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a b s t r a c t 

Through X-ray photoemission spectroscopy (XPS), we studied the chemical changes induced in a natural crystal 

of pyrite (FeS 2 ) upon exposure to 4.5 keV He + beam. We found an important reducing effect induced by ion 

bombardment leading to the production of iron embedded in the pyrite matrix. Through a combination of the 

usual Doniach–Sunjic treatment and Factor Analysis of XPS yields, we were able of analyzing the full Fe 2p XPS 

signal. We could in this way distinguish Fe compounds with the same binding energy for the Fe 2p 3/2 yield. 

Our results show that He + bombardment disrupts the ionic environment producing S 2 
− 2 and S 0 , Fe 2 + and 

Fe 3 + ions, and the reduction to metallic iron. The remaining pyrite matrix does not passivate the embedded iron 

structures, which are readily oxidized under air exposure. The oxide formed resembled that of magnetite from 

the XPS point of view. Further He + bombardment proved to be efficient to reduce the iron oxide back to iron 

again. 

© 2017 Elsevier B.V. All rights reserved. 
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. Introduction 

The impact of energetic ions on the surfaces of airless bodies im-

ersed in the outer space (SW: solar wind) is the responsible for the

nal aspect of their surfaces. While isolated impacts are able of pro-

ucing the breaking of chemical bonds, leading to the creation of new

olecules, the final elemental composition of the surface is determined

y the SW sustained bombardment giving place to surface sputtering

nd implantation [1,2] . Chemical and physical processes that reduce

ulfur minerals can lead to amazing consequences and some of them

ave been even related to the origin of life [3] . These alterations have

een determined either by optical measurements made at distance [4] or

y direct inspection of the outer samples. Within this last group we can

nd, for instance, the lunar soil brought to our planet, [5,6] and the

mpact of pyrite containing asteroids [7] . The other remaining possibil-

ty of gaining information about the solar wind effects rests on space

ondition simulations in the laboratory. Since outer space vacuum con-

itions, as well as solar wind ones, are easily obtained nowadays in

ny surface laboratory, these kinds of experiments can be routinely per-

ormed. Thus, several irradiation experiments on minerals surfaces have

een published showing, for instance, the reduction of Fe 2 + to metallic

ron by energetic H 

+ and He + bombardment [6,8] . 

The alteration of matter by ion bombardment is, on the other hand, a

ranch of material science currently of enormous interest, with the most

ecent applications involving nanomaterials development and graphene

roduction [9] . In a recent work [10,11] we studied the diffusion mech-
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nisms governing the CuN nanostructures formation in Cu(100) under

eV N 

+ ion bombardment [12,13] . The ion induced reduction of pyrite

s then of interest from condensed matter physics and an astrophysi-

al points of view. So far, with the same experimental setup, involving

on implantation and sputtering under solar wind and airless surface

nvironment, we can gain knowledge about the mechanisms of nanos-

ructure formation under ion bombardment, and the microscopic mech-

nisms of metal reduction and surface segregation determining the final

spects of astrophysical bodies. 

The first step to achieve our goals is the selection of an adequate

ubstrate. In this sense, we chose pyrite (FeS 2 ) for several reasons: i)

t is a naturally inexpensive abundant mineral; ii) it is diamagnetic and

emiconductor in its native form; iii) an industrial commodity in the pro-

uction of iron and sulfuric acid; iv) it is matter of study in basic science

n a broad spectrum of topics, ranging from primordial biochemistry

3,14,15] to nanometric semiconductors development; [16] v) from the

strophysical point of view, the presence of pyrite in meteorites has been

raced back to the planet mars; it has been even linked to the possible

xistence of water and volcanic activity in the earlier stages of mars for-

ation and to the controversial discovery of fossilized microorganisms

n the famous asteroid ALH84001 [7] . 

Pyrite is sensitive to low energy electron irradiation [17] and it is

nown that ion bombardment produces preferential sputtering leading

o S vacancies [18,19] . Additionally, early in the 70s the chemical ef-

ect of Ar + irradiation on many iron-sulfur compounds was assessed us-

ng X-ray photoemission spectroscopy (XPS) [20] . The “old ” problem of

https://doi.org/10.1016/j.susc.2017.10.009
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Table 1 

Parameters obtained from the DS fitting for the experimental XPS data and the FA obtained basis. 

Samp. S 2p Fe 2p 3/2 

Comp. Gauss.width [eV] Lorenz. width [eV] BE [eV] Comp. Gauss. width [eV] Lorenz. width [eV] Asym. BE [eV] 

Fe0 1.26 0.48 706.96 

FeS 2 (DS) S1 (S 2 
2 − 

bulk ) 0.99 0.15 162.53 F1 (Fe 2 + bulk ) 0.82 0.2 0 707.09 

S2 (S 2 
2 − 

detached. ) 1.65 161.95 F2 (Fe 0 ) 1.26 0.48 706.98 

S3 (S 2 − surf. ) 1.25 160.96 F3 (Fe 2 + /3 + 
surf. ) 3.17 0 709.57 

FeS 2 (FA) A1 (S 2 
2 − 

bulk ) 1.18 0.15 162.5 

A2 (S 2 
2 − 

detached ) 1.75 161.88 

A3 (S 2 − surf. ) 1.65 161.30 
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etermining the effect of the interaction of the pyrite with low energy

ons is still a topic of interest in the pyrite research community, given

hat ion irradiation is a common procedure for obtaining atomically and

lean ordered samples [21] . 

