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Experimental and theoretical characterization of the structure of defects at the pyrite
FeS(100) surface
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Defect-free pyrite(100) surfaces were generated and a controlled manipulation of sulfur defect density at
these surfaces was performed. Sulfur species of different coordination environments at the surface were probed
by S 2 photoemission in combination with theoretical modeling of (Sc@re-level shifts. A strict structural
assignment of S 2 peaks at the FeBL00) surface in the low defect density regime was achieved. Based on
our results, a defect that is related to a surface sulfur vacancy is confirmed to provide the active site for the
rapid initial oxidation of pyrite.
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I. INTRODUCTION sensitive S P spectra:®1718The S 2 photoemission has
. . . ., been analyzed in terms of one bulk and two surface related
_Pyntle_(Fe%) |sétheh,most abund:n_t aqdhw!despread Su'f'decontributions, and this picture is now well established for
mmerz dm the ";‘]ft hS crust an 'ﬁ (rjlc hm Corcggrit'onthese clean fracture surface8®17:19A third surface-related
around deep-sea high-temperature hydrothermal ybhis contribution was recently resolvéd However, the interpre-

smoker$1landdc?n t.)e fct;ur&d in ”&?‘”V rock typeksmilncc:jlpding, tation of the S P photoemission has been based on chemical
€.g., coal and lignite beds, sedimentary rogkscluding iy ition 5 and so far no theoretical modeling of either sur-

some I2|mestonesan_d in soils when reducing conditions ;.6 guifur defects or spectroscopic data has been performed
pertain” The properties of pyrite surfaces have been though, qain structural insights at the atomic level.

to facﬂgated the ongin of life in the won—:;ulfu.r vlvqug In the present letter we report on the generation of defect-
scenaridand are important to numerous geochemical, IndUStaq 1y rite Fe§(100) surfaces and a controlled manipulation
trial and environmental processes including the rapid alterbf defect density at these surfaces. TheSpRotoemission

ation gf pyrltexpﬂgmdlz;ng fenwrgnmentst gljene(zjratlng_ aCIOIWas studied, and, in combination with spectroscopic model-
mine drainage ) water from base-metal and precious- ing using density functional theor¢DFT), this provides a

][netfll sulfide n:]m%é.ﬁyrtlte has 'n?'St_'PCSOO) cltfeavage alnd strict structural interpretation of the $ photoemission. The
ractures conchoidally to unevenly. TI00) surface is also structural defect that is the active site for rapid initial oxida-

the predominant growth surface of natural pyrite crys”tals.tion at the pyrite(100) surface is assigned to a sulfur mono-
Pristine Fe§(100 fracture surfaces are characterized by ...\ buik-like local Ee-coordination

highly reactive species that are believed to be related to de-

fects caused by sulfur deficiencies. Knowledge of the

structural properties of possible defects at the pyrite surface ||. pETAILS OF EXPERIMENT AND CALCULATIONS

is of fundamental importance for understanding their elec- _

tronic structure and reactivity, including the initiation of oxi- A. Experiment

dation reactions leading to AMD. Experiments were performed at the surface science
Pyrite crystallizes in the cubic NaCl-structure with’F&  pranch-line of the undulator beamline 1511 at the Swedish

the N& sites and dimer sulfur anions,S with center of  national synchrotron radiation facility MAXLab in Lund,

mass located at the Tlsites with their molecular axes Swederf® Sulfur 2p photoemission spectra were recorded at

aligned along the four equivalet11) directions. Previous room temperature under ultra high vacugbiHV) condi-

experimentd 3 and theoretical studié¥'® of FeS(100  tions. The S P spectra were taken with total energy resolu-

have found that the surface can be essentially regarded asian of 100, 120, 190, and 240 meV for excitation energies of

truncation of the bulk structure along a plane of broken Fe—225, 415, 755, and 960 eV, respectively. The pyrite sample

bonds with no major geometric relaxation. used was a 1 cfnand 2 mm thick slice cut from a natural
Core level binding energies are highly sensitive to the(100) single crystal from Navajun, Spain. A 200V

local environment of an atom and differing local environ- Ne*-sputtering procedure was used to obtain a clean surface

ments result in core level shiff€LS). S 2p photoemission under UHV conditions. The ion-sputtering preferentially re-

