide species, in comparison to the 

Fe4.2Ni4.4S8.3, Fe3.6Ni5.3S8.1 and vacuum fractured samples. 

 

The valence band spectra for the three samples shown in Figure 7.22 have the same general shape as 

has been seen for all previous pentlandite valence band spectra presented. There are however two 

notable differences observable in these spectra. The first is the appearance of a shoulder at 2 eV in 

the Fe4.8Ni3.9S8.3 hν = 150 eV spectrum, which was also observed in the Fe4.2Ni4.4S8.3 hν = 150 eV 

spectrum, but not in any other spectra presented in this chapter or for the vacuum fractured pentlandite 

samples in the previous chapter. The second key difference is the change in relative intensity of the 

upper and lower valence band regions between the samples.  

 

 

Figure 7.22: Pentlandite photoemission spectra in the valence band region for (a) Fe3.6Ni5.3S8.1 normalised to 

constant flux and (b) normalised to the main peak, (c) Fe4.8Ni3.9S8.3 normalised to constant flux and (d) 

normalised to the main peak, and (e) Fe4.0Ni4.9S8.1 normalised to constant flux and (f) normalised to the main 

peak. 
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7.3.4.1 Shoulder at 2 eV 

In the Fe4.8Ni3.9S8.3 hν = 150 eV spectrum there is a shoulder on the high binding energy side of the 

upper valence band peak at around 2 eV. Upon close inspection, this shoulder is likely contributing 

to the broadening of the upper valence band peak in the hν = 240 eV spectrum, however it is less 

definitive in this spectrum. Additionally, by close inspection of the Fe4.0Ni4.9S8.1 spectrum in the same 

region, this same feature may also be visible for Fe4.0Ni4.9S8.1. Since both Fe4.8Ni3.9S8.3 and 

Fe4.0Ni4.9S8.1 showed evidence of oxidised iron species, the feature at 2 eV in the valence band 

spectrum is attributed to oxidised iron states. This feature is most visible in the hν = 150 eV spectra 

because the photoionization cross section for oxygen valence orbitals (shown in Figure 7.16) is higher 

at 150 eV than 240 eV in comparison to Fe, Ni and S valence orbitals. Considering the peak at 1.1 

eV has a strong Ni-like character, as shown previously in this chapter, it is reasonable that the feature 

at 2 eV is less prominent in Fe4.0Ni4.9S8.1, since the contribution from Fe states will generally be less 

than for Fe4.8Ni3.9S8.3 due to the stoichiometry. 

 

7.3.4.2 Relative intensity of upper and lower valence band regions 

A difference in relative intensity of the upper and lower valence band regions is seen for the two 

spectra collected for each sample, and the strength of this effect is seen to differ between the three 

samples shown in Figure 7.22. The spectra in Figure 7.22(b, d & f) are normalised to the peak at 1.1 

eV and best show the relative intensity between the upper and lower valence band regions for the 

spectra for all three samples. The lower valence band region is relatively higher in the hν = 150 eV 

spectrum for all three samples, although the effect is greatest in Fe4.8Ni3.9S8.3. The effect appears to 

be similar in both Fe3.6Ni5.3S8.1 and Fe4.0Ni4.9S8.1, although the latter has a relatively more intense lower 

valence band than Fe3.6Ni5.3S8.1 in both spectra.  

 

Since Fe3.6Ni5.3S8.1 has the least ratio of Fe to Ni in the bulk stoichiometry, followed by Fe4.0Ni4.9S8.1, 

this effect can be attributed to the differing stoichiometries of these samples. The trend observed is 

that the samples with the greater ratio of Fe have a greater intensity in the lower valence band, 

especially in the hν = 150 eV spectrum. In Fe4.2Ni4.4S8.3 it was postulated that the increase in the lower 

valence band region was either due to polymerised sulfur, or due to states of more Fe 3d character. 

Since Fe4.8Ni3.9S8.3 and Fe4.0Ni4.9S8.1 were observed to have comparatively little polymerised sulfur 

species, the intensity of the lower valence band region is attributed to a higher proportion of Fe states 

due to the stoichiometry of the samples. A second possibility is that the increase in relative intensity 

of the lower valence band is related to the increased ratio of 3- and 4-coordinate species in comparison 

to the 5-coordinate species for Fe4.8Ni3.9S8.3 and Fe4.0Ni4.9S8.1, and that these species have a greater 

contribution to the lower valence band. This is possible, since the results from the resonant 
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photoemission spectroscopy indicated a mixing of Fe 3d states with 4-coordinate sulfur 3d states in 

the lower valence band region. The strength of these mixed Fe 3d and 4-coordinate sulfur states would 

be increased both by the increase in 4-coordinate species and the increase in the ratio of Fe to Ni in 

the sample’s stoichiometry. 

 

Valence band spectra of the Fe3.6Ni5.3S8.1, Fe4.8Ni3.9S8.3, and Fe4.0Ni4.9S8.1 collected with hν = 30, 35, 

40 and 50 eV are shown in Figure 7.23a, b, and c respectively. The general shape of the valence band 

spectra between Fe3.6Ni5.3S8.1 and Fe4.8Ni3.9S8.3 is the same, with a relatively low intensity upper 

valence band peaking just above 1 eV, followed by the higher intensity lower valence band extending 

from 3 – 12 eV, with a peak around 5.5 eV. The noticeable difference between the Fe3.6Ni5.3S8.1 and 

Fe4.8Ni3.9S8.3 valence band spectra in Figure 7.23 is the relative heights of the upper and lower valence 

band regions. The lower valence band has relatively higher intensity in the Fe4.8Ni3.9S8.3 spectra, 

which is consistent with previously made assertions that the lower valence band has strong Fe 3d 

character. There also appears to be a ‘crossover point’ for the spectra at around 5 eV in the 

Fe4.8Ni3.9S8.3 spectra, such as was observed and previously discussed for the Fe3.6Ni5.3S8.1 spectra. 

Below this crossover point, the lower photon energy spectra have lower intensity, while above this 

point, the lower photon energy spectra have a higher intensity than the higher photon energy spectra. 

The existence of this crossover point has been attributed to the change in the valence band spectrum 

from states of strong Ni 3d character in the upper valence band, to states of stronger Fe 3d character 

in the lower valence band. This point is less clear in the Fe4.8Ni3.9S8.3 spectra, which can be attributed 

to the oxidation of Fe states which was observed in the core level spectra. 

 

The shapes of the valence band spectra for Fe4.0Ni4.9S8.1 are strikingly different to that of the previous 

samples. The lower valence band between the Fermi energy and up to 2 eV is subdued in comparison 

to the previous samples. The lower valence band still has a peak just above 5 eV, but this peak is 

significantly broader than that seen for previous samples. In addition, there is a strong shoulder at 10 

eV that is prominent in all of the Fe4.0Ni4.9S8.1 spectra and a shoulder at 3 eV in the hν = 50 eV 

spectrum in particular. There is an emergence of sulfate species at the surface of Fe4.0Ni4.9S8.1, which 

other pentlandites have not shown. Due to the striking difference in the valence band shape, the peak 

at 10 eV is attributed to the sulfate species, which have most likely bonded to Fe sites. This is 

consistent with previously published experimental valence band spectra of iron sulfate species, where 

a significant density of states was observed in the region 3 – 15 eV, with the greatest intensity at 10 

eV [48]. Since the density of states for sulfate species are expected to contribute to the entire lower 

valence band region, the shoulder at 3 eV is also attributed to sulfate species. It is reasonable that 

these features are most observable in the hν = 50 eV spectrum, as there is a local maximum in the 
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photoionization cross section of S 3p atomic subshells, while the O 2p and Fe 3d cross sections are 

still high (inset to Figure 7.16). Therefore, the combination of these cross sections would likely peak 

around 50 eV and it is conceivable that the density of iron sulfate states would be most observable in 

the hν = 50 eV spectrum. 

 

 

Figure 7.23: Photoemission spectra in the valence band region of (a) Fe3.6Ni5.3S8.1, (b) Fe4.8Ni3.9S8.3 and (c) 

Fe4.0Ni4.9S8.1 collected with hν = 30, 35, 40, and 50 eV show a striking difference between the Fe4.0Ni4.9S8.1 

valence band spectrum, which is largely attributed to sulfate species, and the Fe3.6Ni5.3S8.1 and Fe4.8Ni3.9S8.3 

valence band spectra. 

 

7.4 Conclusion 

The results presented in this section are the first known experimental investigation of the electronic 

structure of pentlandite. The valence band spectrum of Pn1 from Chapter 6 has been recently 

published [11], and there have been a few calculations relating to pentlandite’s valence band [7-10]. 

However, this chapter has been the first investigation to attempt to verify such calculations and 
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thoroughly investigate the features in the valence band spectrum. Resonant photoemission 

spectroscopy was used to isolate the states contributing to the valence band spectrum that originated 

from Fe or Ni atoms, and to provide insight into the nature of those states. This was subsequently 

verified by valence band photoemission spectroscopy using a low incident photon energy for a series 

of synthetic pentlandite samples with varied stoichiometries.  

 

The upper valence band in the photoemission spectrum was shown to be largely of Ni character. 

Resonant photoemission spectroscopy showed some coherence between the upper valence band states 

and the Ni Auger-like deexcitation which follows the X-ray absorption process. The photoelectron 

spectra in the valence band region for the samples of varied stoichiometry also showed the upper 

valence band to have strong nickel character, as this feature was seen to be more intense in samples 

with a greater ratio of Ni to Fe in their measured stoichiometry. The upper valence band was also 

observed to have a shoulder around 2 eV for samples which showed evidence of oxidation of the Fe 

states at the surface. The feature at 2 eV was therefore attributed to oxidised Fe species. 

 

The lower valence band has been calculated to have strong contributions from S 3p states [8]. The 

observation of X-ray absorption spectra revealed a ligand to metal charge-transfer state between the 

S and Fe atoms. Resonant photoemission spectroscopy subsequently showed the Fe 3d-derived states 

to overlap with S 3p states in the lower valence band at 4.4 eV. This photoemission feature was seen 

to be incoherent with Auger decay channel due to the charge-transfer between Fe and S valence states. 

Ni 3d derived states were also observed in the lower valence band, but are sufficiently localized for 

there to be coherence between the photoemission and deexcitation (Auger) channels, evident by their 

resonance behaviour. These Ni states therefore cannot be attributed to a ligand to metal charge-

transfer.  

 

The photoelectron study of pentlandites with varied stoichiometries showed that the contributions to 

the lower valence band have more Fe character than the upper valence band. Polymerised sulfur such 

as disulfide and polysulfide species were also observed to contribute to the lower valence band, 

especially in the region 3 – 6 eV. 

 

While there were both Fe and Ni states observed in the lower valence band for all samples, the 

photoelectron study of pentlandites with varied stoichiometries showed that the lower valence band 

had stronger Fe character. The surface of one sample had oxidised sufficiently for sulfate species to 

be observed in the S 2p spectrum. These sulfate species contributed significantly to the low photon 

energy valence band spectra, especially at 3 eV and 10 eV. This is an original contribution to 
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knowledge in this field, as calculations of pentlandite’s valence band have not been able to determine 

with clarity the band structure or the atomic origin of features in the valence band. The presentation 

of these valence band spectra and the conclusions regarding the origin of some features will inform 

and assist future calculations of pentlandite’s electronic structure. 

 

These findings have implications for the interpretation of core-level photoelectron spectra and for the 

reactions that take place on pentlandite’s surface. Previous literature regarding pentlandite 

photoelectron spectra has argued that core level spectra should be fitted with Doniach-Sunjic tails to 

account for the metallic nature of pentlandite. This is assumed due to the short bond length between 

neighbouring tetrahedral cations. The previous chapter offered a counter argument; that the broad 

high binding energy tail of the S 2p spectrum was due to a ligand to metal charge-transfer state in the 

valence band, causing a number of final states that affect the core-level photoelectron spectrum. The 

evidence presented by resonant photoemission spectroscopy has shown that the charge-transfer state 

exists between the Fe and S atoms; specifically likely to be the tetrahedral Fe bonded to 4-coordinate 

‘linking’ sulfur atoms. It is this charge-transfer final state which is contributing to the broad high 

binding energy tail in the S 2p photoelectron spectrum. Additionally, the Ni states were seen to be 

weakly localised such that they show some true resonance in the resonant photoemission spectra. This 

is reflected in the pentlandite Ni 2p spectra which show more discrete multiplet structure rather than 

Doniach-Sunjic tails expected from a many electron final state. 

 

The implications of these valence band studies also extend to the reactions that occur on the surface 

of pentlandite. Since some of the samples of varied stoichiometry showed evidence of some 

oxidation, an insight into the initial stages of oxidation could be found. By observing core-level 

spectra, iron is seen to oxidise more readily than nickel. The effect of this is seen in the valence band 

spectrum as an increase in the Fe 3d state at 2 eV. The nature of this state cannot be told without a 

clearer understanding of the species bonded to iron, although based on Fe 3p core-level spectra, they 

are likely FeIII species. Since the Fe sulfate species appear in the lower valence band, specifically at 

3 eV and 10 eV, the feature at 2 eV is likely to be FeIII oxide or oxyhydroxide. Further studies 

specifically regarding the oxidation of pentlandite are required to further understand these reactions. 
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8 PENTLANDITE SURFACES EXPOSED TO ENVIRONMENTAL CONDITIONS 

The previous two chapters of this thesis were concerned with fracture surfaces of pentlandite, and the 

electronic structure of relatively pristine pentlandite, respectively. As discussed in these preceding 

chapters, characterising the surface structure and electronic structure of pentlandite is crucial in its 

application as a catalyst, or its manipulation in minerals processing procedures. However, in a 

practical sense, the relatively pristine samples that were presented in the previous two chapter are 

unlikely to be frequently encountered. The examples of pentlandite samples or pentlandite surfaces 

which are more likely to be encountered will be those which are somewhat altered or oxidised to 

some extent. Therefore, this chapter turns its focus to pentlandite surfaces which are altered in ways 

which may be encountered in more practical scenarios, to determine the pathway by which these 

surfaces oxidise, and how the samples will typically be altered. Experimental studies of oxidised 

pentlandite samples are limited and somewhat dated, and therefore generally lack the resolution of 

modern experiments [1-5]. The aim of this chapter is therefore to present experimental documentation 

of oxidised surfaces using modern synchrotron photoelectron spectroscopy to reveal the surfaces 

expected under various conditions. Following the characterisation of pristine, or near pristine surfaces 

of the previous chapters, this chapter characterises the surface and bulk electronic structure of a 

pentlandite sample which has undergone controlled oxidation by water vapour, followed by an 

analysis of the surface of polished pentlandite surfaces, and finally, surfaces of pentlandite which 

have been exposed to sulfuric acid solution after polishing. 

 

8.1 Controlled oxidation of a stoichiometric pentlandite surface – 420 Langmuir 

H2O vapour 

Pristine and near-pristine surfaces of pentlandite are of great interest for understanding their catalytic 

activity, physical properties, and the reactions that may occur on their surfaces. However, such 

systems are notoriously difficult to study. As seen in the previous two chapters of this thesis, pristine 

surfaces which are unoxidized and free of other mineral phases are difficult to produce, and therefore 

difficult to study experimentally. This is perhaps the motivation for the theoretical calculations 

regarding the pentlandite electronic structure. There has been numerous density functional theory 

(DFT) calculations regarding various pentlandite structures recently, which investigate various 

aspects of pentlandite’s physical properties [6], and electronic structure [7]. Many pentlandite studies 

are highly interested in the potential for the use of pentlandite as a catalyst in the production of 

hydrogen [8-10]. More recently, calculations have endeavoured to study the reaction of pentlandite’s 

surface with various ligands such as O2 [11, 12], and water and xanthate [13]. Unfortunately, there 

are currently no published studies of the initial stages of oxidation of a pentlandite surface. While 
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there are a few theoretical calculations currently published, it is crucial to compare such results with 

experimental evidence. This section uses the stoichiometric sample from section 7.3 in a controlled 

dosing experiment, to study the initial reaction of the samples surface with water vapour.  

 

8.1.1 Methods 

The pentlandite sample used in this section is the same synthetic pentlandite sample with a 

stoichiometry of Fe4.2Ni4.4S8.3. As described in sections 3.1.3 and 7.3.2, this sample was cleaved in a 

nitrogen filled glove bad that was attached to the introduction chamber of the synchrotron endstation 

at the Canadian Light Source. After fracture, the sample was moved into the introduction chamber 

which was promptly evacuated to a high vacuum. The sample was analysed; the results of which are 

shown in section 7.3. The sample was then transferred to the preparation chamber which was 

maintained at a vacuum of at least 1 × 10-8 Torr. Demineralised water was held in a glass test tube 

which was attached to the preparation chamber by a valved inlet. The demineralised water was frozen 

using liquid N2 and the air remaining in the test tube evacuated prior to the controlled dosing. The 

sample was dosed with H2O vapour by gradually opening the valved inlet containing the frozen 

demineralised water, while the pressure in the preparation chamber was maintained at 1 × 10-6 Torr 

for 420 seconds (7 minutes), before the inlet valve was closed and the vacuum in the preparation 

chamber allowed to recover. This pressure × time corresponds to 420 Langmuir exposure of H2O 

vapour to the pentlandite surface. The sample was then transferred back into the analysis chamber 

and the following spectra shown in this section were collected.  

