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ABSTRACT

Clean pyrite {100} surfaces, generated by cleaving in UHV, were investigated using scanning
tunneling microscopy and spectroscopy for the purpose of understanding the electronic structure at
the surface. Calculations of the surface atomic structure and LEED data support a {100} surface
structure that undergoes very little relaxation and can be approximated by a simple termination of the
bulk structure along a plane of cleaved Fe-S bonds. UPS spectra show a well defined peak at ~1 eV
forming the top of the valence band for the near surface. Calculated densities of states for the bulk
crystal suggest that this band is comprised primarily of non-bonding Fgcdditacter and lesser S
3p and Fe 3dgeharacter. Slab calculations predict that the loss of coordination at the surface results
primarily in the displacement of Fe 3tlke surface states into the bulk band gap. Evidence for this
surface state is found in low bias STM imaging and normalized single-point tunneling spectra. Cal-
culations of the LDOS at surface Fe and S sites indicate that the highest occupied state is primarily of
3d,-like character and the lowest unoccupied state is of mixed F& 3 character. The results
predict that due to the dangling bond surface states, Fe sites are energetically favoresiteecios
redox interaction with electron donors or acceptor species on this surface. Surface redox reactions
are expected to involve the quenching of these high energy dangling bonds, leading to new bonds and
surface species, changing the chemical makeup of the surface.

INTRODUCTION defects to name a few. Recent contributions in this regard have

Pyrite (Fe$) plays an important role as an electron sourdédghlighted the complexity of the problem at hand by identify-
in many redox-based geochemical and biogeochemical pfdg & variety of reactive sites, introducing the interesting pos-
cesses such as the cycling of S, Fe, and other elements irStRBity that distinctly different oxidation mechanisms may be
environment (Luther et al. 1992; Calmano etl@94; Nimick Proceeding across the pyrite surface (Eggleston et al. 1996;
and Moore 1994), precious metal ore deposit formation (NalgsPitt et al. 1998; Schaufuss et al. 1998). The issue largely
etal 1981; Jean and Bancroft 1985; Bakken et@89; Hyland hinges around the atomic structure of the pyrite surface that,
and Bancroft 1989; Starling et 4989), and the generation ofWhen exposed by cleavage is known to be quite variable. Py-
environmentally hazardous acid mine drainage (e.g., Jambi# generally has poor cleavage quality along {100} planes
and Blowes 1994). It is also a photovoltaic semiconductor (0399 such surfaces can be macroscopically characterized as an
eV bandgap) with potential applications in solar energy coHnpredictable combination of {100} terraces and “conchoidal”
version (e.g., Bronold et.al994a). As such, there has beefl€viations. Using scanning tunneling microscopy (STM) on
much interest in understanding the fundamental reactions Ry!ite cleaved in air, Eggleston et al. (1996) resolved true {100}
volved in the oxidative dissolution of pyrite. surface dom.ains at the atomic sgale, which were separated by

Most of the groundbreaking solution phase research to tRaftigh density of steps. There, important observations were
end was conducted prior to the early 1980s (see referenceErﬁ‘fﬁe“t_ed of the oxidation of {_100} surface iron states and the
Hiskey and Schiitt 1981; Lowson 1982; and Nordstrom 19823Jnique |nf_|uer_1ce of neare_st_nelghbor Fe on the lateral progres-
Key mechanistic aspects of the oxidative process have beeniq8 Of oxidation. At unoxidized areas of the surface, both the
topic of current spectroscopic and microscopic investigatiofighest occupied and lowest unoccupied states were attributed
such as the exact interaction of the oxidant with surface sit% Fe 3d states. Recent photoelectron spectroscopy work
the role of water as a reactant (i.e., Taylor et al. 1984; Reedﬁ%’pnold etal. 1994b; Nesbitt et al. 1998; Schaufuss et al. 1998)

al. 1991), and the influence of surface microtopography afi@s also identified important reactive surface sulfur states on
in-vacuum cleaved pyrite, indicating the presence of