studies of the pyrite Fe8L00) surface have mostly been moves lighter elements and therefore removes S to a higher

carried out on surfaces produced by fracturing. Various interdegree than Fe. Since annealing causes additional removal of

pretations of the S 2 photoemission have been suggestedS, defect-free surfaces could not be obtained by a simple

from studies employing photon energies yielding surfaceannealing procedure of the sputtered sample. However,
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defect-free surfaces were obtained by annealing the sample Core level shift (eV)
in 1X 1077 Torr Sy(g) at 570 K for 10 min. In addition, sur- +5 44 +3 +? +1 0o -1 2

faces with controlled defect densities were generated through XPS S 2p g S

mild Ne-sputtering of defect-free surfaces prepared by the

X hv = 225 eV
method described above.

B. Calculations a)

All calculations were performed within the DFT frame-
work as implemented in the DACAPO codeElectron—ion
interactions were included through the use of ultrasoft
pseudopotentiatd within a plane wave basis with a cutoff
energy of 340 eV. Electron exchange and correlation effects
were described by the Perdew Wagw9l) generalized b)
gradient approximatio?® The Fe$(100 surface was mod-
eled by a periodic array of four to five Fefyers(12 to 15 167 166 165 164 163 162 161 160
atomic layery and a sufficient vacuum separation 10 A) Binding Energy (eV)
with dipole corrections for further efficient decoupling of the
slabs. Geometry optimization of the defect-free surface wag
performed with a p(1x1) surface unit cell and

Intensity (arb. units)

FIG. 1. S D XPS at an excitation energy of 225 eV for defect-
e and low defect density pyritd00). Spectra are normalized to

. . . the same area. Experimental spectra are shown as crosses; solid
Monkhorst-Pack’ mesh with 4<4x1 k-point sampling lines are the results from peak fittingp) Defect-free andb) low

Wit,hin the surface Brillouin zone. A Iargq.J(2'>< ]j) surface defect density surface after 10 min of 200 V*Nsputtering. A new
unit cell was employed for geometry optimization of struc-s 2y, , feature, labeled M, is generated at a binding energy of
tural defects and core hole calculations. Similar mesh point$g.95 ev.

as for thep(1x1) surface unit cell were used. Thg2

X 1) cells were arranged in a laterally overlapping brick wall components found in this study. The feature was fit with a S
structure resulting in a square symmetry of defects and simLstl2 component at 161.25eV and an intensity of
lated core holes in the slab. Interaction between core holes ifigo, —15% of the S-component. We believe this component
repeat units of th@(2x1) cell was negligible as evidenced to pe related to specific sulfur species located at step edges.
by comparison with calculated core level shifts for an ex-The 161.25 eV feature has not been resolved at pytidé)
tendedp(2 X 2) cell. surfaces prepared by fracturing. It is therefore expected to
The Z+1 approximation, also known as the equivalenthave only a very small impact on the reactivity of fractured
core approximation, has successfully been applied for CLpyrite surfaces if present at fracture-surfaces at all. This fea-
in metallic system$® At the heart of the Z+1 theoretical ture will not be further discussed in the present paper.
approach for CLS lies the basic assumption of an electroni- We now introduce a small amount of defects into the sys-
cally completely screened final state, i.e., a state in which theem by bombarding the surface with Niens for 10 min and
conduction electrons have attained a fully relaxed configurathe result of this procedure can be seen in Fi@).1We
tion in the presence of a core hole. Final state effects arebserve that a new,, feature, labeled M, appears at a
essential for understanding CLS in metallic systems and thisinding energy of 160.95 eV mostly at the expense of spec-
has been found to hold true in semiconducting systems agal intensity of the species related to the S-component but
well.2® Pyrite is a semiconductor, and the § €LS can be also with a small contribution from the spectral intensity
calculated within the Z+1 approximation by comparing totalrelated to the B-species. This M-species has been shown to
energies of core ionize( +1) final state systems for which be by far the most reactive species at the onset of pyrite
the unperturbed initial state systems are idenfitdy re-  oxidation in air on(100) surfaces prepared by fracturifg.
placing the sulfur pseudopotential with one for chlorine atThe spectrum of the low defect density surface in Fiy) is
the selected site in the slab we can thus obtain the relativessentially identical with those from vacuum-fractured
CLS between modeled core hole sites as the total energsurfaces:”817-10More prolonged sputtering results in a § 2
difference. photoemission spectrum with the defect-related M feature
intensity increased mostly at the expense of the
IIl. RESULTS AND DISCUSSION S-component. In addition, a very weak new compon_ent is
observed around 0.8 eV below M, i.e., —1.6 eV relative to
The S D photoemission spectrum from a defect-freethe S-component. This feature agrees very well with the
sample is shown in Fig.(&). The spectra simply consist of component around 0.6 eV below M, i.e., —1.4 eV relative to
two separable types of $Zeatures, one &, component at the S-component, found in the study by Leabal *°
161.75 eV, labeled S, and the other at 162.35 eV, labeled B, The escape depth of photoelectrons with kinetic energies
with their respective spin-orbit split @, component at greater than~50 eV increases with kinetic energly.By
1.19 eV higher binding enerd§.From a peak fitting proce- varying the incident photon energy, we are able to change
dure, we found a minor feature at about 161.25 eV that couldinetic energies and thereby the effective probing depth as
not be fit using lineshapes and binding energies of othgy S 2indicated by the photon energy dependence of the Hb-
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XPS S 2p g S