 

The binding energy scale of the spectra were calibrated for each photon energy such that the top of 

the valence band aligns with 0 eV in the binding energy scale. The Fe/Ni 3p core-level spectra were 

normalised to the Fe 3p peak for comparison, while each valence band spectrum was normalised to 

the photon flux. A Shirley background [14] was applied to the S 2p spectrum before fitting, and also 

subtracted from both Fe/Ni 3p spectra for ease of comparison between the spectra. The spectra which 

are presented in this section which are not collected from the dosed sample, have each been shown 

previously in section 7.3, therefore a detailed description of these spectra is omitted here. 

 

Similar to the results of section 7.3, this section observed photoelectron spectra in the valence band 

region for the dosed sample. Different photon energies are used to probe the various states 

contributing to the valence band, and the results are analysed considering the photoionization cross 

sections of atomic orbitals calculated by Yeh and Lindau [15], shown in Figure 8.1. 
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Figure 8.1: Photoionization cross sections of valence level atomic subshells [15]. 

 

8.1.2 Survey spectrum for pentlandite dosed with H2O vapour 

The survey spectrum for dosed pentlandite is shown in Figure 8.2 with the survey spectrum from 

Fe4.2Ni4.4S8.3 repeated from section 7.3. The key features of the survey spectrum include a strong peak 

around 160 eV due to S 2p, a broad asymmetric peak around 90 eV due to sulfur LMM Auger 

electrons, and the valence band between 20 – 0 eV which has contributions from S 3s, 3p, Fe and Ni 

3d, and O 2p. The peaks around 70 eV and 55 eV are attributed to Ni and Fe 3p respectively; the 

shapes of which have changed from fresh to the dosed pentlandite sample. Both samples have a 

narrow peak just above 100 eV attributed to Si electrons from SiO2 contamination, although this peak 

is relatively less intense in the dosed pentlandite sample. The other key difference between the fresh 

and dosed pentlandite samples is the strength of the contribution to the spectrum around 25 eV. In the 

fresh pentlandite sample, a small broad peak is observed and was attributed to O 2s from SiO2 

contamination [16]. In the dosed pentlandite sample, the contributions from the Si 2s electrons due to 
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SiO2 contamination are expected to be less, as the Si peak at 100 eV is also less, so the increase in 

the O 2s peak at 25 eV can be attributed to adsorption or reaction of H2O on the pentlandite surface 

as a result of the controlled dosing. 

 

 

Figure 8.2: Survey spectrum for synthetic stoichiometric pentlandite after fracture in nitrogen filled glove 

bag (fresh) and after 420 Langmuir controlled dosing with H2O vapour (dosed). hν = 240 eV. 

 

8.1.3 Fe and Ni core-level spectra 

The Fe and Ni 3p spectra for dosed pentlandite are shown in Figure 8.3b with the same spectra for 

Fe4.2Ni4.4S8.3 repeated from section 7.3 included in Figure 8.3a for comparison. Like most sulfides, 

the transition metal 3p peaks for pentlandite are not well studied and reliable reference spectra for 

transition metal 3p peaks for sulfides is generally unavailable. The spectra presented here are 

therefore more broadly compared to the oxides, which have some references for the metal 3p peaks, 

and may give an indication of the valency of the metal sites. The Fe 3p peak for both hν = 150 eV 

and 240 eV spectra is at 55.5 eV, with a clear shoulder on the low binding energy side around 53.5 

eV. The binding energy of the peak is consistent with the Fe 3p binding energy of FeIII-O in magnetite 

(Fe3O4) [17, 18] and similar to the high binding energy shoulder observed in the samples from section 

7.3 that showed some Fe oxidation. The binding energy of the shoulder at 53.5 eV is consistent with 

FeII-O in hematite (Fe2O3) observed at 53.7 eV [17] and is a little higher than FeII-S in unoxidized 

pyrite at 53 eV [19]. Therefore, the dominant peak observed at 55.5 eV in the dosed pentlandite 

sample is attributed to FeIII species while the shoulder on the low binding energy side is attribut3ed 

to FeII species, such as is expected in the bulk pentlandite structure. The shape of the Fe 3p spectrum 

changes significantly between the hν = 240 eV spectrum and the more surface sensitive hν = 150 eV 
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spectrum, with the low binding energy shoulder more prominent in the bulk sensitive spectrum, while 

the peak attributed to oxidised FeIII is relatively stronger in the more surface sensitive spectrum. These 

results show that at the surface of the dosed pentlandite sample, the iron species are oxidised from 

FeII to FeIII species.  

 

The Ni 3p peak is a broad peak centred around 67.5 eV. There is no clear structure in the Ni 3p peak 

in the hν = 150 eV spectrum, but in the hν = 240 eV spectrum there appears to be two components of 

similar intensity contributing to the peak at 67 eV and 68 eV respectively. The binding energy of the 

Ni 3p features observed for dosed pentlandite is slightly higher than the peak observed for 

Fe4.2Ni4.4S8.3 at 66 eV, with a shoulder at 68 eV, shown in Figure 8.3a. The shift to a higher binding 

energy and increase in peak width may indicate some alteration of the Ni species as a result of dosing 

with H2O vapour, however the difference between the hν = 150 eV and 240 eV spectra is not clear, 

which may indicate that this alteration extends to more than just a monolayer at the surface. 

 

The relative intensities of the Fe and Ni 3p peaks is seen to change between the hν = 150 eV and 240 

eV spectra, showing that the Fe peaks are relatively more intense in the hν = 150 eV spectrum, which 

has a greater proportion of the signal from the surface monolayer. This indicates that the Fe species 

are more prominent at the surface than in the bulk. This is consistent with previous literature 

observing the surfaces of pentlandite oxidised in a wide range of conditions, all of which observe 

preferential oxidation of Fe sites over Ni sites [2-4, 12]. A similar observation was made for the 

samples presented in section 7.3, and has previously been reported for roasted pentlandite, where the 

core of the sample was observed to be a nickel rich sulfide, surrounded by an outer layer of Fe and O 

species [12]. It is proposed that this effect is attributable to the migration of Fe species to the surface 

due to oxidation, similar to that seen for pyrrhotite [3, 20], however this migration is not observed for 

the Ni species in the sample. 
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Figure 8.3: Fe/Ni 3p spectra with background removed for hν = 150 eV (black) and hν = 240 eV (blue) from 

(a) fresh pentlandite (Fe4.2Ni4.4S8.3) (reproduced from Chapter 7) and (b) dosed pentlandite, showing a 

significant difference in both Fe and Ni structure at the surface in comparison to the bulk species. 

 

8.1.4 S 2p core-level spectrum 

The S 2p spectrum for dosed pentlandite is shown in Figure 8.4 and has been fitted with three doublets 

at 161.2 eV, 161.7 eV and 162.2 eV. These binding energies are consistent with the peaks fitted to 

the S 2p spectra of previous pentlandite samples shown in Chapters 6 and 7, and the peaks are 

attributed to surface 3-coordinate species, surface and bulk 4-coordinate species, and bulk 5-

coordinate monosulfide species respectively [21]. In addition to the monosulfide species, two 

doublets were required at 167.1 eV and 169.7 eV to fit the additional structure in the spectrum. These 

peaks are attributed to sulfite (SO3
2-) and sulfate (SO4

2-) species respectively. The result is a good fit 

across the spectrum, except for the region around 164 eV. There are a number of possible explanations 

for the poor fit around 164 eV. Firstly, this region is the binding energy at which elemental sulfur is 

sometimes observed [22], however in high vacuum the elemental sulfur should be volatile and is 

therefore not easily detected. The second explanation is that the Shirley background could be an 

inaccurate simulation of the true background signal contributing to the spectrum, and that the 

background could be distorted from this modelled shape due to the inelastic scattering events 

occurring during the transport of photoelectrons from their excitation point to the surface. This 

phenomenon is discussed in literature [23], and its effect on some of the results presented in this thesis 

has been considered in Chapter 5. Since the fit shown in Figure 8.4 is reasonable (χ2 = 0.043), no 

further background analysis was performed for this spectrum. 
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Figure 8.4: S 2p photoelectron spectrum for pentlandite dosed with 420 Langmuir of H2O vapour. hν = 240 

eV. “Fresh” pentlandite refers to the Fe4.2Ni4.4S8.3 sample prior to dosing, repeated from Chapter 7. 

 

Also shown in Figure 8.4 is the spectrum for fresh Fe4.2Ni4.4S8.3, reproduced from Chapter 7 for 

comparison. By comparing these two spectra it can be seen that the general shape of th3e S 2p spectra 

for the two samples is remarkably similar. However, although the differences between the spectra are 

small, their effects are noticeable. Firstly, the binding energy of the bulk peak is seen to shift to a 

higher binding energy in the dosed sample. This binding energy shift is not represented in the binding 

energies of the fitted features, as the binding energy shift is less than 0.1 eV and therefore within the 

uncertainty of the binding energy of the fitted features. Yet, the binding energy shift between the 

spectra is observable when directly comparing the spectra as in Figure 8.4. A shift in the binding 

energy of the bulk peak could be due to the emergence of disulfide or polysulfide species on the high 

binding energy side, however the contribution from these species is small enough to be estimated 

within the peak fitted for the bulk component. 

 

The second observed difference is that the background in the high binding energy region of the 

spectrum for the fresh sample is stronger than the background for the dosed sample. The strength and 

shape of the background in the S 2p spectrum for pyrrhotite was considered in Chapter 5, and it was 

concluded that the background was evidence of an overlayer of oxidised species. However, in the 
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fresh pentlandite sample, relatively little oxidised species could be expected to form, and therefore 

the background is unlikely to arise due to an oxidised overlayer. It is important to understand that the 

background itself is not sufficient evidence for a chemically distinct overlayer, but instead is a result 

of increased scattering length and an increase of inelastic scattering events for the photoelectrons 

escaping the sample. This can be caused by more scenarios than just an overlayer of distinct species. 

For example, the difference in backgrounds in the two spectra could be evidence of different surface 

roughness, and although it is the same sample before and after dosing, the area of analysis is small 

(approximately 500 µm2), and it is likely that distinctly different areas with different surface 

roughness were analysed before and after dosing. Nevertheless, it is possible that the true shape of 

the background differs from that which is modelled by the Shirley background in each sample, and 

such errors can propagate into the fitted peaks. 

 

The third observation is that small disulfide and polysulfide components were required for the fresh 

pentlandite sample, to produce a good fit, whereas for dosed pentlandite, no disulfide or polysulfide 

components were used. The possible errors in the modelling of the background may contribute to this 

effect, as small changes to the shape for the background are likely to affect the intensity of peaks 

fitted in the higher binding energy regions such as in the polysulfide region. For example, if the 

contribution from the background in this binding energy region is overestimated, then less polysulfide 

components are required to achieve an acceptable fit to the spectrum. In the case of the dosed sample, 

no polysulfide is required, yet there is evidence to suggest a small polysulfide component may be 

contributing to the spectrum. The residual after fitting the peaks is shown below the spectrum in 

Figure 8.4, and shows small deviations from a perfect fit, particularly in the binding energy region 

where a polysulfide component could be contributing. The polysulfide component was not fitted in 

this case, because the residual did not have the splitting and intensity ratio expected for a S 2p 

component, and to create a good fit which included a polysulfide component resulted in the 

contribution from the polysulfide component being insignificantly small. It is concluded from this 

that any components which are contributing to the spectrum in the region around 163 – 165 eV are 

so small that their intensity is less than the intensity variation from the background. 

 

The quantification of sulfur species fitted to the S 2p spectrum is shown in Table 8.1. Also shown for 

comparison is the quantification of sulfur species for this sample before it was dosed with H2O 

vapour. The comparison shows that while the 3-coordinate and 5-coordinate species have similar 

values of % contribution to each spectrum, the 4-coordinate contribution is considerably less in the 

spectrum for the dosed pentlandite sample than for the fresh sample. In addition, as previously 

discussed, no disulfide or polysulfide components were fitted to the dosed pentlandite sample, as was 
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fitted for the fresh sample, but the dosed sample required contributions at higher binding energies 

attributed to sulfite and sulfate species. These species contribution 2.8% and 2.4% of the total sulfur 

components respectively. These values are similar to the contribution from polymerised sulfur in the 

fresh sample. 

 

Table 8.1: Quantification of sulfur species fitted to S 2p spectrum in Figure 8.4, including the quantification 

of sulfur species for Fe4.2Ni4.4S8.3 before dosing. ”%” represents the contribution to the fit. 

Species Binding Energy (FWHM) % Fresh pentlandite 

(from Table 7.4) %  

Surface 3-coordinate 161.2 (0.66) 13.4 10.8 

Surface & bulk 4-coordinate 161.7 (0.65) 26.1 33.5 

Bulk 5-coordidnate 162.2 (0.67) 55.3 51.7 

Disulfide (NA) 0.0 1.8 

Polysulfide (NA) 0.0 2.2 

Sulfite 167.1 (1.0) 2.8 0.0 

Sulfate 168.7 (1.0) 2.4 0.0 

 

To show more clearly the differences between the fresh and dosed pentlandite S 2p spectra, a 

difference spectrum was calculated by subtracting the dosed S 2p spectrum from that of the fresh 

Fe4.2Ni4.4S8.3 sample. Both spectra were normalised to the bulk peak at 162.2 eV, and therefore the 

resulting features in the difference spectrum shown in Figure 8.5 represent the change in features 

relative to the bulk peak. 

 

The difference spectrum shows negative peaks at 160.9 eV and 161.5 eV, which correspond to the 

peaks attributed to 3-coordinate and 4-coordinate sulfur species, indicating a relative decrease in these 

species in the dosed sample. The positive peak at 162.4 eV can be attributed to the shift to a higher 

binding energy of the main peak in the spectrum for the dosed sample, and may be due to the 

development of polymerised sulfur species, especially disulfide species which would be expected 

around that binding energy [22]. However, there is no clear doublet attributable to disulfide or 

polysulfide species, separate from the binding energy shifted bulk peak, confirming that these species 

are sufficiently small to be absorbed within the error of the fitted bulk peak. Furthermore, the height 

of the peak at 162.4 eV in the difference spectrum is 0.1 (normalised intensity), which is 

approximately 10% of the total signal, and therefore relatively small.  
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Figure 8.5: Difference spectrum calculated by subtracting the S 2p spectrum of the fresh pentlandite sample 

from the S 2p spectrum collected for the dosed sample. The negative peaks indicate a decrease in 4-

coordinate monosulfide species, while the positive peaks show an increase in sulfur-oxy species. 

 

8.1.5 Valence band photoelectron spectra 

The valence band spectra collected with hν = 150 eV and 240 eV are shown for dosed pentlandite  in 

comparison with those for fresh Fe4.2Ni4.4S8.3 and Fe4.0Ni4.9S8.1, shown in Figure 8.6. The valence 

band spectra for Fe4.0Ni4.9S8.1 from section 7.3 are included for comparison because the Fe4.0Ni4.9S8.1 

pentlandite showed the greatest oxidation of all the sample presented in the previous chapter. The 

shape of the dosed pentlandite hν = 240 eV valence band spectrum is similar to the hν = 150 eV and 

240 eV spectra of the other two samples shown here. The valence band spectrum is characterised by 

a strong peak in the upper valence band, and a less intense, broad peak in the lower valence band, 

separated by a local minimum. In comparison to previously discussed pentlandite valence band 

spectra, the dosed pentlandite hν = 240 eV spectrum has a few minor differences. Firstly, the peak in 

the upper valence band is slightly shifted to a higher binding energy. While this peak in pentlandite 

samples shown in previous chapters has been consistently observed at 1.1 eV, in the dosed pentlandite 

sample the binding energy of this peak is at 1.3 eV. Secondly, the local minimum separating the upper 

and lower valence band regions is not as low and distinct as is seen in previously presented valence 

band spectra. Additionally, upon closer inspection there is an emerging feature at 3 eV which is not 

observable in the valence band spectra for other samples. While the lower valence band has slightly 

more intensity than that observed for other samples, there is no apparent structure seen at higher 

binding energies. 
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Figure 8.6: Photoelectron spectra in the valence band region for (a) Fe4.2Ni4.4S8.3 fractured in a nitrogen glove 

bag, (b) the same sample after 420 Langmuir H2O vapour dosing, and (c) Fe4.8Ni3.9S8.3. The Fe4.2Ni4.4S8.3 and 

Fe4.8Ni3.9S8.3 samples were discussed in the previous chapter and are included here for comparison. hν = 240 

eV (blue) and 150 eV (red). 

 

The hν = 150 eV valence band spectrum for the dosed pentlandite sample shows significant deviation 

in shape from those of other samples. In this spectrum, the peak in the upper valence band (also at 

1.3 eV) is almost overshadowed by a peak at 2.6 eV which has not been observed in previous samples. 