monosulfide species from broken disulfide bonds formed as a
*Present address: Environmental Molecular Sciences LaboratéRgult of cleavage. Similarly, reactive S-deficient defects have
Pacific Northwest National Laboratory, P.O. Box 999, K8-9d1een observed using temperature programmed desorption
Richland, Washington 99352, U.S.A. E-mail: kevin.rosso@pnl.g¢¥PD) and photoemission of adsorbed xenon (PAX) on in-
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vacuum prepared (sputter/anneal cleaning cycles) pyrite {100dw energy electron diffraction
growth surfaces (Guevremont et al. 1997; 1998). Undoubtedly, | Egp patterns were acquired using 4-grid reverse view

a variety of structural sites can be present on pyrite {100}, eachgp optics (OMICRON) at beam energies between 70-300
with their own affinities for oxidants such as.@ut their dis- g\, The electron gun has a beam diameter of approximately 1
tribution, their association with bulk and cleavage induced dgmm_ piffraction patterns were photographically recorded. The
fects, and their role in the overall oxidation of pyrite remain agya were collected immediately after turning up the beam en-
important unresolved issues. ergy because the intensity and sharpness of the diffraction spots
Collectively, previous work has underscored the importanggsre found to degrade within a few minutes. The surface cell
of understanding the atomic and electronic structure of surfagighension was determined using the measured separation be-

sites via a local probe such as STM. In this paper, we inves{jeen diffraction spots arising from the reciprocal face-cen-
gate pristine pyrite surfaces, cleaved in ultra-high vacuugyed cubic lattice.

(UHV), using scanning tunneling microscopy and spectroscopy
(STM-STS), ultraviolet photoelectron spectroscopy (UPS), loWltraviolet photoelectron spectroscopy
energy electron diffraction (LEED), and theoretical calcula- (jpg spectra were collected using He | (21.2 eV) radiation,
tions with a goal of understanding the site specific electrorgcpass energy of 10 eV, and a collection angle of approximately
structure of the {100} surface. Large flat {100} terraces ang gegrees. The sample stubs, the outsides and the notches in
these are the primary focus (_)f this cor_1tr|but|0n. To our pres_qm3 pyrite prisms used in the UPS experiments were sputter
knowledge, we present the first atomically resolved tunnelingated with a visible layer of Au to isolate the Fe spectral data
spectra on any geochemically significant natural material. Thi$ inat coming from the cleaved surface. Ten spectral scans
investigation is meant to elucidate the site-specific variables\Qfe collected over a period of 10 minutes to average out noise.
primary importance to the initial stages of oxidation of the {100}tne apsolute binding energy scale of the UPS spectra was ref-
surfa(_:e, and to aid in future investigations of pyrite surfaggenced to the sample Fermi level, which was determined by
chemistry. subtracting 21.2 eV from the low kinetic energy photoelectron
cutoff energy and adding the workfunction of the spectrom-
o ) eter. The low kinetic energy edge was designated at the energy
Principal instrumentation half way between the 16 and 84% count rate levels at the cut-
All the experimental techniques were performed in aoff. The measurement of the workfunction of the spectrometer
OMICRON compact UHV laboratory operating at a base preis-based on the measured position of the Ag Btioto peak.
sure of 1x 10 mbar. The main chamber is equipped with a . . .
dual anode (Al,Mg) X-ray source, UV lamp, ion gun, a reversic@nning tunneling microscopy and spectroscopy
view LEED with a 1 keV electron gun, cylindrical sector elec- The STM tip is rastered using a tripod piezo scanner with a
tron energy analyzer, and a sample heater capable of attaidirgum maximum lateral scan range. The bias voltage is ap-
750°C. The system is also equipped with an in-house built gaked to the sample while the tip is held at ground potential.
leak manifold for controlled gas bleeds to various parts of tAés for imaging and spectroscopy were prepared by electro-
main chamber. A side chamber contains the STM stage, its&femically etching W wire in M KOH. As indicated in the
bration isolation and eddy current damping system, and the @&ption, one measurement used pre-cut commercial Pt-Ir tips
vacuum tunneling electronics. (Digital Instruments). Surfaces with large, flat terraces were
targeted for atomic-scale imaging. It turned out that the most
ideal tunneling conditions for atomically resolved images were
Natural pyrite single crystal cubes from Logrofio, Spain (the low negative bias voltages, between —0.40 to —0.02 V, using
Museum of Geological Sciences at Virginia Tech) were cut intol nA setpoint current. For larger scale topographic imaging,
approximately 5< 5 x 10 mm oriented prisms with faces cutl V and 1 nA were used to increase the tip-sample distance and
perpendicular to the principal crystallographic axes. The res#sroid tip crashes. Larger scale images were processed by fit-
tivity of one of the samples was measured to Bel8* Q-m ting and subtracting a planar background. Atomically resolved
using a four-point probe and Hall voltage measurements on thges that required processing to remove noise were band
same sample indicated that it is an n-type semiconductpass fast fourier transformed (FFT) filtered by passing the fre-
Pridmore and Shuey (1976) attribute n-type behavior to trageencies pertaining to “topographic” features (low frequency)
substitutions of Co, Ni, or Cu for Fe, and found consistent seraind atomic periodicity. Samples and tips were stored under base
conducting characteristics for pyrites from similar geologipressure in a carousel attached to the main chamber. Samples
environments. Hence, we assumed that all our samples werware shielded from light during all STM imaging, and images
type. Samples with visible inclusions were discarded. Thweere collected at room temperature.
samples were mechanically mounted in custom stainless steelfunneling spectra [current as a function of voltag@/)[
stubs and cleaved using an in-house built cleavage stage invtieee collected using a variation of current imaging tunneling
load-lock chamber which is turbo-pumped to better than 1spectroscopy (CITS) mode over 1Himaging areas on a well-
107" mbar. The prisms were slightly notched around the mideveloped {100} terrace. At each spectroscopy point, the tip
section to control fracture propagation. Samples cleaved in tlaster was paused, the feedback loop was turned off, the volt-
load-lock chamber, were quickly transferred to the lower baage ramp was applied, the loop was re-engaged, and imaging
pressure of the main chamber in less than 30 seconds. resumed. Spectra were collected at room temperature, which