In this work, we studied the chemical changes induced in a natural

rystal of pyrite (FeS 2 ) upon exposure to 4.5 keV He + beam. XPS results

nto a very convenient technique to study this system, due to its chemical

ensitivity and since no X-ray beam damage has been observed during

he measurement process. Through a combination of the usual Doniach–

unjic treatment of XPS yields and Factor Analysis, we were able of

nalyzing the full Fe 2p XPS signal. We propose a coherent model to

xplain of ongoing surface reactions during the interactions of the He

ons with the pyrite surface. 

. Experimental 

.1. Samples 

A pyrite sample of 1 × 1 × 0.1 cm was produced by cutting a thin

lice out of a natural cube of the mineral provided by Stanford Minerals

ined in Rioja Spain. The fragment was chosen to be flat, shiny and

niform. The usual surface cleaning procedure of rinsing the sample in

sopropanol was performed. Any surface cleaning procedure based on

on bombardment and surface annealing was avoided, since we are just

nterested in the ion induced reduction of the sample. 

Magnetite nanoparticles were produced via the well know method of

eduction of iron(III) acetylacetonate with borohydride [22] by the team

ENTON in INGAR and kept immersed in isopropanol to prevent air ox-

dation. Maghemite formation upon air exposure produces the loss of

heir magnetic characteristics. On the other hand, aggregated macropar-

icles in solution exhibited a very clear response under a magnetic field.

.2. X-ray photoemission spectroscopy 

XPS measurements were surveyed in a commercial XPS spectrometer

G inside an ultra-high vacuum (UHV) chamber with a base pressure of

 × 10 − 9 mbar. The spectra were recorded with a hemispherical elec-

rostatic energy analyzer (r = 10 cm) and Al K Alpha X-ray radiation

1486.6 eV). A beam of 4.5 keV He + ions was used, impinging in an an-

le of 60° referred to the normal surface. The impacted area on the sam-

le was approximately 1 cm 

2 affecting the whole sample. The ion beam

urrent density was probed with a Faraday cup and was kept constant

long the experiment at 5.5 μA/cm 

2 . The accumulated ion dose at the

nd of the experiment (64 min) was 1.3 × 10 17 ions/cm 

2 . Slight charging

f the surface was observed, shifting the peaks without affecting their

ineshapes. The charge condition was monitored and later corrected, as

sual, by determining the position C 1s peak in every spectrum. 

As the goal of this work is the study of the ion induced reduction

f pyrite, we checked in first place if the sample undergoes any degra-

ation process under X-ray bombardment. In doing that, we took con-

inuous XPS spectra along 8 h, where we did not notice any lineshape

hanges either in Fe or in S yield, confirming in this way that photon

eam damage can be neglected. 
139 
.3. Doniach–Sunjic algorithm 

To analyze the chemical change in the pyrite surface, in first place

e used the standard fitting technique for XPS spectra; a Doniach–Sunjic

DS) algorithm, [23] preconditioned (as usual) with a fixed Lorentzian

idth of 0.20 and 0.15 eV for Fe and S lineshape respectively and a

hirley-like background subtraction. For further details on the imple-

entation of the algorithms refer to the SI. 

.4. Fe 2p 3/2 

The lineshape of the Fe 2p 3/2 photoemission signal presents chal-

enges for its analysis due to its complexity arising from peak asymme-

ries, complex multiplet splitting, shake-up and plasmon loss structures

24] . This is particularly true in the case of metallic iron; as it is widely

ocumented the lineshape of this line is dominated by multiplet splitting

enerated during the photoemission process given the resulting photo-

on has several possible final state configurations (hence many energies).

he resulting spectrum is an asymmetric wedge-like line. On the other

and, for iron compounds, such as pyrite, where the iron is in 2 + oxi-

ation state the lineshape of this signal is very different. For pyrite the

ignal is dominated by a symmetric peak with (Fe 2 + low-spin in the

ulk) and a satellite corresponding to Fe 2 + /3 + multiplets in the surface

25] . 

We performed the fitting of an atomically clean surface of metal-

ic Fe (99.9%) to obtain the lineshape of this compound. The obtained

arameters are shown in Table 1 . In the fitting of the pyrite data set

e included the metallic Fe component (F2) obtained above and we let

ree the intensity and position to minimize the 𝜒 square but remaining

he shape defining parameters fixed i.e. Gaussian width and asymmetry.

n a similar fashion we obtained the Gaussian width for the symmetric

omponent corresponding to unaltered pyrite (F1 in Fig. 1 (a)) and used

his value to fit the rest of the set. The less intense components were ac-

ounted with a single symmetric lineshape with non-restricted Gaussian

idth, position or intensity. 