This is followed by the lower valence band peak, which appears at the same binding energy as seen 

in previous samples, but a much greater intensity. It is expected that the increase in intensity of this 

lower valence band peak is greatly contributed to by the emergence of the new peak at 2.6 eV. Since 
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this peak at 2.6 eV is significantly strong and was not observed in any valence band spectra presented 

in Chapter 7, this must be attributable to a species that was not present in other samples. 

 

The Fe and Ni 3p spectra in Figure 8.3 offer some insight into the species contributing to the hν = 

150 eV valence band at 2.6 eV. While there was no clear evidence of oxidation of the Ni sites in the 

pentlandite samples shown previously in Chapter 7, there is clear evidence of changes to the electronic 

structure of Ni species at the surface of the dosed pentlandite sample, shown in Figure 8.3. Therefore, 

the peak at 2.6 eV in the hν = 150 eV valence band spectrum is attributed to oxidised Ni surface 

species. This feature is similar to the shoulder observed at 2 eV in the upper valence band spectrum 

for some of the more oxidised samples from section 7.3. This feature was only observable in the hν 

= 150 eV spectrum and was attributed to oxidised Fe species. A similar explanation can be offered 

for the feature at 2.6 eV in the hν = 150 eV valence band spectrum in Figure 8.6. Based on calculations 

for atomic valence orbitals [15], the relative photoionization cross section of O 2p electrons is 

expected to be relatively higher than Fe, Ni, and S valence electrons at hν = 150 eV in comparison to 

hν = 240 eV. Hence, the feature at 2.6 eV, which is overlapping with the previously determined Fe-

oxide peak at 2 eV, can be attributed to Ni-oxide species. 

 

The assignment of the peak at 2.6 eV to Ni-oxide species is consistent with reports in literature of 

oxidised nickel metal. Literature has shown the photoelectron peak near the Fermi level for nickel 

metal to shift to higher binding energies of around 2 eV with an oxygen exposure of more than 30 L 

[24]. In the data presented here, the valence band photoelectron peak for Ni-oxide species after 420 

L H2O dosing appears at 2.6 eV. 

 

Low photon energy (hν ≤ 50 eV) valence band spectra are shown in Figure 8.7 for dosed pentlandite 

fresh Fe4.2Ni4.4S8.3, and Fe4.0Ni4.9S8.1; the latter two of which have been reproduced from section 7.3 

for comparison. The general shape of the low photon energy valence band spectra deviates 

significantly from the hν = 150 eV and 240 eV valence band spectra, as the upper valence band peak 

is significantly diminished and the broad peak around 5 eV is relatively enhanced. The shape of the 

spectra for the dosed pentlandite sample more closely resembles the Fe4.0Ni4.9S8.1 spectra, rather than 

the spectra for Fe4.2Ni4.4S8.3, since the dosed pentlandite sample shows strong shoulder at 10 eV and 

3 eV, especially in the hν – 50 eV spectrum. In section 7.3 this structure was attributed to sulfite and 

sulfate species which were observed only in the Fe4.0Ni4.9S8.1 sample. Since these species are also 

observed in the S 2p spectrum for the dosed sample, this reinforces the proposition that the structure 

at 10 eV and 3 eV binding energy is owing to the sulfite and sulfate species. 
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There is a lack of distinct differences between the low photon energy valence band spectra for 

Fe4.0Ni4.9S8.1 and dosed pentlandite sample, despite the dosed sample showing evidence of oxidation 

of the Ni sties, which was not distinctly observed for Fe4.0Ni4.9S8.1. The implication of this observation 

is that the sulfite and sulfate species can be largely attributed to Fe-sulfite and Fe-sulfate species, and 

that the nickel species are oxidised by formation of NiO or Ni(OH)2 species. 

 

 

Figure 8.7: Photoelectron spectra in the valence band region collected with hν = 30 – 50 eV for (a) 

Stoichiometric pentlandite (Fe4.2Ni4.4S8.3) fractured in a nitrogen glove bag, (b) the same sample after 420 

Langmuir H2O vapour dosing, and (c) Fe4.0Ni4.9S8.1. The Fe4.2Ni4.4S8.3 and Fe4.0Ni4.9S8.1 samples were 

discussed in section 7.3 and are included here for comparison. 
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8.1.6 Discussion 

The results presented in this section show that a stoichiometric pentlandite surface which has been 

exposed to 420 L H2O vapour has significant changes to the surface physical and electronic structure. 

While the survey spectrum shows that the contribution due to oxygen has increased as a result of 

dosing, the Fe and Ni 3p, and S 2p spectra show that the reaction of the water vapour with the surface 

has made changes to each of the surface sites. The metal 3p spectra show that the Fe sites are oxidised 

preferentially over the Ni sites, as has been seen in previous pentlandite samples in this thesis, and 

numerous times published in literature. The valence band spectrum (hν = 150 eV) shows a new feature 

at 3 eV, which is attributed to a combination of oxidised Fe and Ni species. A shoulder in the valence 

band spectra of some other pentlandites has been observed in section 7.3 at 2.6 eV, and is attributed 

to oxidised Fe species. With the increase in oxidised Fe species, evident in the Fe 3p spectrum, and 

the emergence of oxidised Ni species, this shoulder on the upper valence band spectrum developed 

into a clearly defined peak at 3 eV in the dosed pentlandite sample.  

 

The S 2p spectrum showed the emergence of sulfite (SO3
2-) and sulfate (SO4

2-) species, which occurs 

with the decrease in surface 3-coordinate and 4-coordinate monosulfide species. No significant 

changes were detected which were attributable to polymerised sulfur species, showing that the 

oxidation of sulfur sites occurs largely at the surface monosulfide sites, and oxidises these species to 

sulfite and sulfate species. The low photon energy (hν ≤ 50 eV) valence band spectra show distinct 

shoulders on the lower valence band around 3 eV and 10 eV, which are attributed to sulfite and sulfate 

species. The comparison of the valence band spectra between the dosed pentlandite sample and 

pentlandite samples presented in section 7.3 indicates that the sulfite and sulfate species are likely 

attributed mainly to the Fe sites, and that the oxidised Ni sites are most likely NiO or Ni(OH) species. 

 

The presence of NiO or Ni(OH) species, and sulfite and sulfate species, shows that the water molecule 

is dissociating at the surface to react with the pentlandite surface species. Some of the 3-coordinate 

and 4-coordinate sulfur species are reacting and forming sulfite and sulfate species These are then 

seen to bind mainly to the Fe sites, which is unsurprising, as the Fe species are seen to oxidise 

preferentially over Ni, which literature indicates is due to both the energetic preference for Fe to 

oxidise over Ni [11, 13], and the migration of Fe species to the surface [12]. After 420 L dosing with 

H2O vapour, the Ni sites are also seen to oxidise somewhat, although the results presented here 

indicate that the sulfite and sulfate species are not binding significantly with the Ni, and it is therefore 

possible that the Ni species are largely NiO or Ni(OH)2 species. 
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8.2 Polished pentlandite surfaces 

This sample was cut from the same synthetic pentlandite as the samples presented in Chapter 6 and 

has a stoichiometry of Fe4.4Ni4.6S8.0 measured by microprobe analysis as described in section 3.1.2. 

The sample was prepared in the same way as the polished pyrrhotite sample in section 5.2.1. The 

sample was first shaped and polished with increasing grit silicon carbide sandpaper and cleaned in an 

ultrasonic bath with ultra-pure water between each polishing step. The sample was then polished on 

a polishing pat with 1 µm, then ¼ µm diamond paste to achieve a fine polished surface. After 

polishing, the sample was cleaned in the ultrasonic bath once more to remove any residual polishing 

material. The sample was then inserted into the vacuum chamber of the endstation at the Australian 

Synchrotron where the following spectra were collected [25]. 

 

The binding energy scale of the hν = 1487 eV spectra were calibrated to the Fermi level at 0 eV. The 

strong leading edge of the S 2p hν = 260 eV spectrum was calibrated to match the leading edge of the 

S 2p hν = 1487 eV spectrum, assuming that the species present in the 260 eV spectrum are the same 

as in the 1487 eV spectrum, but with differing intensities. The S 2p spectra were normalised to the 

bulk peak to allow for comparison between the two samples. 

 

8.2.1 Survey spectrum for polished pentlandite 

The survey spectrum for the polished pentlandite sample is shown in Figure 8.8 (solid, blue line) and 

shows peaks arising from Fe, Ni, S, C and O species, with the quantification of these species shown 

in Table 8.2. The survey spectrum shows almost 40% contribution from carbon species, and just over 

30% from oxygen species. The carbon species are expected to arise from a combination of 

adventitious carbon and introduced species from the polishing materials. The ratio of metal (Fe+Ni) 

to sulfur recorded in Table 8.2 shows less sulfur than is expected from the bulk ratio. Further 

observations can also be made from the binding energies of the Fe and Ni 2p peaks in the survey 

spectrum. The Ni 2p peak appears as a sharp peak at 853 eV, consistent with that observed for vacuum 

fractured pentlandite surfaces in Chapter 6. There is also a shoulder on the high binding energy side 

of the Ni 2p peak around 855 eV, which is likely due to either NiO species [26], or Ni(OH)2 species 

[4]. The Fe 2p peak appears around 711 eV, which is significantly higher binding energy than that 

for FeII-S in pentlandite, observed at 707 eV in Chapter 6. FeOOH species are observed at binding 

energies around 711 eV [27], indicating that the iron species are significantly oxidised at the surface 

of the polished pentlandite sample. 

 



Chapter 8: Pentlandite surfaces exposed to environmental conditions 

172 

 

Figure 8.8: Survey spectrum for synthetic pentlandite surfaces, hν = 1487 eV. 

 

Table 8.2: Quantification of species observed in the survey spectrum for the polished synthetic pentlandite 

surface shown in Figure 8.8. 

Species At% 

Fe 3p 9.1 

Ni 3p 8.5 

S 2p 11.8 

O 1s 30.8 

C 1s 39.8 

 

8.2.2 S 2p photoelectron spectrum for polished pentlandite 

Figure 8.9a shows the S 2p photoelectron spectrum for the polished pentlandite sample collected with 

hν = 1487 eV. A peak has been fitted at 161.4 eV, which is consistent with spectra presented in 

literature [3, 5]. Due to the similar binding energy with violarite peaks in literature [1, 2], this peak 

has tentatively been given the label “violarite”, but is most likely due to a violarite-like oxidation 

product, rather than the mineral phase. Additional features were fitted at 163.6 eV, due to polysulfide 

species, and at 166.8 eV, due to sulfite species. 
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Figure 8.9: S 2p photoelectron spectra collected from polished pentlandite sample, with hν = (a) 1487 eV, 

and (b) 260 eV. 

 

The S 2p spectrum collected with hν = 260 eV is shown in Figure 8.9b and has a significantly different 

spectra shape to the bulk sensitive spectrum. Firstly, a linear background has been used in this 

spectrum to account for the relatively large secondary electron background and is fitted to the region 

below and above the S 2p spectrum. As discussed in Chapter 5, the intensity of the background is due 

to the increase in inelastic scattering events of the escaped photoelectrons, which is a result of the 

presence of an elementally distinct overlayer on the surface. This is considered evidence of an 

overlayer which likely consists of the oxyhydroxide species observed in the survey spectrum. The 

prominent peak in this surface sensitive spectrum is the violarite-like peak fitted at 161.5 eV. Also 

present is a significant contribution from polysulfide species at 163.5 eV, and sulfite and sulfate 

species fitted at 167.1 eV and 168.6 eV respectively. This spectrum also required an additional 

doublet fitted at a binding energy of 164.0 eV, which contributes to less than 5% of the fit, as seen in 

Table 8.3. This feature is in the binding energy region which can be attributed to elemental sulfur 

[22], and its presence on the sample is expected to be due to its entrapment within the near-surface 

layer, as was seen for the polished sample in Chapter 5. 
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Table 8.3: Binding energy, peak width, and % contribution from each species fitted to the hν = 1487 eV and 

260 eV S 2p spectra shown in Figure 8.9. Binding energy and peak width (FWHM) are reported in units of 

eV. 

hν = 1487 eV hν = 260 eV 

Species BE (FWHM) % Species BE (FWHM) % 

“Violarite” 161.4 (0.97) 44.2 “Violarite” 161.5 (0.79) 32.0 

Bulk 

pentlandite 

162.2 (0.83) 49.8 Bulk 

pentlandite 

162.2 (0.88) 37.3 

Polysulfide 163.6 (1.3) 13.5 Polysulfide 163.5 (1.4) 10.5 

Sulfite 166.8 (1.4) 2.5 Elemental 

sulfur 

164.0 (1.5) 4.5 

   Sulfite 167.1 (0.95) 8.7 

   Sulfate 168.6 (1.2) 7.0 

 

There are notable similarities between the polished pyrrhotite and polished pentlandite samples. 

Firstly, the quantification of species from the pentlandite survey spectrum reflect those for the 

polished pyrrhotite sample. The values for carbon and oxygen (39.8% and 30.8% respectively) are 

similar to those seen in the polished pyrrhotite sample (42.0% and 30.1% respectively). The S 2p 

spectra also share similarities, with the rise of polysulfide species, and specifically the entrapment of 

elemental sulfur, which is likely due to amorphous sulfur structure in the near surface layers. These 

similarities between the two samples indicates that the oxidation products and structure of the surface 

of these two oxidised minerals are similar. 

 

8.3 Surfaces of pentlandite exposed to pH 1 H2SO4 for 1 hour 

The following sample was cut from the same pentlandite sample used for the polished pentlandite 

results. This sample was polished using the method previously described. After polishing the sample 

and cleaning to remove residual polishing materials, the sample was placed in a beaker with pH 1 

H2SO4 solution for 1 hour at ambient temperature. After the sample was removed from the acidic 

solution, it was carefully dried with a lint-free laboratory tissue, ensuring the analysis surface was not 

contaminated, and mounted to a sample holder, which was then inserted into the Australian 

Synchrotron soft X-ray beamline endstation [25]. 

 

The NEXAFS spectra in Figure 8.13 and images in Figure 8.14 were collected at the PEEM beamline 

(BL05B2) at the NSRRC as described in section 3.5 [25]. The Fe and Ni L edge spectra were both 

calibrated by comparison to spectra from the same mineral prepared using the same methods, and 
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measured at the Australian Synchrotron soft x-ray beamline. The PEEM images were collected with 

a 450 µm field of view. Images were taken with photon energies below the Fe and Ni absorption 

peaks, showing primarily topography of the sample surface. These images were used to remove the 

topography from the images collected with photon energies at key features in the NEXAFS spectra, 

such that only the distribution of chemical states remains in the resulting images. This background 

removal was done using the method described in section 3.5.1 using Eq. (5). The resulting images are 

shown in Figure 8.14. 

 

8.3.1 Survey spectrum for pentlandite in pH 1 H2SO4 

The survey spectrum for pentlandite in pH 1 H2SO4 is shown in Figure 8.10, with the survey spectrum 

for the polished sample included for comparison. The survey spectrum from the sample reacted in 

acid shows peaks from the same elements as was seen in the polished sample. Notably, the 

contribution from carbon species appears relatively greater, while the contribution from oxygen 

species appears relatively less in the pH 1 pentlandite sample, when compared to the polished sample. 

This is reflected in the quantification of elements, shown in Table 8.4. This shows that overall, the 

carbon species remains around 57% for both the polished and the pH 1 samples, while the oxygen 

species contributes approximately 30% to the polished sample, and only approximately 15% in the 

pH 1 pentlandite sample, indicating that some oxygen species have been removed by the exposure to 

sulfuric acid solution. The quantification in Table 8.4 also shows a decrease in Fe species due to 

exposure to sulfuric acid solution, where the overall contribution has decreased, and the ratio of Fe 

to Ni species has also decreased relative to the polished pentlandite sample. Furthermore, the ratio of 

metal to sulfur species in the sample of pentlandite exposed to acidic solution is much closer to the 

ratio expected from the bulk, whereas in the polished sample, the ratio of metal to sulfur was notably 

higher than expected from the bulk. This may indicate a removal or Fe species simultaneous with the 

removal of oxygen species. 
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Figure 8.10: Survey spectrum for synthetic pentlandite surfaces, hν = 1487 eV. 

 

Table 8.4: Quantification of species observed in survey spectrum for the surface of synthetic pentlandite in 

pH 1 H2SO4 shown in Figure 8.10. The quantification from the polished sample is included for comparison. 

These values are taken from Table 8.2. 