Intensity (arb. units)

| ! | L 1 ! | L | ! 1 L
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Binding Energy (eV)

FIG. 2. Photon energy dependence of thepRotoemission of FIG. 3. (Color onling. Side-views of different species and struc-
the defect-free pyrit¢100) surface as in Fig. (&) at, from top to  tural situations at the Fe&.00 surface used for the spectroscopic
bottom, 225, 415, 755, and 960 eV photon energy, respectively. Almodeling shown together with their labelin@) Defect-free bulk
spectra were normalized to the same background; the constatgrminated surfacgb) Surface sulfur vacancy, resulting in the sul-
background was then subtracted and the B-component was normdlir monomer species,S (c) Situation generated at opposite cleav-
ized to the same height for all spectra. The S-component is clearlgge face from the surface sulfur vacancy resulting in thes@cies.
surface-related as seen from the photon energy dependence. The . . 6
+0.1 eV shift of the B-component with increasing photon energy isand followed very CIOS(_er previous gheoretlcal Wé?kl'_ AS,
indicated by the solid line. was also _found in previous studlé"’sl,_ surface relaxation is

characterized by a 0.1 A contraction of the topmost first
toemission from the defect-free sampkég. 1(a)] shown in  surface-Fe layer towards the bulk, leading to a shortening of
Fig. 2. It is clear from the data that the S- and B-features ar¢he surface-Fe—$ bond by 0.1 A. Furthermore, a 0.08
surface and bulk related, respectively. We also found that thelongation of the §—second-layer-Fe bond was noticed. For
CLS between the two components S and B increases gradthe scenarios in Figs.(B8) and 3c), the geometrical changes
ally from +0.61 to +0.71 eV for the highest used excitationwere negligible except around the specific defect. The most
energy of 960 eV. This may indicate that feature B at highessignificant structural change for the case of the surface sulfur
surface sensitivities contains some contribution from an unvacancy in Fig. @) was a +0.15 A difference in position of
resolved subsurface compon@ntat lower binding energy. Sy along the surface normal compared tg; 1 Fig. 3a).
The same photon energy dependence investigation of the Bhis is caused mainly by an elongation of the second layer
2p photoemission was undertaken for the low defect densitfre—S, bond by 0.08 and a +0.04 A displacement of the
sample in Fig. {b) (not shown. Based on the results, which second layer Fe, which binds tg,Salong the surface normal
were in good agreement with other photon energy dependespmpared to the situation in Fig(e8. The $-species in Fig.
studies of the S |2 photoemission on the vacuum-fractured 3(c) was found to coordinate tos$esulting in a —Ss bond
surface!® we conclude the M-component to be surface re-length of 2.26 A and a surface-FexSond length of
lated. From the photon energy dependent study of the lov2.29 A.
defect density surface we furthermore find the B-component The results of the calculated CLS relative tg ®r the
to shift by +0.1 eV relative to both the S- and M-componentdifferent sulfur species considered are summarized and com-
for photon energies between 225 and 960 eV. The observgohared to our experimentally observed CLS in Table I. We
shift of the subsurface and bulk-like B-component with ki- find from our modeling results that a core hole created on
netic energy is consistent with a conventional XPS studySg,, as in the situation of the defect-fr¢bulk-terminateg
(1487 eV photon energywhere a CLS between the S- and surface[see Fig. 83)], is shifted +0.53 eV relative to a core
B-component as large as +0.8 eV was repotted. hole generated onSWe therefore assign the features at