.5. S 2p doublet 

We fitted the set of spectra in the S 2p region using a predefined line-

hape that takes into consideration the 1:2 ration in the intensities of S

p 1/2 to S 2p 3/2 and a fixed (1.18 eV) spin orbit splitting (SOS) for the

ymmetric doublet components. From the unaltered pyrite we obtained

he Gaussian width of the main doublet S1, in the same way, this param-

ter and the relative binding energy (respect to the S1 component) of

he additional doublets (S2 and S3) were obtained using the spectrum in

hich they were maximum ( Fig. 1 (c) right panel). Those values where

ept fix in the fitting of the rest of the set. 

.6. Factor analysis 

To analyze the XPS spectra of the doublets S 2p and Fe 2p we applied

he FA method, which serves to identify the presence of different chem-

cal species. The first step in FA [26] is the determination of the min-

mum number of linearly independent factors required to describe the
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Fig. 1. Selected series of XPS Fe 2p 3/2 (left column) and S 2p (right column) spectra of a natural pyrite surface reflecting the effect of an increasing dose of He + 4.5 keV. The best DS fit 

of each spectrum is illustrated by the curve (full line) which intersects the data points (gray full dots). F1: Fe 2 + bulk peak, F2: metallic Fe peak, F3: Fe 2 + and Fe 3 + surface peak. S1: S 2 
2 − 

bulk peak, S2: S 2 
2 − surface peak and S3: S 2 − . The dotted line curve is the Shirley background. (For interpretation of the references to color in this figure legend, the reader is referred to 

the web version of this article.) 
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omplete series of spectra corresponding to the evolution under study.

n doing that, we compare the experimental error with the error per-

ormed in reproducing the experimental data with a minimum set of

actors. This procedure is performed as electron emission spectra are

dded sequentially, and each time this error surpasses the experimental

rror a new factor appears in the process. Once the number of indepen-

ent factors is known, the shape of the contribution coming from each

echanism (base) is determined through a least square fit procedure

alled Target Transformation (TT). For further details refer to the SI. 

. Results and discussion 

The work in ultra-high vacuum conditions in surface characteriza-

ion is closely associated to the atomically clean surface concept. In this

ay, the cleaning process is usually associated to ion sputtering and an-

ealing cycles. Within this context, the pyrite surface cleaning is based

n low energy He + or Ar + bombardment and rather low temperature

 ∼600 K) annealing cycles [21,27] . However, since we are just inter-

sted on the effect on the surface of the ion-substrate interaction, we are

ompelled to avoid any physical cleaning procedure. Thus, we limited

urselves to use only a soft chemical cleaning with ethanol to degrease

he surface. 
140 
The wide XPS scan, depicted in Fig. S1 in Supplementary Informa-

ion, reveals the presence of iron and sulfur, and rather high amounts of

 and O, as it is usual with materials coming from atmospheric pressure

nvironment. XPS studies of vacuum-fractured pyrite surfaces and those

eacted with atmospheric gases and aqueous solutions demonstrate that

or surfaces subjected to oxidation, the presence of the oxidizing agent

s not enough to alter the Fe 2p and S 2p photoemission lineshapes [28–

4] . These studies show that accumulation of oxygen containing species

t mineral surfaces does not necessarily indicate oxidation of Fe or S, or

ormation of Fe–O and S–O chemical species. 

In order to characterize in a correct way the initial sate of our pyrite

ample, we collected XPS Fe 2p and S 2p spectra before the He + bom-

ardment process ( Fig. 1 (a)). The Fe 2p 3/2 spectrum (left panel) dis-

lays a strong, near-symmetric peak centered at ∼707 eV, and a wedge-

haped tail extending to ∼711 eV. The Fe signal is remarkably similar to

he measurement performed in other laboratories for vacuum-fractured

yrite surfaces [30,35,25] . While the strong, near-symmetric peak at

707 eV represents the octahedral coordinated (O h symmetry) Fe 2 + con-

ribution from bulk sites of pyrite (F1 component), [28,30,34,35] the

igh binding energy tail of the spectrum is composed primarily of Fe 2 + 

nd Fe 3 + surface state contributions (F3 component) [25] . 

Since all valence electrons of Fe 2 + on bulk sites are paired (low-spin

onfiguration and diamagnetic behavior), a single singlet photo-peak
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5  
hould appear ( ∼707 eV). However, the broken symmetry of Fe 2 + lo-

ated at surfaces, edges and corners split the d orbital energies, allow-

ng a promotion of d xy electrons to the d z 
2 orbitals. This promotion turns

he Fe 2 + cations located at surfaces into paramagnetic (intermediate or

igh spin configuration), resulting in multiplet splitting of their asso-

iated photopeaks. [25] The Fe 3 + surface state is, on the other hand,

ecessarily paramagnetic and its photoemission peaks are in the same

ay multiply split. Although we can identify two components (F1 and

3 in Fig. 1 (a)), our energy resolution is not enough to discriminate all

ultiplets contained in the lower intensity component F3. As compli-

ated as the Fe 2p structure in the pyrite may be, there is no chance

o confuse any of these peaks with Fe oxide states. In fact, Fe–O surface

tates are centered close to 710–712 eV, [36] and clearly no such surface

tates are detected in any of our spectra, along all the bombarding pro-

ess. We can then conclude that Fe is un-oxidized in the starting pyrite

ample, and it is not oxidized in the UHV chamber during all the exper-

ment, neither by the residual oxygen, nor by the possible existence of

nock on implanted oxygen. 