Species At% (polished) 

Fe 3p 6.0 9.1 

Ni 3p 7.7 8.5 

S 2p 13.3 11.8 

O 1s 15.3 30.8 

C 1s 57.7 57.2 

 

8.3.2 S 2p photoelectron spectrum for pentlandite exposed to pH 1 H2SO4 for 1 hour 

The S 2p photoelectron spectrum for pentlandite in pH 1 H2SO4 shown in Figure 8.11a has a similar 

shape to pentlandite core-level sulfur spectra previously presented in Chapter 6. The main peak is at 

162.2 eV and has been fitted with three symmetric peaks devised in Chapter 6 to model the high 

binding energy tail. The low binding energy side of the main peak has a broad slope. This broad slope 

was best fitted with two features at 161.1 eV and 161.6 eV, attributed to surface 3-coordinate sulfur, 

and surface and bulk 4-coordinate sulfur, respectively, as determined previously in this thesis. An 

attempt was made to fit the low binding energy slope with a single feature, as was done for the 

polished pentlandite sample, however the result was a poor fit, and an unreasonably large peak width 

was required to achieve a somewhat reasonable fit. The % contributions from 3-coordinate, 4-

coordinate and bulk 5-coordinate sulfur are similar to those seen in vacuum fractured pentlandite 
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shown in Chapter 6, with a slight decrease in the 3- and 4-coordinate components. This is 

accompanied with the emergence of polysulfide, sulfite and sulfate species. It is not simple in this 

case to make the conclusion that the undercoordinated surface monosulfide species are reacting to 

form polysulfide, sulfite and sulfate species, since the sample is expected to have taken the form of 

the polished pentlandite sample previously shown. The surface structure of the polished pentlandite 

sample showed significant deviation from that of vacuum fractured pentlandite, with a single 

component at 161.4 eV replacing the two undercoordinated monosulfide species fitted to vacuum 

fractured pentlandite, and to the spectrum shown in Figure 8.11a. Furthermore, the peaks fitted to 

these surface monosulfide species are broader than those fitted to the vacuum fractured pentlandite 

samples shown in Chapter 6. A more likely pathway is that during exposure to acidic solution, the 

surface layers of the polished pentlandite sample are either dissolved somewhat, to reveal a more 

pristine pentlandite surface, or they are restructured to reproduce monosulfide species with similar 

electron density around the sulfur atom as in the 3-coordinate and 4-coordinate surface monosulfide 

species seen in the vacuum fractured pentlandite samples. 

 

 

Figure 8.11: S 2p photoelectron spectra collected from the sample of pentlandite in pH 1 H2SO4 for 1 hour, 

with hν = (a) 1487 eV, and (b) 260 eV. 

 

The surface sensitive hν = 260 eV spectrum in Figure 8.11b has also been fitted with the surface 3-

coordinate, surface and bulk 4-coordinate, and bulk 5-coordinate peaks at binding energies of 161.1 

eV, 161.6 eV, and 162.2 eV respectively. The relative intensity of these peaks shows that the 3-

coordinate and 4-coordinate peaks have large contributions from surface components, whereas the 

bulk 5-coordinate component contributes only 20% of the total fit to the spectrum, shown in Table 

8.5. The hν = 260 eV spectrum required peaks to account for the polysulfide, sulfite and sulfate 

species, in agreement with the hν = 1487 eV spectrum. Additional to these, another component was 
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required to achieve a good fit to the spectrum and was fitted at 164.1 eV; consistent with the elemental 

sulfur fitted to the polished pentlandite surface sensitive spectrum. Although this feature only 

contributes 2% to the total fit, it was not possible to obtain a good fit to the spectrum without this 

feature, which is subsequently attributed to elemental sulfur. The presence of elemental sulfur in the 

S 2p spectrum for polished pentlandite, and polished pyrrhotite in Chapter 5 was attributed to the 

elemental sulfur being physically trapped by the sulfur-rich near surface layer. This feature was not 

seen in the pyrrhotite sample exposed to acidic solution, as the sulfur-rich surface layer forms a more 

crystalline structure after exposure to acidic solution and it loses its ability to trap the volatile 

elemental sulfur species. The presence of elemental sulfur in this pentlandite sample exposed to acidic 

solution indicates that this volatile species is still physically trapped within the surface layers.   

 

Table 8.5: Binding energy, peak width, and % contribution from each species fitted to the hν = 1487 eV and 

260 eV S 2p spectra shown in Figure 8.11. Binding energy and peak width (FWHM) are reported in units of 

eV. 

hν = 1487 eV hν = 260 eV 

Species BE (FWHM) % Species BE (FWHM) % 

Surface 3-

coordinate 

161.1 (0.73) 10.9 Surface 3-

coordinate 

161.1 (0.72) 15.1 

Surface & bulk 

4-coordinate 

161.6 (0.77) 24.3 Surface & bulk 

4-coordinate 

161.6 (0.86) 26.2 

Bulk pentlandite 162.2 (0.75) 56.6 Bulk pentlandite 162.2 (0.77) 20.7 

Polysulfide 163.3 (1.2) 3.5 Polysulfide 163.2 (1.3) 19.7 

Sulfite 166.8 (1.2) 2.2 Elemental sulfur 164.1 (1.2) 2.0 

Sulfate 168.9 (1.6) 2.5 Sulfite 166.8 (1.2) 3.7 

   Sulfate 168.7 (1.2) 12.6 

 

8.3.3 Fe and Ni core-level spectra 

The Fe 2p spectrum for pentlandite exposed to pH 1 H2SO4 solution for 1 hour is shown in Figure 

8.12 with the Fe 2p spectra for Pn1 and Pn2 vacuum fractured samples, repeated from Chapter 6. The 

main 2p3/2 peak for the pentlandite sample in acidic solution is at 707 eV, which is consistent with 

the peak in the spectra for Pn1 and Pn2. In comparison to the vacuum fractured spectra, there is an 

increase in intensity in the spectrum around 710 eV, which shows the development of FeIII-O species 

as a result of polishing and subsequent exposure to acidic solution [27]. The main 2p3/2 also appears 

to be less intense than in the vacuum fractured sample, which is owing to the stronger background in 

the spectrum for this sample. This may be due to the heterogeneity of the iron species throughout the 
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pentlandite sample [28], as the oxidised Fe species are expected only at the surface or in the near 

surface region, whereas the bulk is expected to consist of Fe-S. Although the shape of the Fe 2p 

spectrum for pentlandite exposed to acidic solution is similar to those of the vacuum fractured 

samples, the peak binding energy is significantly shifted from that of the polished pentlandite sample, 

showing that the exposure to acidic solution has a notable effect in removing the FeOOH species 

observed in the survey spectrum of polished pentlandite, revealing a surface which largely consists 

of Fe-S species, with a small contribution from FeIII-O species. 

 

  

Figure 8.12: (a) Fe 2p spectrum and (b) Ni 2p spectrum for pentlandite exposed to pH 1 H2SO4 for 1 hour, 

compared to "Pn1"and "Pn2" from Chapter 6. 

 

The Ni 2p3/2 peak for pentlandite exposed to acidic solution has a peak at 853.0 eV, consistent with 

the 2p3/2 peaks for the vacuum fractured pentlandite samples, also shown in Figure 8.12b. The shape 

of the 2p spectra for the three samples shown are almost identical, and the spectrum for pentlandite 

exposed to acidic solution differs only in a slight broadening of the main peak, which may indicate 

increasing disorder in the sulfur ligands binding to the nickel, rather than a significant change to the 

bonding or oxidation state of the Ni sites. Legrand, Bancroft and Nesbitt [4] observed the Ni 2p 

spectrum for pentlandite exposed to pH 9.3 solution after 60 minutes to have a decreased peak at 853 

eV, with an increased intensity near 856 eV, owing to Ni(OH)2 species. After 90 minutes in pH 9.3 

solution, the peak at 856 eV had increased further, and additional intensity was seen at 857 eV, 

attributed to NiSO4 species [4]. The survey spectrum for polished pentlandite showed a shoulder on 

the high binding energy side of the Ni 2p peak, around 855 eV, which may indicate the presence of 

NiO or Ni(OH)2 species for a pentlandite sample polished in air. There is no clear evidence for 

oxidised Ni species for the pentlandite sample exposed to acid. Therefore, as was seen for the Fe 

species, the oxidised species that were observed for the polished pentlandite sample have been 
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removed by exposure to sulfuric acid solution, revealing a surface in which the metal sites resemble 

the metal sites of bulk pentlandite. In the case of the Ni sites, there is no clear evidence of oxidation 

of the Ni sites, whereas the Fe sites show some oxidation species, once again reinforcing the 

proposition that the Fe sites oxidise preferentially over the Ni sites. 

 

This idea is once again reinforced by the Fe and Ni NEXAFS spectra for pentlandite exposed to acidic 

solution, shown in Figure 8.13a and b, respectively [25]. The shape of the Fe L2,3 spectrum, shown in 

Figure 8.13a, deviates from the spectrum for Pn2, shown in Figure 6.13 in Chapter 6. Both spectra 

show the main peak around 707 eV, however unlike the Pn2 Fe L2,3 spectrum, the acid exposed Fe L 

edge spectrum has a strong shoulder to the main peak, around 708 eV. A similar shoulder was 

observed for the Fe L edge spectrum for the pentlandite sample used for the pentlandite resonant 

valence band in section 7.2, for which the shoulder at 708 eV was attributed to FeIII oxidised species 

(Figure 7.5). As was seen for this previous pentlandite sample, the L edge NEXAFS spectrum was 

much more sensitive to the presence of FeIII species than the photoelectron spectrum due to the 

overlap of the FeIII peak in the photoelectron spectrum with the FeII multiplet structure. This is also 

observed for the current sample exposed to acidic solution, which has minor evidence in the 

photoelectron spectrum of oxidised Fe species, but the strong shoulder in the L edge spectrum gives 

clear evidence of oxidised Fe species in the sample. In contrast, the shape of the Ni L2,3 NEXAFS 

spectrum shown in Figure 8.13b has no observable difference to the Ni L edge spectra of the 

pentlandite samples shown in Figure 6.13b or in Figure 7.6.  

 

 

Figure 8.13: (a) Fe L2,3 absorption spectrum, (b) Ni L2,3 absorption spectrum for pentlandite in pH 1 

H2SO4 solution for 1 hour. 
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PEEM images of the sample were taken at key energies from the NEXAFS spectra in Figure 8.13 

[25], and have had a background image, taken from below the absorption edge, removed to reveal the 

distribution of chemical species, rather than the surface topography, with bright regions representing 

stronger intensity of that species, and darker regions showing less intensity. The images shown in 

Figure 8.14a, b and c are collected with photon energies corresponding to the Fe peak, the Fe shoulder, 

and the Ni peak, respectively. The distribution of FeII (peak at 707 eV) and FeIII (shoulder at 708 eV) 

species is seen to be remarkably similar across the sample, showing that these species largely occupy 

the same space. The bright regions in the Ni image in Figure 8.14c occupy the alternate regions to the 

Fe species; however, Ni species can be seen across the whole field of view of the sample. The 

alternating Fe and Ni regions may be due to the orientation of the pentlandite grains, which could 

possibly reveal more Fe or more Ni species at the surface. However, this is not considered to be likely, 

as Xiong, Lu, Li, Cheng, Xu and Li [12] showed that pentlandite exposed to molecular oxygen caused 

the Fe atoms in pentlandite to migrate to the surface of the mineral to form a thin layer of Fe2O3, 

leaving a Ni-rich core. Considering this, it is more likely that the alternating patches of Fe and Ni on 

the surface of the sample shown in Figure 8.14 show regions which are more or less oxidised, where 

the bright Fe regions show where more Fe species have migrated to the surface to form oxidised Fe 

species, while the brighter Ni regions show where the sample is less oxidised and retains a more even 

stoichiometry. This patchy oxidation may subsequently be a result of the orientation of the crystal 

structure in the pentlandite sample, as different crystal orientations have been seen to affect the 

oxidation rate of other sulfide minerals [29]. Although these results do not definitely describe why 

the oxidation of the surface varies, they do show that the oxidation is not homogeneous, even for a 

sample which is polished to a smooth surface. 

 

 

Figure 8.14: PEEM images collected at photon energies corresponding to (a) Fe L3 peak (706.8 eV), 

(b) Fe L3 shoulder (708.2 eV) (c) Ni L3 peak (853.2 eV). 
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8.4 Discussion and comparison of oxidised pentlandite samples 

The three samples shown in this chapter represent pentlandite samples at various stages of oxidation 

and show the products on the surface that result from oxidation under those conditions. The first 

sample was cleaved in an inert nitrogen atmosphere and dosed with 420 L of H2O vapour under a 

controlled environment. Compared to the other two samples in this chapter, and many examples of 

pentlandite in literature, this represents a relatively small exposure to water vapour, and negligible 

exposure to other external oxidants. Therefore, this dosed sample gives an indication of the initial 

stages of oxidation of a pentlandite surface exposed to H2O. The results showed that the Fe sites 

oxidise preferentially over the Ni sites, as previously observed [2-5, 12, 21]. However, evidence of 

alteration of the Ni sites was also observed as a slight shift in the peak in the more surface sensitive 

spectrum, but this peak was at significantly lower binding energy than previously recorded peaks for 

NiO species. The sulfur spectrum showed that the surface monosulfide species reacted with the H2O 

vapour to form small amounts of sulfite and sulfate species, which were seen to bond to the Fe sites. 

The reconstruction of the surface due to exposure to H2O vapour did not result in the formation of 

any disulfide or polysulfide species, but instead showed that the reaction of H2O vapour with the 

fractured surface converted the surface monosulfide species to sulfur-oxy species, which attached to 

the Fe sites, but not the Ni sites. 

 

The polished sample is the most remarkably different of the three samples provided in this chapter. 

The violarite-like component in the sulfur 2p spectrum and development of disulfide and polysulfides 

is a strong indication of significant restructuring of the surface, as is the notable shift to higher binding 

energies of both the Fe and Ni 2p core level shifts, showing strong contributions from FeOOH species, 

and NiO or Ni(OH)2 species, respectively. In comparison, the pentlandite sample exposed to acidic 

solution after polishing shows relatively little variance from the fractured pentlandite surfaces shown 

in previous chapters. The Fe 2p photoelectron spectrum showed little evidence of oxidation, aside 

from a slight increase in intensity at 710 eV, compared to the vacuum fractured samples. The Fe L 

edge NEXAFS spectrum was more revealing of FeIII species, with a clear shoulder to the main FeII 

L3 peak, due to FeIII species. In contrast, the Ni 2p photoelectron spectrum showed no clear evidence 

of alteration of Ni species from vacuum fractured samples, and this result was mirrored in the Ni L 

edge NEXAFS spectrum. The S 2p spectrum for the pentlandite sample exposed to acidic solution is 

the most revealing of its variance from pristine surfaces. While the S 2p spectrum once again shows 

peaks attributable to 3-coordinate and 4-coordinate monosulfide species, there are also significant 

contributions to the spectrum from polysulfide species, sulfite and sulfate species, and a small 

contribution from elemental sulfur, revealing the changes that have occurred to the surface of 

pentlandite during polishing and subsequent exposure to acidic solution.  
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The changes to the pentlandite surface due to polishing and then subsequent exposure to acidic 

solution follow a similar pattern to those of pyrrhotite under similar conditions, discussed in Chapter 

5. It is well established in literature that Fe sites oxidise preferentially over Ni sites in the pentlandite 

lattice, and this result is replicated in the data presented in the current chapter. The sample dosed with 

H2O vapour also showed evidence of alteration of the Ni sites. Although the survey spectrum of the 

polished pentlandite sample had strong evidence of significant oxidation of both the Fe and Ni sites, 

after exposure to acidic solution, only oxidation of the Fe sites could be detected. These results 

indicate that exposure of the sample to acidic solution effectively removes the oxidised Fe and Ni 

species from the previously air oxidised pentlandite surface to reveal metal species which largely 

resemble bulk pentlandite. The exception to this is the small oxidised Fe species which remain and 

were detected in the Fe L edge NEXAFS for pentlandite exposed to acidic solution. This small 

contribution from FeIII species is therefore either due to exposure to acidic solution, or may have 

formed in the short time between removing the sample from solution and placing it in vacuum in the 

beamline endstation. The formation of oxidised Fe, but not Ni species, is explained by the propensity 

for Fe species to migrate to the surface of the sample and oxidise preferentially over the Ni species. 

The removal of oxidised metal species drives the equilibrium, to which the sample responds by 

oxidising more Fe species in preference over Ni species. 

 

The oxidation of metal species at pentlandite surfaces is likely affected by structure of the sulfur 

species at the surface. The pentlandite sample dosed with H2O vapour showed remarkably little 

deviation in sulfur species from the more pristine pentlandite sample analysed in section 6.3, where 

the biggest observed change was the conversion of 3-coordinate and 4-coordinate surface 

monosulfide species to sulfite and sulfate species. In comparison, the S 2p spectrum for the polished 

pentlandite sample showed significant restructuring of the lattice, to create a violarite-like 4-

coordinate monosulfide peak in replacement of the surface 3-coordinate and 4-coordinate 

monosulfide components of more pristine pentlandite surfaces. The polished pentlandite sample also 

had significant contributions from disulfide and polysulfide species, with some evidence of elemental 

sulfur, likely trapped by the extensive polysulfide layer, as was seen for the polished pyrrhotite 

sample. The pentlandite sample which was exposed to acidic solution showed the restoration of low 

binding energy peaks attributable to 3-coordinate and 4-coordinate surface monosulfide species, 

indicating a return to a surface structure which more closely resembles a pristine pentlandite surface. 