To understand the origin of the components in thepS 2 161.75 and 162.35 eV to core holes generatecsand S,
photoemission we turn to theoretical modeling and considerespectively.
three types of structural scenarios for sulfur attb@0) frac- We find variations of the calculated CLS of bulk-like co-
ture surface as plausible candidates. The first is the resudtrdinated S-atoms near the defect-free surface in Rig. 3
from a surface generated by Fe—S bond breaking only; sethis CLS variation(from the surface downward: +0.53,
Fig. 3@. This represents the defect-free bulk-terminated+0.75, +0.58, +0.72 e)/is most likely induced by surface
FeS(100 surface. Figure @) shows the second scenario relaxation. The variation of calculated CLS near the surface
where one §is missing due to a $S3; bond breakage, could explain the apparent +0.1 eV gradual shift of the
resulting in a bulk-like Fe-coordinated sulfur monomey,, S B-component with increased photon energy, i.e., probing
at the surface. The third and final scenario, as shown in Figdepth. The calculated CLS in the third layer of a five-layer
3(c), includes the counter-species,,Svhich would form at  slab(Sg,) was found to be +0.72 eV compared to +0.53 for
the opposite cleavage surface due togaSs; bond break-  Sg;. Structural relaxation effects were negligible in the third
age. The sulfur species, their labeling, and their respectiviayer, and S B binding energies for sulfur dimers deeper in
geometries for which the CLS were calculated are shown inthe bulk are thus expected to be very similar to those in the
Fig. 3. third layer.

The relaxation of the defect-free bulk terminated surface The structural models in Figs(l® and 3c) result from
shown in Fig. 8a) was performed with the DACAPO code breakage of a S—S bond. The surface-related feature M in
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TABLE |. Comparison of experimental CLS in the $ photoemission spectra from Figs. 1 and 2. with
calculated CLS for different structural situations of sulfur as depicted in Fig. 3. The CLS were calculated
relative to the total energy of a simulated core hole in the Z+1 approximation at the defect-free bulk
terminated situation for the specific supercell used. In the defect-configurations, (®igana 3c), this was
achieved by modeling thesore-hole at the opposite defect-free surface of the slab.

S/Ss B Se1 Se2 Ses  Sega  MI/Sy Sa
Experimental CLSeV) 0 +0.61-0.71 -0.80 -1.6Ref. 19
Theoretical CLSeV) 0 +0.53 +0.75 +0.58 +0.72 -0.98 -1.37

the S D XPS spectra of pyrites has previously been assignethaces reported in the literature. Our ability to generate defect-
to sulfur monomer8:2-181%e find in Table | that a core hole free surfaces and to control the defect density, in combina-
created at the sulfur monomeg,SFig. 3b)] is shifted by tion with our calculations, unambiguously relates sulfur
—0.98 eV as compared ta;$ the surface dimer. The rather defects to S—S bond breaking and provides a basis for inter-
good agreement with the experimental —0.80 eV CLS makepretation of the high reactivity of species related to the S
it plausible to assign the M-peak at 160.95 eV to a sulfur2p;;, XPS spectral component at 160.95 eV. The most
monomer created as the result of the loss 9irShe surface  prominent surface sulfur defect generated on the fractured
dimer. This assignment is furthermore consistent with thesurface was assigned to a point-defect-like sulfur vacancy.
generation of surface sulfur vacancies by*Neputtering. The removal of a topmost S atom leaves behind a sulfur
The recently resolved low-intensity surface-related featurenonomer without changing local Fe-coordination at the sur-
from a pyrite (100) surface prepared by fracturing in face. The structural identification of S-species from thepS 2
vacuunt® at about 160.35 e\(-1.4 eV CLS relative to the photoemission study was achieved by total energy calcula-
S-componentis found to correspond very well with the con- tions along with use of the conceptually simple
figuration depicted in Fig. (8) with a core hole at the sulfur Z+ 1-approximation.

ad-atom & created as a counter-species to the sulfur vacancy
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