The S 2p spectrum shown in the right panel of Fig. 1 (a) was collected

imultaneously with the Fe 2p one. The spectrum shows two distinct

oublet contributions. The most intense one ( ∼162.5 eV) represents the

ontribution of S atoms of S–S dimmers (disulfide S 2 
2 − ) residing on bulk

ites of pyrite (S1 component). [35,37] In pyrite structure, each S atom

s tetrahedrally coordinated, bonded to another S atom and three Fe 2 + 

o produce S–S dimers. The effect of the surface, edges and corners is

eflected in the sulfur case by the appearance of a shifted peak located

t ∼161.8 eV (S2 component). [25] The S spectrum in vacuum-cleaved

yrite surfaces shows also a third component, associated to the mono-

ulfide specie (S 2 − ). [25,30,35] In the cleaved surfaces, this species is

enerated by the fracture of the S-S bond in the disulfide anion, and

o it is reasonably absent in our natural pyrite surface. However, it in-

eed appears once the bombarded is initiated (S3 along right column in

ig. 1 ). On the other hand, there is no traces of S–O compounds (165–

68 eV region) [33] hence there is neither sulfur oxidation on the start-

ng pyrite surface, nor along the bombarding process, coherently with

he iron results. 

In Fig. 1 we display a selected set of XPS Fe 2p 3/2 (left column) and

 2p (right column) spectra reflecting the effect of an increasing dose

f He + 4.5 keV bombardment, showing a typical bombarding evolution.

he displayed exposure times, were chosen in a potential series; i.e 30s,

0s,..…3840s and the accumulated He + dose at the end of the experi-

ent was 1.3 × 10 17 ions/cm 

2 . The changes in the lineshapes of both

ignals show evidence of important alterations in the chemical compo-

ition of the pyrite surface. Thus, the initially well-defined S 2p doublet

roadens; increasing the signal at lower binding energies, and the Fe

p 3/2 undergoes a notable increase of the high binding energy tail. 

It is apparent that He + bombardment rapidly disrupts the chem-

cal environment of the iron and sulfur atoms i. e. 2 min (or

.1 × 10 15 ions/cm 

2 ) are enough to clearly see the appearance of mono-

ulfide S 2 − signal (S3) and metallic Fe (F2) (see Fig. 2 ). The final com-

osition of the film is characterized by mostly metallic Fe (F2) with S in

 mixture of mono (S3) and detached disulfide (S2), but with only a bit

isulfide signal coming from non-altered original tetrahedral sites (S1).

To start with a quantitative analysis of the evolution of Fe and S com-

ounds we used the standard DS fitting technique. In Fig. 2 we display

uantitatively the relative amount evolution of each component of Fe

 Fig. 2 (a)) and S ( Fig. 2 (b)) 2p signals, obtained using the DS algorithm,

s a function of the accumulated He + dose. The continuous rupture of

e 2 + –S 2 
2 − bonds is evidenced by the drop down of the Fe 2 + and S 2 

2 − 

ulk relative amount, F1 and S1 respectively. This latter is accompa-

ied by the increase of the relative amount of the S2 (uncoordinated or

etached S 2 
2 − on the surface) and the coming out of the F2 (metallic

e) and S3 (monosulfide S 2 − ) signals. The variation in the F3 compo-

ent is clearly smaller than the others ones. As it can be observed in

ig. 2 (a), Fe rapidly changes its oxidation state from Fe 2 + in FeS 2 to Fe 0 

nd this occurs together with the grow up of S2 and S3 contribution for
141 
ulfur ( Fig. 2 (b)). At the end of the process less than 10% of the original

ompounds are preserved as it was shown in Fig. 1 (c). 

To explain the relative amount evolution of the different species, in

articular the arising of metallic iron; we may consider the transference

f the pair of electrons from the detached S 2 
2- anion to the detached

e 2 + cation on the pyrite surface and the consequent formation of two

 

0 atoms and metallic Fe, according with the reaction: 

 

2− 
2 ( detached ) + F e 2+ ( detached ) → F e 0 ( sup . ) + 2 S 0 (1)

To understand this process is necessary to point out that the He +
ombardment generates an increase of the detached Fe 2 + (F3 compo-

ent) and S 2 
2 − (S2 component) at the surface. In the case of iron, this

ncrease is not observed in Fig. 2 (a). The reason of this is that almost

ll the extra detached Fe 2 + ions generated by the bombardment are re-

uced to Fe 0 (F2 component) in the pyrite surface as it is proposed in

q. (1) . The case of sulfur is different, firstly because initially there is

ore sulfur than iron in the pyrite surface and secondly because there is

nother process (Eq. (3)) that generates detached S 2 
2 − (S2 component)

nions as the bombardment proceeds, as we will see below. 