However, this surface still showed strong peaks due to a polysulfide layer, in addition to sulfite and 

sulfate peaks.  
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The polysulfide layer on the pentlandite sample exposed to acidic solution may be hindering the 

oxidation of metal states which would replace those removed from the surface during the acidic 

exposure. The understanding that polysulfide layers cause passivation of a sulfide mineral’s surface 

was reasonably ubiquitous [30-32]. However, in more recent years this idea has been challenged, and 

it has been suggested that rather than true passivation, polysulfide layers cause pseudo-passivation, 

observed as a decrease in dissolution rate [33].  Thomas, Jones, Skinner and Smart [34] observed a 

change in dissolution rate of pyrrhotite as a result of the composition of the outermost surface species. 

The initial dissolution of the outermost FeOOH layer is quick, but as that layer is removed and the 

remaining outermost layer is a metal deficient polysulfide, the dissolution is inhibited [34]. As the 

oxidised Fe and Ni species, observed on the polished pentlandite sample, are removed by exposure 

to acidic solution, the replacement of these species with more oxidised metal species is inhibited by 

the extensive polysulfide layer, which is removed from the surface at a much slower rate. It is 

subsequently possible that the Fe species oxidise preferentially over the Ni species due to their 

mobility within the lattice, as observed by Xiong, Lu, Li, Cheng, Xu and Li [12]. This explanation 

also accounts for why the Ni species in the pentlandite sample dosed with H2O vapour shows some 

evidence of alteration of Ni sites, despite the relatively low dose. The S 2p spectrum for this sample 

showed no strong evidence of a polysulfide layer, therefore there is no polysulfide layer to inhibit the 

oxidation of metal species. Furthermore, since there is less alteration of the surface of the dosed 

pentlandite surface, there is less opportunity for the Fe species to diffuse to the surface, resulting in 

some minor changes to the Ni sites. 

 

A key outcome of this study is the observation of the extent of the alteration of pentlandite surfaces 

due to polishing and subsequent exposure to acidic solution, in particular. The results in this chapter 

have shown that the polished sample has the most altered surface in comparison to vacuum fractured 

pentlandite, and that the sample exposed to acidic solution is comparatively similar to pristine 

pentlandite surfaces, with some key differences, as discussed. Yet, the S 2p spectrum for the polished 

pentlandite sample in this chapter was the most similar to pentlandite S 2p spectra shown in literature 

[2, 3, 5]. The violarite-like S 2p peak fitted at 161.4 eV was observed in work by Goh, Buckley, 

Lamb, Fan, Jang and Yang [5] to increase with subsequent oxidation, and is shown here to be a 

product of significant oxidation in air due to polishing, but is not observed in the sample dosed with 

H2O vapour, or the sample exposed to acidic solution. This shows that previous studies which 

investigate pentlandite surfaces have likely not fully appreciated the changes which occur to surfaces 

as a result of sample preparation. This stems from the early studies on pentlandite, which use abrasion 

to create reproducible surfaces, in the absence of natural fracture or cleavage planes. Without the 

sample preparation techniques required to achieve pristine surfaces, and high resolution spectroscopy, 
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the features of pristine pentlandite surfaces have not been observed, and the features which have been 

remarked on in literature have been a subject of discussion [3-5, 35]. The results presented in this 

chapter, and their comparison to the pristine pentlandite surfaces presented elsewhere in this thesis, 

are crucially important to show the extent of surface oxidation which occurs when pentlandite 

samples are exposed to air and to acidic solution. 

 

8.5 Conclusion 

This chapter has presented pentlandite samples oxidised in three different ways; fractured in an inert 

nitrogen atmosphere the oxidised using a controlled dose of 420 L (420 seconds × 10-6 Torr) H2O 

vapour, polished in air using up to ¼ µm diamond paste, and polished then exposed to pH 1 H2SO4 

solution for 1 hour at ambient temperature. The results from the dosed sample showed that even in 

the initial stages of oxidation, the Fe species oxidise more rapidly than the Ni sites. Polishing the 

pentlandite sample caused the most alteration to the surface, which included a violarite-like sulfur 

product in addition to an extensive polysulfide layer which accompanied oxidised Ni and especially 

Fe species. Exposure to acidic solution effected the removal of the oxidised metal species and the 

violarite-like sulfur species, returning the monosulfide species to something more closely resembling 

pristine pentlandite, yet the polysulfide species remain. 

 

Although it is well established in literature, this chapter has further shown the propensity for Fe 

species to oxidise preferentially over Ni species due to their ability to diffuse through the pentlandite 

lattice. The possibility of this diffusion being hindered by an extensive polysulfide layer has been 

discussed, and is a likely cause of the oxidation of Fe species, but not Ni species, in the sample 

exposed to acidic solution, after the FeOOH and Ni(OH)2 species were removed from the polished 

sample. The absence of polysulfide species on the dosed sample is likely linked to the alteration of 

Ni sites, as the minimal restructuring of the surface prevents the diffusion of metal ions through the 

lattice.  

 

This chapter has characterised the surfaces of pentlandite polished in air and subsequently exposed 

to acidic solution, and by doing so in comparison to pristine and near pristine pentlandite surfaces, 

has shown the extent of surface alteration experienced by samples prepared in such ways. Although 

the polished sample showed the greatest alteration from pristine and near pristine surfaces, the S 2p 

spectrum was the most similar to those seen in previous literature. The understanding provided by the 

results in this chapter of the changes which occur to pentlandite surfaces is a significant contribution 

to scientific knowledge and will inform future studies of how sample preparation affects the surfaces 

of pentlandite samples and similar materials. 
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9 STXM – A NEW METHOD OF MINERALS ANALYSIS 

This focus of this thesis has been the analysis of photoelectron spectra for the sulfide minerals 

pyrrhotite and pentlandite under both pristine and oxidative conditions. As demonstrated in previous 

chapters, the implications of accurate and detailed analysis of spectra are profound for many fields of 

research. The most pertinent for the sulfide minerals pentlandite and pyrrhotite are for separation of 

minerals phases by froth flotation for minerals processing, the catalytic activity of the surfaces of 

these minerals, and the effect of their leaching on acid mine drainage. For each of these fields of 

research, the surfaces of these minerals and their interactions with the environment play a key role in 

their reactions. Hence why so much focus has been given to the surface electronic structure in 

previous chapters.  

 

While the application of the knowledge explored in this thesis so far may have profound effects on 

other fields of research, the direct application of these minerals is not the ultimate motivation behind 

this work. One of the aims of this thesis is to impress upon the reader the level of detail which can be 

obtained from spectra, and that a little more than an initial observation of data may reveal a deeper 

understanding of the samples that are being analysed. This has been a driving motivation of the 

previous chapters; using materials of possible interest to investigate ways to form a deeper 

understanding of the materials using existing techniques to their greater potential.  

 

A deeper understanding of materials may be gained from microscopy techniques in addition to 

spectroscopy techniques, and even more so, techniques which combine both aspects simultaneously. 

For many fields of research, the location and distribution of chemical species across a surface is 

profoundly important for the activity of that surface and its application in industry or devices. For 

example, the distribution of surface species on a catalyst may explain the activity, inhibition, or 

stability of that catalyst [1]. Similarly, the distribution of oxidation species on a mineral particle may 

affect the flotability [2]. Other microscopy techniques have been applied to sulfide minerals and 

similar systems with success, some of which also provide chemical information, such as scanning 

electron microscopy (SEM) when coupled with energy dispersive X-ray spectroscopy, Auger electron 

spectroscopy (AES), and scanning tunnelling microscopy (STM), to name a few (see [3] and 

references therein).  

 

A relatively new advancement in microscopy techniques is Scanning Transmission X-ray 

Microscopy, which combines microscopy and spectroscopy with spatial resolution of up to 10 nm 

[4]. STXM uses photons in the soft X-ray regime, which includes the K shell absorption edge of light 
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elements such as carbon, nitrogen and oxygen, and the L shell absorption edges of many heavier 

elements, including the first row transition metals. Therefore, soft X-ray techniques are sensitive to 

many elements commonly found in biological or mineral samples and are useful for a wide range 

research fields. 

 

The low radiation dose (compared to higher energy imaging or spectroscopy techniques) makes 

STXM more appropriate for soft matter samples. Additionally, the soft X-rays of STXM fall within 

the “water window”, where water is transparent to X-rays between the C K edge (around 280 eV) to 

the O K edge (around 530 eV). These properties make this technique highly favourable for analysis 

of a wide range of samples, such as biological samples [5], and organic matter found in marine 

sediments [6]. The sensitivity of the soft X-ray regime to the carbon K edge makes it particularly 

powerful for analysis of carbon based materials, such as for mapping soil components [7], mapping 

components of DNA, RNA and proteins in mammalian cells [8-10], mapping carbohydrates, 

polysaccharides and lipids in biofilms [11], and investigating the structure of rubrene hydrocarbon 

semiconductors [12]. Some of these studies have showed that such an analysis has potential for 

quantitative or semi-quantitative mapping of such species [7, 9-11, 13, 14]. 

 

There have been a few examples of applying STXM to mineral systems. For example, STXM has 

been used to study microbial induced calcification, by studying  the C, N and O K edges, and Ca L 

edge of mineral deposits [15]. Al-containing mineral nanoparticles have been characterised and 

mapped in aqueous solutions containing microbes, and the interactions between the microbes and the 

Al-containing mineral particles investigated [16]. The semi-quantitative aspect of STXM has also 

been used to study the Fe2+/Fe3+ ratios of silicates collected from different geological sites to show 

the spatial distribution of these ratios on the sub-micrometer scale [17]. However, despite the potential 

offered by this technique, the chemical sensitivity to first row transition metals, and the possibility to 

investigate hydrated samples, STXM has not been used extensively for studying mineral systems, and 

has not yet been applied to sulfide minerals.  

 

This technique offers a new opportunity to analyse sulfide mineral samples in a more natural 

environment. Many of the techniques currently used for spectroscopic or microscopic analysis of 

mineral samples, require the sample to be in vacuum, or highly processed. The real benefit of STXM 

which sets it apart from other techniques is the ability to analyse samples in more natural 

environments, such as in air, or sealed within solution. Unlike other similar X-ray spectroscopy 

techniques, the X-rays only have to pass through a small distance between exiting the beamline and 

passing through to the detector. This allows samples to be analysed at atmospheric pressure, either in 
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air or in an evacuated chamber backfilled with helium, which is transparent in the soft X-ray region. 

This allows for the effects of subjecting a sample to vacuum environments to be eliminated, and 

hydrated samples to be investigated [18], with a particular interest in biofilms [14, 19-21]. The 

challenges of adapting a relatively new technique to a different set of samples are not trivial, and the 

few examples in literature of STXM used for mineral samples examine mineral nanoparticles [15, 

16], or samples which have been thinned using a focussed ion beam [17]. Therefore, the aim of this 

chapter is to explore the viability of using STXM for sulfide minerals research; to identify the 

advantages and challenges of this technique in simple sulfide mineral systems, and the effect of 

analysing samples in a dry environment vs a hydrated environment is explored. This chapter also 

identifies the possibility of identifying minority species in samples, and contributes to a discussion in 

the literature about the origin of a pre-edge peak in the Cu L3 absorption spectrum for the copper 

sulfide mineral chalcocite (Cu2S). Finally, this chapter will highlight the possibility of extending the 

research capability to in situ analysis of electrochemical systems, thereby encouraging the use of this 

technique to extend the possibilities for minerals research. 

 

9.1 Methods 

The data presented in this chapter was collected at either the Soft X-ray Spectromicroscopy (SM) 

beamline (10ID-1) at the Canadian Light Source (CLS) in Saskatoon, Canada, or the PolLux beamline 

at the Swiss Light Source (SLS) in Villigen, Switzerland. Both beamlines are described in section 

3.6.1 and the beamline which the analysis of each sample was carried out is noted for individual 

samples. Samples were prepared on 100 nm thick silicon nitride membrane windows from Norcada 

(www.norcada.com). The electrochemical membranes had printed Au electrodes, designed by an 

International consortium [22] for use in an early design of a flow through electrochemical cell, and 

were manufactured by Norcada. 

 

All analysis of spectra, images and stacks was performed using the Axis2000 software (analysis of 

X-ray Images and Spectra) [23]. The photon energy at the CLS beamline did not require correction, 

however this was checked by comparing a Cu L edge spectrum from chalcocite to that previously 

published [24]. The photon energy of the SLS beamline required a correction at the Cu L edge of -

3.5 eV, which was applied to each spectrum and stack. 

 

Since sample thickness is a concern for STXM, the samples presented in this chapter were prepared 

by grinding the chalcocite to a fine powder using a mortar and pestle, to reduce the particle size, then 

mixing with solution before either drop casing the sample onto a sample holder and allowing it to dry 

(dry samples), or sealing the particle and solution between two windows using epoxy adhesive around 

http://www.norcada.com/
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the edges of the window (hydrated samples). The pH of each solution was adjusted with H2SO4 or 

KOH in ultrapure water before the ground mineral was added. Some solutions include a small 

quantity of sodium ethyl xanthate (CH3CH2OCS2Na, referred to in this thesis as NaEX), with a 

concentration of up to 10-4 M. This was part of an attempt to observe the interaction of the ethyl 

xanthate ligand with the chalcocite surface. In general, the xanthate solution was found to be too 

dilute to observe a carbon signal, and this detail is therefore not a focus of this chapter. However, it 

is noted for each sample, and the effects of the xanthate solution are contemplated in section 9.3.2. 

 

9.2 Advantages and challenges of using STXM for minerals 

The reasons driving the analysis of mineral samples using STXM include the technique’s chemical 

sensitivity, spatial resolution, but most importantly, the ability to analyse samples in more natural 

environments such as in solutions relating to flotation, mineral leaching, or oxidative solutions, such 

as those analysed in Chapters 5 and 8. 

 

Since STXM gathers soft X-ray NEXAFS spectra, this technique is highly sensitive to changes in the 

sample. The Cu L3 absorption edge is particularly sensitive to copper oxidation state. The L edge 

spectrum for divalent copper has a distinctive sharp peak around 931 eV attributed to the excitation 

of 2p electrons to the 3d valence band, whereas monovalent copper has a less intense, broader 

structure around 935 – 940 eV, due to the excitation of 2p electrons to 4s states [25]. In the ground 

state, divalent copper has mostly 3d9 character, hence the final state is mostly 2p3d10, however in 

covalent compounds, there is a mixture of 3d9 and 3d10L ground states, approximately 60% and 40% 

respectively for CuO, which corresponds to 2p3d10 and 2p3dL final states [26-28]. The energy of the 

sharp divalent absorption peak is lower than the broad monovalent structure due to the Coulomb 

interaction between the filled 3d band and the 2p core hole in the final state, which causes a 

localisation of the 3d states, thereby reducing the energy of this final state [27, 28]. For monovalent 

copper compounds, the ground state is predominantly 3d10 character, and therefore electrons cannot 

be excited to the 3d band, hence the structure is due to the 2p4s and 2p4s2L final states, which are 

significantly mixed with the sulfur ligand 3p states [25, 27, 28].  

 

The spatial resolution offered by this technique is also potentially advantageous for various fields of 

mineral research. Froth flotation in particular relies on the hydrophobicity of individual particles to 

separate mineral phases. The distribution of hydrophobic and hydrophilic species across a particle 

may have a profound effect on the overall flotability of a particle, but is a difficult subject to study. 

By using techniques which map the spatial distribution of chemical species across the mineral, a 

deeper understanding of these effects can be gained [29-31]. 
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The aim of this section is to showcase the potential for STXM to be used to investigate the chemical 

species on a sulfide mineral sample, and how these change across different sample environments. 

This section highlights the ability of STXM to identify distribution of species across a sample, and 

analyse samples in either dry or hydrated environments. A discussion of these advantages and the 

challenges associated is included, with proposed methods to counteract these challenges. 

 

9.2.1 Simple analysis reveals spatial distribution of species 

STXM can acquire three types of data; spectra, 2 dimensional images, and 3 dimensional stacks, 

which incorporate images and spectra, and from which spectra can be acquired from each pixel. The 

following sample is a particle of chalcocite (Cu2S) which has been prepared in a pH 4 xanthate 

solution and dropped onto a single silicon nitride window and allowed to dry. This sample is used to 

show that a simple measurement of a sample with a combination of spectra and images can provide 

a reasonable and quick analysis of a sample. The data for the following sample was gathered at the 

SLS PolLux beamline. 

 

The image in Figure 9.1a is a 2D image collected at a photon energy immediately below the Cu L 

absorption edge, shown in transmission mode, where bright regions show high photon transmission, 

and darker regions represent areas of thicker sample or greater absorption due to Cu species. The 

image is converted to optical density, using Eq. (8), and is shown in Figure 9.1b. The blue line in 

Figure 9.1b indicates a line from which a line scan was collected. The line scan generates a 

transmission spectrum at each pixel, which can be converted to an absorption spectrum using an 

appropriate Io signal. For this sample, an external Io signal was chosen, and is shown in the inset to 

Figure 9.1c, since the spectrum from the region outside of the particle showed some structure due to 

CuII species. The averaged spectrum over the particles is shown in Figure 9.1c. 
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Figure 9.1: (a) Transmission image of chalcocite particle collected at 926.5 eV, just below the Cu L3 

absorption edge. (b) Optical density image of chalcocite particle. (c) Cu L2,3 absorption spectrum averaged 

over the blue line indicated in (b); inset spectrum is the external Io signal used to convert the spectrum to OD. 

 

The averaged spectrum shows a broad peak around 935 eV, with a smaller peak at 932.4 eV, and a 

shoulder at 931.2 eV. Since the intensities of these three spectral features were observed to differ 

relative to one another in the spectra averaged over smaller areas in the line scan, they are temporarily 

assumed to be due to different chemical species. Images collected at these distinct photon energies 

can show the distribution of these chemical states, as shown in Figure 9.2. The images in Figure 9.2a-

c are taken at the photon energies of interest indicated in the spectrum in Figure 9.1c, as shown by 

their respective colours.  

 

 

Figure 9.2: Image of chalcocite particles converted to optical density, collected with a photon energy of (a) 

931.3 eV, (b) 932.4 eV, (c) 935.2 eV, and (d) RGB overlay of (a), (b), and (c) respectively. Scale = 1 µm. 

 

Figure 9.2 shows that the species represented at 931.3 eV (which is the region for CuII species [27, 

28, 32, 33]) are arranged somewhat in clusters on the sample, whereas the species represented at 

932.4 eV and 935.2 eV are distributed across the whole chalcocite sample, but with differing 

intensities. This is most clearly visible in the red-green-blue (RGB) overlay image in Figure 9.2d, 

where the sample appears a mixture of green/blue, representing the images in Figure 9.2b & c 

1 µm 

(a) (d) (c) (b) 

1 µm 1 µm 1 µm 1 µm 

1 µm 

(a) (c) (b) 
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respectively, while the species in Figure 9.2a are shown in red, scattered in clustered regions across 

the sample. 

 

9.2.2 Hydrated samples allow a degree of spatial freedom: the particles float 

Hydrated samples are prepared by immersing the sample in solution, then depositing the solution onto 

a window. A second window is placed on top, as shown in Figure 9.3, encapsulating the liquid 

between the two windows. To achieve the correct thickness of solution, to ensure the sample is wet, 

but is not too thick in general for a good analysis, the amount of solution between the windows is 

adjusted by either adding more solution with a micropipette at the edges of the windows, or wicking 

away some of the solution with a lint-free wipe at the edges of the windows. The correct amount of 

solution can be observed under an optical microscope, by observing Newton’s rings, caused by the 

interference of reflected light between the two windows, which indicates that the liquid between the 

windows is thin enough for allow a good transmission signal. The optimum thickness of a sample is 

determined by the incident photon energy and the elements present in the sample. Generally, a 

thickness which achieves a transmission signal of 1 – 2 optical densities is considered best, as it 

achieves a strong signal, whereas much thicker will result in distortion of the signal at higher photon 

energies [34]. At the copper edge, this amounts to sample thicknesses of 1 – 2 µm. Once the correct 

amount of solution is achieved, the windows are sealed together with epoxy adhesive around the 

edges to seal in the solution. This technique is of potential advantage for minerals research, as the 

analysis of hydrated samples may reveal previously unknown truths about the distribution of chemical 

species across a sample and also in solution, and may reveal that these species, which form in 

solutions, differ after dehydrating and analysis, often in high vacuum environments. Indeed, many of 

the chalcocite samples presented in this chapter are prepared in a dilute solution of sodium ethyl 

xanthate, as the intention was to discover what, if any, xanthate components adsorbed to the chalcocite 

surface and under what conditions. The attempt to study these conditions only revealed that dilute 

solutions of 10-2 M sodium ethyl xanthate did not result in adsorption on the surface in concentrations 

large enough to detect. 

 

Figure 9.3: Schematic of sample holder for hydrated samples. 
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There are a number of challenges that arise with hydrated samples, one of which is the mobility of 

the particle. The sample in Figure 9.4 is a chalcocite particle in a dilute xanthate solution. The images 

were extracted from a stack, which contains a series of images taken at photon energies over the Cu 

L3 absorption edge. There are a few features to note in these images; the first is that in the first image, 

the edge of the particle can be seen reasonably well, and outside of that edge, the absorption intensity 

has a bowed shape, as the intensity decreases at increasing distance from the particle. This is typical 

for a hydrated sample. The second observation is the change in the distribution of signal intensity 

across the sample as the photon energy changes in subsequent images; this is due to the change in 

absorption coefficient, µ, at each photon energy, and indicates different distributions of Cu species. 

The third observation, and most pertinent for this section, is that the particle appears to float somewhat 

out of the field of view over the time the images were collected. The data for the following sample is 

from the PolLux beamline at the SLS. 

 

 

Figure 9.4: OD images of chalcocite particle in solution, in temporal order, showing the particle floating off 

the field of view. 

 

The drift observed for the particle in Figure 9.4 is particularly large compared to other mineral 

samples observed during the experiments presented in this chapter. In general, if the sample is well 

sealed, there should be minimal movement of the sample between the two windows, especially for 

larger particles. However, this is an important factor to consider, especially when designing 

experiments which include more motile elements, such as live bacteria, for example. Included in the 

Axis2000 program are options for aligning the images in a stack, which can either be done by 

manually aligning each individual image, or by running an auto-alignment program, which relies on 

distinguishing features, such as the edge of a particle, to align subsequent images. A careful alignment 

of the stack is crucial for accurate analysis of the sample. 
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9.3 Effect of sample environment 

Both the samples in this section (dry and hydrated) were analysed at the SM beamline at the CLS. 

9.3.1 Dry sample 

The following sample is a chalcocite particle which has been exposed to pH 4 H2SO4 solution and 

drop cast onto a single silicon nitride window, and allowed to dry before analysing. A brief analysis 

of the spectra from various regions of the sample indicate that much of the centre of this particle is 

too thick for a good analysis, as seen in the previous sample, as the spectra show signs of saturation 

in Figure 9.5c. Because of this, model spectra have been collected from regions around the edge of 

the particle where the thickness has less impact on the spectra, and a saturated spectrum is also 

collected, to use for mapping these components across the sample.  

 

   

Figure 9.5: (a) Average stack image of chalcocite particle exposed to H2SO4. (b) regions from which spectra 

are collected. (c) Cu L edge spectra collected from the regions of interest in (b). 

  

ROI1 & ROI3 are similar spectra, but the region above 940 eV is slightly higher intensity in ROI3, 

which may be due to saturation effects. Due to this, ROI1 was chosen for mapping, while ROI3 was 

not. ROI2 has a CuII peak at 931.1 eV, in addition to the main CuI chalcocite peak at 934.6 eV. Since 

CuII is not generally expected in chalcocite, the CuII peak is thought to be a product of exposure to 

pH 4 solution. Using those three spectra, without any alteration, we obtain the following maps: 

 

1 µm 

(a) (b) (c) 
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Figure 9.6: (a):internal spectra mapped to the stack, (b) mapped regions of (i) CuI – chalcocite species (ii) 

CuII species (iii) saturated region, (c) overlaid RBG image of the mapped regions in (b). 

 

The mapped regions shown in Figure 9.6 did a reasonable job of fitting the stack, both spatially and 

spectrally. The residual stack showed two energies which were poorly fitted; the first was around the 

CuII peak, and the spatial regions were much aligned with the spatial map of the CuII species shown 

in Figure 9.6b. The spectral signal around this energy in the residual stack showed that the poor fit in 

these areas is due to differences in the peak width, which may be as much due to noise in the spectra, 

as possible changes in chemistry. The second energy which had a poor fit, was around 932.2 eV; near 

the pre-edge peak seen in the CuI – chalcocite spectrum. This was reflected in the images in the 

residual stack at this energy, which showed significant spatial resolution, as shown in Figure 9.7a. 

Figure 9.7b shows a region of interest mask, which was created by masking out the lower intensity 

regions in Figure 9.7a, and only allowing the regions of the highest intensity. This mask is then 

applied to the stack to generate the spectral signal from those regions, shown in Figure 9.7c, to 

investigate the average spectral signal in the original stack, which occurs within the identified regions 

of high residual signal. 

 

 

Figure 9.7: (a) image from residual stack showing intensity of poorly fit region near 932.2 eV, (b) mask 

generated from image in (a), used to isolate the average spectrum from those regions in the stack, (c) 

spectrum generated from the regions indicated in the mask in (b), plotted against the spectra from Figure 9.6. 

(a) (b)(i) 

(iii) 

(ii) 

(c) 
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The spectrum shown in Figure 9.7c which was collected from the masked regions shown in Figure 

9.7b, appears to be a combination of the CuI and Cu-saturated spectra, with a small contribution from 

CuII species. However, if this was strictly true, these regions should be well fit by a linear combination 

of these three spectra. The poorly fitted energy was observed at 932.2 eV, which aligns with the pre-

edge peak. This pre-edge peak in the new spectrum shown in Figure 9.7c appears to be a stronger 

intensity than the pre-edge peak in the CuI spectrum mapped to the stack. 

 

It would be possible to manipulate the spectra which are extracted from the stack, to isolate each of 

the peaks which are changing in relative intensity. However, since it is not known what the pre-edge 

peak in particular is attributable to, separating each of the peaks into different spectra is not expected 

to yield a result which has a real interpretation. Instead, the assumption is made that the poor fit to 

the stack is due mostly to the change in height of the pre-edge peak relative to the main absorption 

edge. This is a reasonable assumption, since the residual stack showed the energy around the pre-

edge as that which produced the greatest intensity in the residual stack. Therefore, those regions 

identified as a poor fit have been mapped in an overlaid RGB image, shown in Figure 9.8, where the 

red and green mapped regions show the CuI – chalcocite and CuII species, respectively, while the blue 

mapped regions show those which were poorly mapped due to the change in pre-edge peak height 

relative to the main CuI absorption peak. 

 

  

Figure 9.8: (a) Mapped regions of (i) CuI – chalcocite, (ii) CuII, and (iii) regions poorly fit due to changes in 

pre-edge peak height. (b) RGB overlaid image of the three regions shown in (a). 

 

The overlay map in Figure 9.8 shows that for a chalcocite particle which has been exposed to pH 4 

H2SO4 solution, and allowed to dry, the NEXAFS spectrum across the particle is seen to be a large 

proportion of characteristic chalcocite, with small spots (diameter of 0.2 – 0.3 µm) of CuII signal. 
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(iii) 
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There are also larger regions (diameter of ~ 1 µm) where the pre-edge peak of the CuI chalcocite 

absorption spectrum differs, relative to the main absorption peak. van der Laan, Pattrick, Charnock 

and Grguric [35] proposed that the pre-edge peak in nonstoichiometric Cu5FeS4 is due to the 2p5d10Ls2 

ligand hole final state; the intensity of which increases with decreasing electrons in the valence band. 

The energy of the ligand hole final state in nonstoichiometric Cu5FeS4 is similar to the pre-edge peak 

observed for the current sample, therefore this peak likely represents a defect site in the chalcocite 

structure, which, as shown in Figure 9.8, is observed in spatially isolated regions of the sample. 

 

9.3.2 Hydrated sample 

The following sample is a hydrated cell containing chalcocite in a pH 8 xanthate solution. It was 

prepared on an electrochemical cell, which has printed inert electrodes which can be seen in the 

images of the particle; however these electrodes were not electrically connected and played no part 

in the results which follow.  

 

Firstly, a broad scan image of the chalcocite particle was taken, shown in Figure 9.9. This image is 

collected just above the carbon K edge absorption spectrum, at 320 eV. Both line scans have been 

normalised to external Io signals, collected from a single window. The carbon K edge spectrum has 

had a linear background removed to highlight the weak signal, over the strong background. The 

location of the spectra can be found by fitting the linescan using the “line_fit” function.  This fits the 

linescan with a linear combination of chosen spectra and reports the intensity and location of these 

spectral features across the line. In these examples I used internal spectra, but in theory external 

reference spectra could also be used. 

 

    

Figure 9.9: (a) broad scan image of chalcocite particle in solution, (b) C K edge and Cu L edge spectra 

collected from the line indicated in (a), (c) location of the spectra along the line scans. 
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The line scans over the C K edge and Cu L edge were both collected over the same line shown in 

Figure 9.9a, while Figure 9.9b shows the key spectra identified in these lines scans. The carbon signal, 

which is shown in the inset to Figure 9.9bi, has a very low signal to noise ratio, with a strong linear 

background. To enhance the signal, the linear background was removed, and the resulting spectrum 

is shown. This spectrum was fitted to the C K edge line scan, with the fitted intensity plotted against 

the position on the line, as was done for each of the Cu spectra shown in Figure 9.9bii. The location 

of the carbon spectrum aligned closest with the location of the CuII spectrum, shown in Figure 9.9c. 

If the carbon signal detected originates from the xanthate in solution, the results here indicate that 

under these conditions the xanthate is forming a cupric (CuII) xanthate complex, rather than a cuprous 

(CuI) xanthate complex. If the carbon signal was somewhat stronger, this would be a good place to 

look for the relationship between chalcocite and xanthate solution. This was indeed the aim at the 

time of taking the data, however only a copper stack was collected before the sample failed, and a 

good carbon analysis was unfortunately not achieved. 

 

An average image from the stack taken over the copper L edge is shown in Figure 9.10a and shows 

the chalcocite particle in solution to the right of the inert electrode. Since the centre of the particle is 

quite thick and the blue spectrum in Figure 9.10b consequently appears distorted on the high energy 

side, the method used in the previous sample is employed here. The saturated CuI component is 

mapped in addition to the CuI – chalcocite and CuII components. These spectra are shown in Figure 

9.10b, which have been collected from regions of the stack, and have been chosen as the spectra to 

be used for fitting. 

 

  

Figure 9.10: (a) average image from Cu L edge stack, (b) internal spectra used for fitting. Blue spectrum 

show saturated signal due to sample thickness.  

 

Unlike in previous samples, the method chosen to fit the spectra for this stack included a constant in 

addition to the three spectra shown in Figure 9.10b. The constant signal accounts for thickness in the 

sample which does not arise from Cu species, and this was found to result in a smaller overall residual 

2 µm 
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signal, which largely arose due to the Au electrode in the top left corner of the stack. Since the constant 

did not have a noticeable effect on the fitting of the sample, it has not been included in the images 

shown here. Figure 9.11a shows the mapped regions of the CuI – chalcocite, CuII and Cu – saturated 

signals, respectively, while Figure 9.11b shows these three images overlaid in red, green and blue, 

respectively. The blue region in the middle of the particle shows where the particle is too thick for a 

meaningful analysis. The red region maps the chalcocite signal, while the green region shows the 

location of oxidised CuII species. The CuII species are observed to form small bright regions around 

the edge of the particle, as was observed for the previous, dry sample, although there appears to be 

somewhat fewer CuII patches on the hydrated sample. In addition to the intense patches of CuII, there 

is significant dispersion of CuII species seen outside of the particle, in solution, which forms a cloud-

like dispersion of CuII species.  

 

This is a significant observation to make with this technique, as other commonly used techniques are 

not able to observe the distribution of oxidised species within a solution with chemical sensitivity. 

This region within the solution near the particle was where the undefined carbon signal was observed. 

If further fine analysis of the carbon species of this sample had been possible, this technique would 

have been able to see the relationship between the CuII species and the carbon species, and would 

have shown how that relationship changes for the cloud-like CuII in solution and the particle-like CuII 

on the edge of the chalcocite particle. 

 

  

Figure 9.11: (a) mapped regions of (i) CuI - chalcocite, (ii) CuII, (iii) saturated Cu species, (b) RGB overlaid 

image of the mapped regions shown in (a). 

 

The presence of CuII in the solution surrounding the particle is an important observation for this 

hydrated sample, as it is not an observation that can be easily made for dry samples. Many of the dry 
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samples which were analysed showed very small CuII structure on the windows around the particle, 

hence why an external Io signal was used. However, that structure is indicative of CuII leaching into 

solution. Unfortunately, once the sample is dry, although the CuII can be faintly detected, it is difficult 

to analyse with any certainty since there is no means to determine if it was widely dispersed in 

solution, or leaching from the nearby particle. 

 

The hydrated sample showed here gives a clue about the nature of the CuII signal, since a small carbon 

signal was also detected in the same region as the CuII in the broad scan. A high resolution stack over 

the carbon K edge of this sample would potentially provide more detail about the interaction of the 

CuII with the carbon species, and what those carbon species are. Since this sample was prepared in a 

xanthate solution, the initial assumption is that the CuII is bonding to a xanthate ion or derivative. 

However, without high resolution spectra with reasonable signal to noise ratio and appropriate 

reference spectra, such a conclusion could not be made. Yet, the indication provided by the little 

carbon data obtained for this sample, is that the interaction between the carbon and CuII species is 

within the solution, and not necessarily on the chalcocite particle. This is a fine example of the 

importance of being able to analyse hydrated samples in addition to dry samples, or samples in 

vacuum, which would not be able to show that interaction at all. 