Regarding to the S 0 species postulated in Eq. (1) , since the vapor

ressure of elemental S 0 is very high, the species may sublimate from

ombarded pyrite in the UHV environment or, in turn, react with a sub-

ending disulfide (S 2 
2 − , signal S2 in Fig. 1 ) to produce polysulfide (S 3 

2 − )

n the near surface [7,35] . We did not observe the presence of these poly-

ulfides. In the equations we indicate with the subscript “detached ” the

pecies that constitute the pyrite surface (i. e. Fe 2 + and S 2 
2 − uncoordi-

ated in the surface) and the subscript “surf. ” is used for the species that

re generated in the surface by the bombardment (i. e. Fe 0 and S 2 − ). 

It is known that the ion S − , originated during the homolytic disso-

iation of the anion S 2 
2 − , is very unstable [35] and that it recombines

uickly according to the following possible kinetics: 

 S − → S 0 + S 2 − ( surf . ) ( S3 ) (2) 

 S − → S 2− 2 ( detached ) ( S2 ) (3)

 e 2+ ( detached) ( F3 ) + S − → F e 3+ surf . ( F3 ) + S 2 − ( surf . ) ( S3 ) (4)

The process, as described in Fig. 2 , appears initially ruled by

he reaction described by Eq. (1) , with the production (and sub-

imation/surface reaction) of elemental S 0 , driving the kinetics to-

ards the metallic Fe production. At this very first stage S2 compo-

ent (surface S 2 
− 2 anion) increases its concentration at the expense

f S1 one (Eq. (3)) and a shortly afterwards we observe a growth in

he intensity of the S3 component (S − 2 yield). The growth rate for

he initial stage (0 < dose < 4.1 × 10 15 ions/cm 

2 ) for both compo-

ents is roughly the same, indicating that the reactions in Eqs. (2) ,

3) and (4) proceed with similar kinetics. As the bombardment continues

4.1 × 10 15 < dose < 6.2 × 10 16 ions/cm 

2 ) S3 growth stagnates and the

rocess is dominated by an accelerated production of S2. In this interme-

iate regime the reaction in Eq. (3) prevails. With the progression of the

amage of the crystalline structure (dose > 6.2 × 10 16 ions/cm 

2 ), and

he appearance of stronger dipoles, the mechanism described by Eqs.

2) and (3) becomes less likely, i.e. saturation of the S2 signal occurs

ver time. Thus, the occurrence of two S ̄ turns to be less likely, moving

he process to a kinetics dominated by Eq. (4) . The correlation between

1 and F1 suggest that both S 2 
2 − and Fe 2 + become in a similar fashion,

iving evidence that Eq. (1) describes the main overall evolution but,

t the same time, there is not the only active process. There is a point

n the evolution of F1 and S1 in Fig. 2 that deserves to be discussed a

it more. If the process is governed by Eq. (1) the disappearance of F1

nd S1 should be in phase. However, in Fig. 2 we can see a faster fall

own of the component related to Fe than the S one. This result may

e easily rationalized by taking into account the escape depth of pho-

oelectron. Due to its higher energy S photoelectrons escape (3.2 nm) is

0% larger than those corresponding to Fe electrons, (2.2 nm) [38] . On
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Fig. 2. Relative amount evolution of each component of the Fe (a) and S (b) 2p signals obtained using the DS algorithm as a function of the accumulated He + dose. 
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p  

t  

s  

t  

a  

o  
he other hand, the in-depth extent of the alterations is limited by the

ange of the He ions that was estimated around 30 nm [39] . Thus, if we

re sampling the substrate deeper with S than with Fe, it is completely

easonable that Fe reaches its final value before. 

Regardless of the differential sampling depth and non-uniformity of

he changes that could explain the difference in the evolution of the

oordinated species (F1 and S1), our model foresees, in Eqs. (1) and (2) ,

 diminution in the ratio evolution of S to Fe. This is consistent with the

ell known preferential sputtering of S [19] . In Fig. 3 the intensity ratio

/Fe obtained from the DS fitting as a function of the irradiation time

s shown. The downwards trend matches approximately the evolution

f the F1 species, as seen in Fig. 3 , which suggests an important role of

he mechanism proposed in Eq. (1) in which F1 (atomic S) is a reactant

product). 