 

9.4 Identification of minority species 

The advantages of having both high spectral and spatial resolution, extends beyond the ability to see 

the distribution of surface species; it provides the ability to detect minority species in a sample. These 

species may be distinguished from the bulk, or majority species, by the difference in their spatial 

distribution, where in other techniques they would be otherwise undetected or not conspicuous in 

spectra which are averaged over large areas. This feature of microspectroscopy has already been 

hinted at in this chapter, specifically in the sample in Figure 9.8, where the poorly fitted regions 

showed a variation in the Cu L3 pre-edge peak height in somewhat isolated spatial regions. Such a 

result indicates that the pre-edge peak represents a distinct species, rather than a feature of saturation 

due to sample thickness, and this variation in peak height was tentatively attributed to the presence 

of defect sites within the chalcocite lattice. The aim of this section is to further explore the minority 

species observed in a chalcocite sample exposed to acidic conditions, but unlike the sample in Figure 

9.8, conducting this analysis on a smaller particle which showed less saturation effects. 

 

The sample presented in this section was analysed at the PolLux beamline at the SLS. This sample 

was prepared in a pH 4 H2SO4 solution and sealed between two windows to produce a hydrated cell. 

To determine if the sample is actually hydrated, a number of large scale low resolution images were 
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collected of this sample at the Cu L edge. These images are overlaid in the combined image in Figure 

9.12. Each of the overlaid images show bright regions where a transmission signal of approximately 

4 × 104 photons was detected, dark patches indicating fine chalcocite particles, and intermediate grey 

areas. In addition to the grey areas around the chalcocite particles in the images in the middle and on 

the right, there is a thin grey region around the bottom left corner of the image on the left. This grey 

region is at the edge of the window and has a natural curved shape which may be indicative of 

receding solution. The transmission signal through this grey region is approximately 2 × 104 photons; 

approximately half that of the bright regions. This is evidence that the solution in the sample is likely 

receding due to the windows not being adequately sealed. The grey regions around the particles in 

the middle image have a transmission signal similar to the grey area around the edge of the window 

in the image on the left of Figure 9.12. For this reason, it was thought that the particles in the middle 

image may be in solution, and a small region within this image was chosen for a high resolution 

analysis. 

 

 

Figure 9.12: Large scale low resolution images in transmission mode of a liquid cell. Grey regions indicate 

greater absorption associated with the likely presence of solution. 

 

The particle used for the analysis is shown in Figure 9.13a, with the average spectrum over the field 

of view shown in Figure 9.13b. The transmission signal in the bright region around the particles is 

approximately 4 × 104 photons, indicating that by the time the stack was collected, the region was no 

longer hydrated, as the hydrated regions in Figure 9.12 have a much lower transmission signal of 

approximately 2 × 104 photons. Although this sample was prepared as a hydrated sample, it is likely 

that the solution has wicked to the edges and the sample remains outside of the solution.  

 

The average spectrum over the region has a double peak pre-edge structure, with features at 931.4 eV 

and 932.3 eV, consistent with the photon energy of the pre-edge peaks observed in the more surface 
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sensitive spectrum of chalcocite presented by Goh, Buckley, Lamb, Rosenberg and Moran [24]. These 

peaks are tentatively attributed to the 2p3d10 final state of CuII, and the 2p3d10s final state of CuI 

species, respectively [27]. Above 935 eV the broad structure of the main absorption is observed, 

which is at an energy consistent with that of chalcocite absorption structure previously shown in this 

chapter, and those published in literature [24, 26, 27]. However, considering the relative height of the 

pre-edge peaks, the overall shape of the spectrum also shows resemblance to the absorption spectra 

of other Cu minerals, specifically bornite [35] and digenite [27]. The attribution of the pre-edge peak 

at 932.3 eV was a subject of concern in the work by Goh, Buckley, Lamb, Rosenberg and Moran 

[24], as they argued, like others in the literature ([27]) that this peak is an integral part of the CuI 

chalcocite spectrum, whereas others have attributed it to impurities of covellite (CuS), a CuII sulfide, 

in the sample [36]. Since STXM has both spatial and spectral resolution, the distribution of these 

species can be investigated for the sample in Figure 9.13, thus investigating the claims of the origin 

of the aforementioned peaks. 

 

  

Figure 9.13: (a) Transmission image of particles used for the analysis, (b) average spectrum over the stack. 

 

Three spectra were selected from the stack, shown in Figure 9.14a, and were mapped to the stack. 

The CuII spectrum (green) shows only a strong peak at 931.4 eV, similar to the tenorite (CuO) 

spectrum presented in literature [25], and is attributed to a pure CuII phase in this sample. The CuI 

spectrum (red) has a similar shape to the chalcocite spectra shown previously, but with a pre-edge 

peak of slightly higher relative intensity. The Cu-mixed spectrum (blue) has a strong pre-edge peak 

at 931.2 eV, with a shoulder in the energy region of the pre-edge peak of the CuI spectrum, below the 

broad absorption structure attributed to CuI. The strong low energy peak in the Cu-mixed spectrum 

is in the energy region attributed to CuII, and is therefore tentatively attributed to a CuII containing 

phase, but with the higher energy shoulder and the broad absorption structure around 935 eV, this is 

1 µm 
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expected to be a superposition of CuII and CuI species, or a separate phase which contains both Cu 

valences. It is notable that the energy of the CuII peaks in the CuII spectrum and the Cu-mixed 

spectrum differs by 0.2 eV. Since the spectra were collected simultaneously, this small energy shift 

is significant, and not an error in the data processing. The mapped regions of the CuII and Cu-mixed 

signals, shown in Figure 9.14b-c, are distinctly different, indicating that these species occupy different 

regions across the sample.  

 

   

Figure 9.14: (a) Cu L edge spectra mapped to the stack, (b) mapped regions of (i) CuI similar to chalcocite, 

(ii) CuII, (iii) mixed CuI and CuII signal, (c) RGB overlay of the images from (b). 

 

The spectrum from the region of high residual after the previous map is shown in Figure 9.15, and 

indicates that the residual largely arises from the difference in relative height of the pre-edge peak 

and the main CuI absorption signal. The residual signal (solid, black spectrum) has a similar shape to 

the CuI spectrum (dotted, red spectrum), but with a shoulder beginning to appear below the pre-edge 

energy at an energy consistent with the CuII signal in the Cu-mixed spectrum. While it is possible that 

the increase in the pre-edge peak relative intensity is due to the superposition of the CuII feature on 

the CuI spectrum, this is not likely. If this residual spectrum could be modelled by a linear 

combination of the spectra shown in Figure 9.14a, then it would have been mapped in the analysis 

shown in Figure 9.14b-c. This indicates that the relative intensity of the pre-edge peak varies slightly 

across the sample.   
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Figure 9.15: Spectrum of high residual region (solid, black), plotted against the CuI signal (dotted, red), 

showing difference in relative peak heights. 

 

9.4.1 Discussion of minority species 

The STXM data from this sample shows that there are two key elements of the Cu L3 absorption 

spectrum which are observed to change across the sample; the relative intensity of the pre-edge peak 

at 932.3 eV, and the energy of the CuII peak. 

 

The presence of the pre-edge peak in chalcocite at 932.3 eV has been observed and noted in previous 

presentations of chalcocite Cu L3 absorption spectra in literature, but the origin of this feature is not 

fully understood [24, 26, 27, 37]. van der Laan, Pattrick, Charnock and Grguric [35] observed the 

spectra of nonstoichiometric Cu5FeS4 samples to have a strong peak at 932.6 eV, followed by a broad 

absorption in the region 933 – 940 eV, which qualitatively has a similar shape to that observed in 

Figure 9.15. The relative intensity of this peak was seen to increase with a decrease in electron density, 

as the pre-edge peak is attributed to the transition from the d10Ls ground state with a hole in the ligand 

valence band to the 2pd10Ls2 final state, whereas the main absorption structure is attributed to the 

transition from the d10 ground state to the 2pd10s final state [35].  

 

The Cu L edge spectrum for digenite (Cu9S5) shown by van der Laan, Pattrick, Henderson and 

Vaughan [27] has a similar shape to the Cu2S spectrum, but with an increased pre-edge peak. Arce 

and González [38] showed that the electrochemical oxidation of chalcocite produces djurleite 

(Cu1.96S), and further oxidation proceeds to form digenite (Cu1.6S). As the chalcocite sample is 

progressively oxidised, Cu ions and electrons are progressively lost until covellite (CuS) is formed 

[38]. It is proposed, based on the spectra seen in literature [35, 39], and their similarity to the oxidation 

products observed in the current sample, that the increasing relative intensity of the pre-edge peak is 

related to the oxidation of chalcocite due to its exposure to acidic solution, resulting in Cu ions and 
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electrons leaching from the sample and producing CuxS structures with increasing vacancies in the 

remaining Cu d band. 

 

The energy shift observed in the CuII peak, while it is only 0.2 eV, is a notable difference in the 

spectra gained from the stack. The lower energy CuII peak at 931.2 eV is associated with the Cu-

mixed signal, while the pure CuII signal is observed at a higher energy of 931.4 eV. This observation 

rejects the possibility that the observed shift may be attributed to a superposition of the CuI pre-edge 

feature with the CuII peak, and reinforces the assertion that these peaks, which are separated by only 

0.2 eV, are due to distinct species. Due to the similarity of the pure CuII spectrum with the spectrum 

of tenorite (CuO), it is proposed that the higher energy peak at 931.4 eV is due to a Cu-O species, 

although it does not necessarily have the same structure as tenorite. Concurrently, it is proposed that 

the lower energy feature at 931.2 eV, which is always associated with CuI features, is due to a divalent 

Cu-S component, which likely arises due to more extensive oxidation of the chalcocite sample. 

 

While more experiments would be required to support these propositions, it is important to consider 

that these observations are not possible without the combination of spatial and spectral resolution. 

The energy difference observed between the two CuII peaks is only 0.2 eV, which is close to the 

spectral resolution of the technique, and without such resolution, these peaks would not be 

distinguishable. Similarly, if the spectra obtained were averaged over larger spot sizes, the distinct 

CuII peaks, and the change in relative height of the pre-edge peak, would not be observable, as these 

features are seen to be isolated to regions of less than 1 µm in size. 

 

9.5 In situ capabilities 

This section of the thesis presents an example of how the sample holder design for STXM can be 

modified to allow for analysis of electrochemical processes. This technique has previously been used 

to observe and analyse the deposition and stripping of copper onto the gold electrode under different 

electrochemical conditions [40]. This technique has also more recently been developed to include in 

situ studies of both static and continuous flow electrochemical cells, showing the cyclic 

electrodeposition and electrostripping of copper in a similar system [41]. Electrochemistry is a 

common tool used for sulfide mineral flotation, as the surface species present on minerals may be 

controlled by electrochemistry methods [38]. Therefore, STXM has great potential to offer insight 

into the surface changes affected by changes to electrochemical conditions, and how these changes 

are affecting the flotation response of mineral phases. The aim of this section is to show the capability 

of this technique to analyse mineral samples under simple electrochemical conditions, thereby 

encouraging future studies to embrace this technique. 
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The following analysis was performed at the SM beamline at the CLS. The sample shown in this 

section was prepared in a dilute (10-4 M) xanthate solution at pH 4.The chalcocite particle chosen for 

analysis was located above the counter electrode, as shown in Figure 9.16a and has an approximate 

size of 4 µm diameter. The two distinct spectra collected from within the stack are shown in Figure 

9.16b, and show a typical CuI signal from chalcocite, and a small but distinct CuII signal, in addition 

to a saturated chalcocite signal. These three spectra have been mapped to the stack, as for previous 

samples, and the overlaid mapped images shown in Figure 9.16c. The centre of the larger particle 

shows the saturated signal, while the outside edges of this particle, and the other particles show the 

clear chalcocite signal. Only small regions of CuII signal can be seen within the solution near the 

edges of the particles. 

 

   

Figure 9.16: (a) WE = working electrode, RE = reference electrode, CE = counter electrode, (b) internal 

signals collected from the stack, (c) RBG overlay of mapped internal signals. 

 

A voltage of -400 mV was passed through the sample, and a subsequent stack of the same region was 

collected. Three distinct spectra were observed within the stack, shown in Figure 9.17a, and represent 

a chalcocite signal, CuII, and a spectrum which shows three broad peaks, characteristic of Cu0 [26]. 

When these spectra are mapped to the stack, the CuI signal is seen to dominate over the field of view, 

whereas the CuI signal appears in isolated regions, mostly at the bottom right of the field of view, and 

only a few small localised regions of CuII can be detected, seen in Figure 9.17c. This shows that by 

passing -400 mV through the sample, the chalcocite particle is mostly reduced to elemental copper.  

 

RE WE 

CE 

20 µm 
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Figure 9.17: (a) three spectra collected from the stack representing CuII, CuI chalcocite, and Cu0, (b) mapped 

regions of (i) CuI, (ii) CuII, and (iii) Cu0, (c) RGB overlay of three mapped signals. 

 

9.5.1 Quantification of mapped species 

The intensity of the spectra mapped to each stack up to this point have been plotted on an arbitrary 

scale, and while the intensity of the mapped regions broadly represents the concentration or thickness 

of that species, the results have not been discussed quantitatively. Additionally, the scale on the 

coloured overlay images have automatically altered to achieve the best contrast and any quantitative 

information that may have been present in the mapped images is lost. This is a necessary outcome 

when mapping spectra which have not been normalised in some meaningful way, as the coefficient 

of that spectrum mapped to a particular point depends not only on the thickness of the species at that 

point, but also on the thickness of the species at the point from which the reference spectrum was 

collected. Fortunately, it is possible to normalise spectra in a meaningful way and subsequently 

achieve a quantitative mapping of species to a sample. Examples of this is seen in the literature, where 

carbon reference spectra are mapped to samples to quantify the carbon components of microbial 

biofilms [11], organic components of soil [7], or DNA, RNA and proteins in cells [10]. Metal L edge 

reference spectra have also been used to quantify metal species (namely, Fe, Ni and Mn) in biofilms 

[14], and to map ratios of ferrous and ferric components in silicates [17]. 

 

In principle, quantitative mapping should be possible for all elements which have core levels which 

lie within the photon energy range of the instrument. Reference spectra, ideally collected from well 

characterised reference materials, are normalised to X-ray absorption spectra, which are calculated 

using Eq. (14) to find the photon energy dependent absorption coefficient, calculated with the volume 

density of the reference material (𝑛𝑣) and the absorption cross section (𝜎𝑥(ℎ𝜈), [42]), based on the 

chemical formula of the reference material. 

 

(a) 

(ii) 

(iii) 

(c) 

2 μm 
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 𝜇𝑥(ℎ𝜈) = 𝑛𝑣𝜎𝑥(ℎ𝜈) Eq. (14) 

 

These are then “OD1” spectra, since their pre- and post-edge intensity matches that for 1 nm of the 

reference material and can therefore be used to quantify the thickness of each material in the sample 

being analysed, by fitting a linear combination of selected OD1 reference spectra to the spectral 

intensity at each point. Since the second stack of the previous sample, after -400 mV had been applied, 

showed no signs of saturation effects, it is a good opportunity to show the possibility of quantitative 

mapping. Previous samples in this chapter are not worth attempting quantitative mapping, since the 

saturation causes a non-linear response. 

 

The CuII signal appears similar to the spectrum for tenorite (CuIIO) [25, 28, 37], thus the CuII spectrum 

is normalised to the OD1 intensity calculated for tenorite, with a density of 6.5 g/cm3. The CuI 

chalcocite X-ray absorption coefficient was calculated using a density of 5.65 g/cm3, and the Cu0 

signal was normalised to the X-ray absorption coefficient for copper metal, with a density of 8.92 

g/cm3. 

 

 

Figure 9.18: (a) calculated X-ray parameters for Cu metal, CuO, and Cu2S, with the volume densities 

assumed for each material. (b) OD1 spectra normalised to the calculated intensity for 1 nm material. 

 

When the spectra shown in Figure 9.18b are mapped to the stack, the intensity of each signal fitted to 

each pixel is representative of the thickness of that material present in each region. The results of 

mapping the quantitative OD1 spectra are visually similar to the results shown in Figure 9.17, as is 

expected. However, the scale on the individual mapped images is not representative of the thickness 

of each material. The RGB image of the quantitative mapped regions is shown in Figure 9.19, with 

approximate averaged values of certain areas, marked on the image. The Cu2S particle at the bottom 

of the field of view (green) has an average thickness of 230 nm. The CuII signal in the middle of the 

(a) (b) 



Chapter 9: STXM – A new method of minerals analysis 

211 

image (red), assuming it is tenorite (CuO), or is a similar material with a similar volume density, has 

an average thickness of 1 nm, with an uppermost thickness of approximately 1.5 nm. The thickness 

of the extensive Cu metal signal across the field of view varies from less than 20 nm to above 100 

nm, and the averaged intensity of selected regions are indicated on the image, where the region shown 

on the left of the image has an average thickness of approximately 40 nm, and the region indicated 

on the right of the image with an average thickness of 60 nm. However, it can be seen from the 

variation in intensity of the Cu metal signal within these regions, there is significant variation in 

intensity within these regions. 