The reduction of Fe ionic species in the pyrite matrix to give place

o metallic iron is undoubtedly demonstrated by our experiments based

n XPS BE and yield shape measurements. However, when we try to

uantify the amount of metallic iron formed in the ion bombardment

rocess, the point turns to be a bit more obscure. The first problem ap-

ears, as we already mentioned, due to the different escape depth of Fe

p and S 2p photoelectrons that leads to the sensing of different vol-

mes. However, neglecting this fact, we could say that in Fig. 3 the

/Fe ratio decreases in a way compatible with the formation of FeS x ,

ith x near to 1, like troilite (FeS) or the intemediate pyrrhotite (FeS 1 + x 
ith 0 < x < 1). There are additional arguments against assigning the

eduction of pyrite process to mainly the formation of these sulfur de-

cient species. A comparison among different iron sulfides using XPS

as being performed by Thomas et.al. [40] , finding that for troilite or
 b  

142 
yrrhotite the Fe 2p 3/2 signal is dominated by the high-spin contribu-

ions (Fe 2 + /Fe 3 + ) in the form of multiplets (709–710 eV), and the S 2p

ignal by the monosulfide (S 2 − ) (160–162 eV). The presence of S 2 − is

hen a necessary marker of the troilite or pyrrhotite formation. However,

lthough during the first stages, depicted in Figs. 1 and 2 , a broadening

f the Fe 2p 3/2 signal takes place, no S 2 − (S3) is observed at all. This

acks to our assumption that metallic iron is formed. As the irradiation
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roceeds (t > 60 s) both the requirements (Fe 2 + high-spin species and

 

2 − ) for the formation of pyrrhotite/troilite are met. Therefore, there

ight be some minor amount of Fe belonging to troilite or pyrrhotite

omains, we are assigning to unbounded or to metallic iron. The upper

imit for this species can be established at 15%, taking into account the

igh-spin Fe 2 + species (assuming all the high spin components are asso-

iated to the formation of either pyrrhotite or troilite) at the end of the

volution. This value could be a realistic bound to the formation of the

ulfur deficient species. 

Up to this point we have presented and discussed our results under

he light of the most standard deconvolution technique, the DS algo-

ithm. This methodology is a powerful tool to gain insight on both the

hemical state and the relative composition of the surface in particular

ounting with a priori knowledge base on the system. However, there

re some difficulties that are worthy to point out. In the first place, in our

est knowledge, the usual approach in the DS deconvolution for the Fe

p signal in pyrite only the 3/2 component of the doublet, as in the first

art of our analysis, has been taking into consideration. There is useful

nformation obtainable from the fitting of the whole doublet, such as

he energy of the spin-orbit splitting (SOS). For instance this feature has

een used as a part of the characterization of different species during
143 
he formation of iron nanoparticles. [41] There are, however, practical

easons that hindered the fitting of the whole Fe 2p doublet, such as

he introduction of some additional parameters necessary to take into

onsideration differences in the lineshape of the signals in the doublet.

n that regard, in this study, as the bombardment proceeds it may origi-

ate new Fe species with different lineshapes according to their different

hotoemission features i.e. initial and final state effects. In an effort to

etrieve any missing information we complement our data treatment and

nalysis with Factor Analysis, a technique that proved useful in dealing

ith signals that evolves with time [26] . 

The powerful of FA algorithm [26] is to allow us finding the mini-

um number of linearly independent spectra (bases) needed to repro-

uce the full set of data. Based in the Function Indicator [26] analysis

e found, for the same case (He + 4.5 keV) studied up to here, three

inearly independent bases for the S 2p and two for the Fe 2p signals

volution. In Fig. 4 we show the FA results for the XPS lineshape and

or the same points as in Fig. 1 , but applied for the full 2p (2p 1/2 and

p 3/2 ) spectrum in the case of Fe. 

It is important to remark here that FA, in contrast with DS analysis,

ses the whole set of spectra, along the full ion bombardment process

while DS fits each spectrum at a time), and it does not require neither
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reconditions nor predefined lineshapes to start with. In other words,

A does not require the previous knowledge of the shape and position of

PS yields, allowing us to obtain both these results just by using only the

xperimental yields. On the other hand, this is the reason of the noisy

spect and poorer definition of these lineshapes, when compared to DS

esults. Despite this fact, the reproduction of the experimental results is

emarkable good (see full line in Fig. 4 ). 

In Fig. 5 we display the weight evolution of each component of Fe

a) and S (b) 2p signals obtained using the FA algorithm, as a function

f the bombardment time. 

With both results at hand, DS and FA, we can validate our first anal-

sis. We observe that for the case of S 2p the results offered by both

echniques are in good agreement. In Table I we summarize not only the

arameters that define the lineshape of the raw spectra but also those

esulting of fitting the bases obtained by FA for S 2p. With such a con-

istency it is not surprising that the evolution of the relative quantities,

hown in Fig. 5 (b), matches quite well to those in Fig. 2 (b). For the case

f Fe 2p the connection between the results is not as straightforward as

or S; to begin with only a couple of linearly independent basis (B1 and

2) are needed to describe the full evolution. However, despite the fact

hat FA found only 2 components for iron signal against the three ones

eeded for the DS fitting, the general trend is preserved. 

The fact that FA does not detect a third component for Fe, as revealed

y DS analysis, is just in the roots of this method. While FA searches

or a minimum number of bases to reproduce all the experiment, in

sing DS fitting we can change the shape of the functions (broad and

nergy location of the function) for each spectrum, since we fit them

ndependently. A smooth increase of the broad of experimental spectra,

or instance, would be treated by FA as the appearance of as many bases

s spectra are in the experiment. The missing FA base, the non-resolved

ultiple peaked spin states, has, according to DS analysis ( Fig. 2 (a)), a

ather constant distribution along the experiment. In the FA evolution,

his absence is traduced in a slight difference in the detailed kinetics

f the transformation i.e. the time in which the main species reach the

ame weight is 70 s for FA and around 30 s for DS. 

In Fig. 6 , the bases (B1 and B2) obtained by FA for the Fe 2p evo-

utions are shown. The first one is composed by a couple of dominant

tructures with narrow binding energy widths. This basis clearly repre-

T  

144 
ents the doublet Fe 2p 3/2 –Fe 2p 1/2 at 707.0 eV and 719.8 eV respec-

ively. In Fig. 5 (a) we see that the initial weight for this basis is 100%

nd therefore identical to it. The second basis B2 comprises two strong

symmetric peaks at around 707.1 eV and 720.4 eV. Like in the case of

1, we noticed that B2 is almost identical to the last spectrum of the

volution. 

The goal of this part of the work will come from the detailed anal-

sis of the B1 and B2 shape. The Fe 2p 3/2 binding energies for pyrite

nd metallic iron are practically indistinguishable [32,42] . Thus, being

he difference in the energy position between Fe 2p 3/2 for B1 and B2

eaks lower than our experimental uncertainty (0.2 eV), we could not

raw any conclusion from the energy shifts, as it is the power of XPS.

owever, the key information in this case is related to the spin-orbit

plitting. Thus, although no relevant information coming from the posi-

ions of the Fe 2p 3/2 peaks in B1 and B2 can be obtained, as it is shown

or direct comparison in Fig. 6 we can certainly ensure that the SOS in

2 strongly resembles that of metallic iron (dashed line in Fig. 6 ) [42] .

hus, this result further validates our original supposition of metallic
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Scheme 1. Graphical summary of the probable chemical reactions taking place during 

pyrite surface He + bombardment. 
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ron formation and justifies the introduction of its lineshape parameters

n the DS analysis. 

To summarize and clarify the possible pathways of pyrite decomposi-

ion during or right after the He + irradiation, we depict in Scheme 1 the

ossible mechanisms for spontaneous S − relaxation proposed by Nesbitt

Eqs. (2) –(4) ) [35] . In the same scheme we also include energy assisted

rocesses that can take place during the irradiation, i.e. the dissociation

f the coordinated ionic species in the near surface region schematized

s a spark in the cartoon. It seems to be an accepted assumption that

nergetic ion breaks both, the strong (Fe 2 + − S 2 
2 − ) and weaker bonds in

he molecular anion (S —S 2 − ). This first stage is confirmed by our obser-

ations that the extinction of F1 (and B1) and the rise of S2 (and A2)

ollow approximately complementary kinetics ( Figs. 2 and 5 ). Following

he evolution of Fe 2 + , it can be either reduced (product 1 in Scheme 1 )

n an assisted process, or be further oxidized producing also S 2 − (S3)

product 2 in Scheme 1 ). Our observations indicate that the S3 compo-

ent does not change significantly during the first minutes of irradiation,

ut the iron signal associated to F2 rapidly climbs up, indicating that the

rst stage is dominated by the kinetics producing metallic iron and S2

product 4 in Scheme 1 ). 

During ion bombardment of pyrite, S vacancies are produced due to

referential sputtering [19] . Regarding the evolution of the unstable S ̄

pecies, there are many possible different mechanisms; but the only one

han describes the strong build-up of S2 component is the formation of

solated molecular anions (product 4 in Scheme 1 ). On the other hand,

he S3 component associated with S 2 − starts to climb up upon the satu-

ation of the S2 component. One simple way to explain this is to consider

he molecular anion as an intermediate in the formation of S 2 − , the pop-

lation of S ̄ and S 2 
2 − reaches a steady state favoring the conversion to

 

2 − and a neutral S 0 (product 3 in Scheme 1 ). Although our resolution

s not good enough to separate the individual contributions of Fe 2 + and

e 3 + from the metallic iron, comparison between B2 and the Fe refer-

nce sample, along with the DS fitting shown in Fig. 2 (c), indicates that

he multiplets of uncoordinated cationic species are a component of the

ase. In this regard, the variation in the S3 species in BE and width (as

hown in Table I) may be attributed, in the beginning of the evolution,

o the existence of the precursor Fe 2 + and in the end to the existence of

ome Fe 3 + (product 2 in Scheme 1 ). 

Using XPS, supported by Factor Analysis, we have developed a model

f the formation of different sulfur and iron compounds during the He

on bombardment process. Although the model actually fit the exper-
145 
mental results, and the generation of Fe 0 is reasonable demonstrated,

e have independent additional experiments that help us to confirm the

ctual metallic Fe generation. Based in the fact that while iron oxidizes

apidly in dry air, pyrite is rather inert at the same conditions, [32] we

esigned and performed an (oxidation) experiment to obtain additional

upport to our model. 