 

 

Figure 9.19: RGB overlayed image of quantitative mapped CuO, Cu2S, and Cu metal species, showing 

approximate thicknesses of the areas indicated.  

 

9.6 Conclusion 

This chapter has shown the potential for using STXM for sulfide minerals research. The advantages 

of this technique are that samples can be analysed in more natural environments than high vacuum, 

such as in atmosphere, or atmospheric pressure helium, or in hydrated environments. This chapter 

investigated the difference between dry samples and hydrated samples, and showed that analysing 

samples in a hydrated environment was paramount for identifying the relationship between species 

in solution. It was shown that for a sample of chalcocite prepared in xanthate solution, that the CuII 

species spatially coincided with the carbon signal in solution. In a dry sample, the CuII signal is 

detectable, but it is difficult to determine the origin of the CuII signal with any certainty. The benefit 

of analysing hydrated samples is that species in nearby solution can be included in the analysis, and 

a deeper understanding of the sample in solution can be gained. 

2 µm 
230 nm 

1 nm 

60 nm 
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Section 9.4 showed that by combining spectral and spatial resolution, two distinct CuII species could 

be identified, which differed in energy by 0.2 eV The lower energy CuII species at 931.2 eV was 

attributed to a divalent Cu-S species, which were associated with monovalent Cu-S species. The 

higher energy CuII peak at 931.4 eV was attributed to a Cu-O species and is spatially and spectrally 

distinct from the divalent Cu-S species. Additionally, the relative height of the pre-edge peak to the 

monovalent Cu spectrum was seen to vary among the sample. This pre-edge peak was proposed to be 

associated with the oxidation of chalcocite and the subsequent increasing electron vacancies in the 

Cu 3d valence band. The subtle differences in the Cu L3 edge spectrum would not have been 

distinguishable without the combination of spectral and spatial sensitivity provided by STXM. 

 

Finally, the possibility of in-situ electrochemistry was exampled for chalcocite in solution. A 

modified sample holder was used with printed gold electrodes, which were connected to an external 

control. The sample was analysed before and after passing -400 mV through the sample. Prior to the 

current passing through, the sample was a typical chalcocite particle in solution. After the current, the 

sample showed three phases; a chalcocite phase, a small component attributable to divalent copper, 

and the majority of the sample dominated by elemental copper. This showed that under the acidic 

conditions and with a current of -400 mV, the chalcocite particle was mostly reduced to elemental 

copper. An example was made of this sample, to show the capabilities of STXM for a quantitative 

analysis of a sample. It was shown using a quantitative analysis that the remaining chalcocite particle 

was approximately 230 nm thick, the divalent copper species was estimated to be approximately 1 

nm thick, while the thickness of the elemental copper varied around tens of nanometers in thickness. 

This shows the possibility for a semi-quantitative analysis of electrochemical oxidation products, 

showing not only the distribution of species, but regions of relative thickness across a sample. 

 

While there are still some apparent challenges with using STXM to analyse sulfide minerals, namely 

the saturation of the signal which arises from overly thick particles, this chapter has shown that there 

are methods of analysis which can ameliorate these effects. The resulting analysis has great potential 

to provide a modern understanding of sulfide mineral systems in many fields of research. 
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10 CONCLUSION 

The original contribution to knowledge presented in this thesis is the accurate interpretation of 

pyrrhotite and pentlandite photoemission spectra which was resolved by identifying and separating 

bulk and surface contributions to spectra. An understanding of the final state effects contributing to 

the observed bulk line shapes was achieved by studying the electronic structure of these minerals 

using photoemission spectra of the valence band region of these minerals. This contribution has 

allowed for the identification and quantification of minority species on chemically altered surfaces of 

pyrrhotite and pentlandite, providing further insight into the surface species and near surface 

structures which form under environmental conditions. The new interpretations of photoemission 

spectra for these transition metal sulfides have implications for research fields which are concerned 

with characterisation of chemical species on sulfide minerals. Methods for identifying minority 

species was extended by the novel use of scanning transmission X-ray microscopy (STXM) for 

minerals analysis. STXM was shown not only to be applicable to mineral systems, but also was able 

to identify minority species through spatial resolution and provide valuable analysis of in situ 

development of chemical species under environmental conditions. 

 

Pristine fracture surfaces of pyrrhotite and pentlandite were analysed to identify the surface species 

which form natively on fracture surfaces of these minerals in the absence of external oxidants. 

Varying the incident photon energy used to collect photoemission spectra allowed the surface features 

contributing to each spectrum to be distinguished from bulk features. In this way, the surface species 

which form on fracture surfaces were identified. The sulfur sites on the pyrrhotite surface were seen 

to reconstruct and form surface disulfide and polysulfide features, in addition to an undercoordinated 

surface monosulfide species. Using the same technique, pentlandite was shown to have two distinct 

undercoordinated surface monosulfide species form on its fracture surface, with very little to no 

disulfide or polysulfide species, depending on the individual sample. This showed that the pentlandite 

fracture surface undergoes relaxation rather than reconstruction to lower its surface energy. The 4-

coordinate and 5-coordinate bulk sulfur species were observed to lose at least one bonding partner 

during fracture, resulting in 3-coordinate and 4-coordinate sulfur at the surface. The binding energy 

of the 4-coordinate surface monosulfide was observed to overlap with the 4-coordinate bulk 

monosulfide. This assignment of states to the photoelectron spectrum for pentlandite resolves the 

debate regarding the interpretation of the S 2p spectrum and clarifies the features which are expected 

on pristine pentlandite surfaces. This research has highlighted the 4-coordinate violarite-like feature 

which is observed in prior research as an oxidation species on the pentlandite fracture surface and 

distinguishes it from the naturally occurring 4-coordinate surface monosulfide. The ability to 
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accurately fit these species in the S 2p spectrum and distinguish the naturally occurring surface 

features from surface oxidation products is significant for research concerning the application of 

pentlandite as a catalyst as it elucidates the correct interpretation of photoemission spectra and will 

aid in accurate characterisation of pentlandite surfaces using photoelectron spectroscopy.  

 

By observing spectra with varied surface sensitivities, the core level 2p spectra of both pyrrhotite and 

pentlandite were distinguished from surface states and showed notable asymmetry in the bulk line 

shapes for both minerals. The asymmetry of the transition metal 2p lines has long been understood to 

be due to multiplet splitting of the spectral line, but the origin of the asymmetry in the S 2p line shape 

has not been well understood. A significant contribution to knowledge presented in this thesis is the 

identification of the bulk sulfide line shape, which has only been possible with the use of high 

resolution photoemission spectroscopy with variable photon energies. This has enabled an empirical 

line shape to be carefully defined for each mineral. This method has been crucial for identifying and 

quantifying features on the surfaces of these minerals which arise due to oxidation, as the asymmetry 

of the bulk peak overlaps with the binding energies of disulfide, polysulfide, and elemental sulfur 

species. Consequently, this thesis has highlighted the importance of using caution when fitting core 

level spectra and discusses the consequence of using pre-defined arbitrary peak shapes. Pre-defined 

peak shapes such as the Doniach-Sunjic line shape present a potential danger to the unwary 

spectroscopist, as they may give an illusion of being descriptive of the processes causing that line 

shape. In most scenarios, these line shapes are arbitrary, therefore their ability to fit an experimental 

line shape is often either fortuitous or by design but is not descriptive. The work presented in this 

thesis shows that carefully fitting the bulk line shape with an empirical set of symmetric peaks is less 

restrictive than pre-defined line shapes and can be a powerful tool for analysing less chemically 

altered surfaces. 

 

While the empirical peaks were not considered descriptive, the asymmetry of the bulk sulfide line 

shapes were justified using valence band photoemission spectroscopy to study the electronic structure 

of these minerals. Resonant photoemission spectroscopy identified the spectral features of the valence 

band region which originate from cation sites in the lattice of each mineral. In both pyrrhotite and 

pentlandite, a close association between the sulfur and iron states was observed at 4.7 eV for 

pyrrhotite, and 4.4 eV for pentlandite. These results indicate S 2p → Fe 3d ligand-to-metal charge 

transfer final states for both minerals. These final state effects are proposed to be the origin of the 

broad asymmetric line shapes observed for pyrrhotite and pentlandite bulk S 2p core level spectra. 

This explanation differs from that of previous studies which have assigned the origin of the 
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asymmetry to metallic properties of the minerals, which were previously assumed due to the small 

radial distance between neighbouring cations in the lattice. 

 

Photoemission spectroscopy of the valence band region of pentlandite in particular identified the 

features in the valence band spectrum which originate from Fe and Ni cations, which was enhanced 

by analysing samples of varying cation ratios. Resonant photoemission studies revealed the upper 

valence band to be dominated by Ni 3d states, whereas the lower valence band had stronger Fe 3d 

character, rather than Ni 3d states. Observations of the valence band region of pentlandites with 

differing stoichiometries was critical for assigning the origin of valence states to each cation. Low 

photon energies were used to exploit the difference in photoionization cross sections between the 

cation and the sulfur states. This revealed polymerised sulfur states in the 3 – 6 eV region of the 

valence band, and sulfate states in a slightly oxidised sample at 3 eV and 10 eV. These observations 

are significant, as valence band spectra have been difficult to calculate due to the presence of Fe and 

Ni atoms in both tetrahedral and octahedral cation sites, the overlapping states from the cations, and 

their covalency with the S atoms. These complications cause the electronic structure to be difficult to 

model accurately using common calculation techniques. The availability of high resolution valence 

band spectra and the interpretation of the origin of individual features in these spectra will inform 

future calculations of the electronic structure of pentlandite and provide an experimental basis on 

which to refine the models. 

 

Careful analysis and description of pristine surfaces of pyrrhotite and pentlandite allowed for a 

detailed investigation into the oxidised surfaces of these minerals. Having well defined core level 

spectra such as those found in the pristine fracture surface chapters, was essential for tracking the 

oxidation products present on pyrrhotite and pentlandite surfaces after oxidation in air due to 

polishing, exposure to acid, and in the case of pentlandite, after exposure to a low dose of H2O vapour. 

The comparison between the spectra from pristine surfaces and those of oxidised surfaces revealed 

an extensive overlayer of FeOOH species on both pyrrhotite and pentlandite which had been oxidised 

in air by polishing. The sulfur spectra revealed elemental sulfur in the near surface layers of both 

minerals, which was asserted to be trapped by a combination of amorphous sulfur-rich structure, and 

an overlayer of FeOOH species. The samples exposed to acidic solution had much less contribution 

from FeOOH species, and the elemental sulfur component in pyrrhotite had been removed by reaction 

of the surface with H2SO4, but a small contribution in the pentlandite sample remained. Previous 

studies had indicated that the disappearance of elemental sulfur in the pyrrhotite sample exposed to 

acidic solution is due to the near-surface forming a more crystalline structure, as opposed to the 

amorphous structure of the air oxidised pyrrhotite. Due to analysis of photoemission electron 
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microscopy (PEEM) images and Fe 2p spectra, this current work proposes that exposure to acidic 

solution removes much of the extensive FeOOH layer which forms during polishing, while only 

isolated patches of this oxidised overlayer remain, resulting in the liberation of the volatile elemental 

sulfur species. In contrast, the pentlandite sample exposed to acidic solution still showed some 

contribution from elemental sulfur which was proposed to be trapped by the extensive polysulfide 

created by the migration of Fe species to the upper surface layer, causing a metal deficient near surface 

layer.  

 

The observation of oxidised pentlandite surfaces reinforced the preferential oxidation of Fe species 

over Ni species, as this was mirrored in all oxidised pentlandite samples. By comparing the initial 

oxidation by water vapour with the extensive oxidation by polishing and exposure to acidic solution, 

it was concluded that the propensity for Fe states to oxidise over Ni states is likely due to the increased 

mobility of Fe ions through the lattice, which is enhanced by the restructuring of the near surface 

layers. Consequently, for the sample which was oxidised only by water vapour, relatively little 

reconstruction of the surface occurred, therefore the Ni ions experienced a similar level of oxidation 

as the Fe ions due to their inability to migrate away from the surface with such little surface 

reconstruction under those conditions. 

 

A key understanding developed by the analysis of oxidised mineral surfaces in this thesis is the extent 

to which a surface restructures due to different preparation techniques. The samples which differed 

the most from the pristine fracture surfaces were the polished mineral samples, whereas the samples 

subsequently exposed to acidic solution had a remarkably similar surface structure to the pristine 

surfaces. This highlights the importance of understanding how sample preparation methods affect the 

surfaces of the mineral and that it is the activity of these altered surfaces which must be considered 

when designing catalysts from these minerals. This idea, and the understanding of the surface changes 

which occur due to oxidation, is increasingly significant as there is a building interest in uses of 

naturally occurring small band gap semiconductors such as sulfide minerals for catalysts. 

 

The final chapter of this thesis presented a significant contribution to the application of a new 

microspectroscopy technique for sulfide minerals research. Scanning transmission X-ray microscopy 

was shown to be a viable and powerful tool for minerals research, despite the challenge of sample 

thickness which was encountered. The analysis of these thicker samples using a saturated signal 

presented a method to avoid regions which are too thick and proceed with a meaningful analysis of 

the samples. STXM analysis of the copper sulfide chalcocite showed that the combination of spatial 

and spectral resolution in this spectromicroscopy technique can reveal critical information about the 



Chapter 10: Conclusion 

220 

origin of features in the spectra. It can detect and distinguish minority species which are otherwise 

overshadowed by majority species in spectra averaged over large areas. This chapter also highlighted 

the importance of being able to analyse samples in different environments, such as hydrated samples 

in solution, rather than changing the environmental conditions to analyse in ultra-high vacuum, as is 

necessary for techniques such as X-ray photoelectron and absorption spectroscopies. The ability to 

analyse hydrated samples opens up the possibilities for this technique to be extended to more diverse 

analysis. An example of this was shown for a chalcocite particle in an electrochemical cell, where the 

particle was observed to be reduced to elemental copper as a result of a voltage passed through the 

cell. The samples shown in this final chapter are significant for mineral research and froth flotation 

in particular, where the spatial distribution of chemical species across a particle, and the interaction 

of the mineral’s surface with its surrounding environment is critical for the efficient separation of that 

mineral.  

 

10.1 Future work 

There is increasing access to photoemission techniques and higher resolution instruments; this is 

reflected in the continual use of photoemission spectroscopy for analysis of sulfide structures applied 

as catalysts for hydrogen and oxygen evolution reactions in particular. It is important to dedicate 

research towards interpreting spectra and developing simple methods of analysis for sulfide 

structures. It is unreasonable for research which is focussed on applications to do the heavy lifting in 

spectral interpretation, consequently dedicated interpretation studies such as these presented in the 

current work are critical for accurate spectral interpretation and subsequent detection of reacted 

surface species. Further work is required to understand the effect of cation occupancy on the surface 

electronic structure of pentlandite.  

 

The surface structure and reactivity of cobalt pentlandite (Co9S8) in particular should be of interest 

due to the invariability of its stoichiometry. Questions arising from this current work involve how the 

surface structure and reactivity of pentlandite is affected and importantly, how the interpretation of 

cation and S 2p spectra should change due to differences in cation occupancy. Is a Co9S8 structure 

more or less stable without the preferential oxidation of Fe species observed for (Fe,Ni)9S8? Future 

work should focus on characterising fracture surfaces and oxidised surfaces of synthetic samples of 

Co9S8 and (Fe,Ni,Co)9S8 with varied ratios of Fe, Ni, and Co. Comparisons of the core level bulk line 

shapes may uncover some differences in final state effects caused by changing the ratios of cations 

in the lattice. This is an important question particularly for Co9S8, since a charge transfer final state 

was detected for the Fe sites, but not the Ni sites; it is unknown what final state effects contribute to 

the spectra for cobalt pentlandite. While some studies have observed high resolution core level spectra 
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for Co9S8, there are none which are focussed on careful interpretation of these spectra. Comparing 

the photoemission spectra of the valence band region for a series of pentlandite structures would 

reveal changes to the band structure caused by altered stoichiometry in the pentlandite structure and 

would aid in the accurate interpretation of core level spectra. 

 

The future work arising from the analysis of sulfide minerals using STXM is far-reaching and only 

limited by the interpretation of spectra which is guided by the understanding of the electronic structure 

of the sample. This technique will enhance current minerals research by enabling analysis within 

environmental conditions. STXM provides a tool for investigating the interaction of sulfide minerals 

with the reagents used for separation of mineral phases by froth flotation. Such research would assist 

in the design of flotation reagents for efficient mineral separation and metal extraction. This technique 

could also have significant impacts on the understanding of the degradation of sulfide catalysts during 

the hydrogen or oxygen evolution reactions. This is the advantage of modified sample holders such 

as the electrochemical cell presented in this work. This opens up the opportunities to analyse samples 

in more natural conditions and observe the chemical changes in situ. 

 