Our starting sample was pyrite altered by ion bombardment in a

ay as to obtain similar quantities of sulfur species; S 2 − , FeS 2 
∗ , and

ron species; Fe ∗ S 2 and Fe 0 . This condition is achieved by bombarding

he sample during 60 s. After the bombardment, we extracted it from

he UHV chamber and left it during 8 hours in dry air at atmospheric

ressure. In Fig. 7 we depict the XPS spectra for the bombarded (a) and

ost oxidized (b) samples. We also included the spectrum correspond-

ng to magnetite nanoparticles (c) as a reference. The He + bombardment

roduces, as it was already discussed, the broadening of the Fe 2p line-

hape. 
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A DS fitting of the Fe 2p 3/2 spectrum shows three signals with the

ame lineshape of those in Fig. 1 , with an F3 component centered around

09.2 eV with a width of 3.6 eV. After the oxidation process, this line-

hape changes from the characteristic broaden signal to a more defi-

ite one, with prominent broad peaks (2 and 4 eV) around 710.5 and

12.4 eV respectively. The SOS for these new doublets is 13.4 eV. Tak-

ng into consideration the relative intensity of the signals arising of this

nalysis we conclude that while the fraction of F1 component variation

an be neglected (0.22–0.18), the metallic Fe (F2) halved (0.39–0.2) and

he entire non-coordinated species (F3) fraction prior to the oxidation

0.39) disappeared. 

The new doublets represent a fraction of 0.62 of the total signal after

he oxidation in Fig. 7 (b). Laveneur et al [41] . obtained a very similar

ineshape for Fe 2p using high-resolution XPS for oxidized nanoparti-

les embedded in SiO 2 . The authors associate the main Fe 2p 3/2 peak at

10.8 eV to magnetite (Fe 3 O 4 ) forming a shell around the nanoparticles

in the interface SiO 2 Nps–Fe) and the signals at higher binding en-

rgy (near 712.6 eV) to “shake up ” peaks characteristic of ions Fe + 3 and

e + 2 . In order to provide a direct comparison, we ourselves performed

PS measurements on magnetite nanoparticles deposited on a gold sub-

trate. In Fig. 7 (c) we show the comparison of both these lineshapes, i.e.

e 2p from bombarded and post-oxidized pyrite and magnetite nanopar-

icles (scaled), supporting the idea that the XPS peaks appearing after

he oxidation process of bombarded pyrite corresponds actually to iron

xide. 

The results, summarized in Fig. 7 , provide strong evidence support-

ng our initial ideas, i.e. i) the low reactivity of pyrite (F1), ii) the high

eactivity of metallic iron (half of F2 component oxidized) and iii) the

otal chemical combination with oxygen of the detached Fe 2 + /3 + . Thus,

e can reasonably ensure that He + bombardment generates metallic

ron, and that this iron is oxidized after air exposure. Although the XPS

ineshape of this oxidized iron largely agrees with that of magnetite

anoparticles ( Fig. 7 (c)), we cannot of course claim that we are obtain-

ng neither magnetite nor nanoparticles. It is also clear, on the other

and, that these results do not exclude this possibility, and encourage

s to continue with these experiments. Thus, microscopic measurements

.e. STM and MFM, surface local density of states and elemental in-depth

istribution to gain insight about this point are underway. Another in-

eresting result here is that we have shown that the pyrite matrix does

ot preclude completely the oxidation of the formed iron. Thus, in case

e want to maintain the reduced iron as metallic, we will need to think

n a passivizing coating film. 
146 
As a final confirmation of the Fe x + reducing role of the He + bom-

ardment, i.e. it is not restricted to the pyrite case; we irradiated the

educed and post oxidized pyrite (bombarded pyrite in Fig. 7 (a) and

b)). The evolution of Fe 2p yield, shown in Fig. 8 , resembles that in

ig. 1 , the narrow peak at 711 eV of binding energy, we associated to

agnetite, rapidly (5 min of irradiation) evolves into the broad asym-

etric structure of iron imbedded in pyrite. Thus, the final state of iron

eems to be the same, either one starts with pyrite or magnetite. The He + 

ombardment leads to the re-appearance of metallic iron. Although the

puttering of iron oxide, as a whole, could explain this result, the low

puttering yield of Fe under He bombardment lead us to think that a sim-

lar mechanism for the FeS 2 may be also playing a role in the reduction

f the magnetite back to iron. 

. Conclusions 

We present results about the reduction process of natural single crys-

al pyrite under 4.5 keV helium ion bombardments. We found that en-

rgetic He + - pyrite interaction gives place to iron reduction and the ap-

earance of monosulfide. We found that the application of DS analy-

is together with FA can be a powerful technique to identify elements,

hen changes in BE and broadening occurs simultaneously. We propose

 model based in the disruption of the ionic environment producing ions

 2 
− 2 and S detached from Fe 2 + , as well as Fe 3 + and Fe 0 . Through a post

xidation experiment we found support to our model. Unfortunately, we

lso found that the pyrite matrix does not passivate the embedded iron

tructures, that are readily oxidized to a magnetite like (from the XPS

oint of view) iron oxide. 
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