METHODS

Samples
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has been estimated to have a maximum energy resolutiorpaft of the Brillouin zone (shrinking factors 8 8 16, see Pisani
~100 mV taking into account thermal broadening effect096). Fock matrix mixing and Fermi-level shifting techniques
(Hansma 1982; Chen 1993). All spectra were collected in tivere implemented to overcome slow SCF convergence.
dark unless otherwise noted. Because the most successful imLocal densities of states (LDOS) were calculated for com-
aging conditions were at very low bias for atomically resolvgghrison with experimental normalized tunneling spectra using
images, the tip-sample distance was relatively small. Duritige methods similar to those described in Becker and Hochella
the voltage ramp at a spectral point, the exponentially incre§$996), which are based on the assumptions of Tersoff and
ing tunneling current would quickly saturate the current-to-volHamman (1985). The comparison can only be made under the
age converter (50 nA maximus). Because of an instrumengasumption that the effects of the tip electronic structure are
control limitation, the tip-sample separation could not be adegligible. The LDOS of the sample at locations of the tip was
justed simultaneously during the voltage ramp, a techniquemputed by summation of the contributions of the atomic or-
known as the varying-gap method (Martensson and Feendiitals to the molecular orbitals that fall within a specified en-
1989; Feenstra 1994). To collect wide dynamic range speciegy range (the bias voltage). Because the basis sets are gaussian
tunneling conditions were re-optimized for a larger tip-sampfanctions which tail-off relatively quickly, they poorly describe
separation for spectral data collection. Using 4 V and 7 rtAe true decay of wavefunctions normal to the surface. This
allowed a —4 to +4 V dynamic range in the voltage ramp. Theeans that the calculated LDOS at the location of the tip at
raw (V) curves were converted tol{(dV)/(I/V) using a least- normal tunneling distances of 3-10 A from the surface is nil.
squares moving window fit. This form can remove the tipAlthough there are more sophisticated ways to attack this prob-
sample separation dependence of the tunneling conductalere (see Becker and Hochella 1996), a reduced tip-sample dis-
under certain conditions (Feenstra et al. 1987) and can providece of 1 A was used to obtain an approximation of the LDOS
information that is related to the density of states of the samplesurface sites. Also, because the cluster is treated from a
under the assumption that the tip density of states is constamblecular orbital theory approach and not a periodic approach,
The mathematical spike at low bias was suppressed by addimg state densities were convoluted with gaussian functions
a small constant tdV across the entire voltage range befor&EWHM = 0.5 eV), with unity areas and centered at eigenval-
the conversion. ues, to mimic the dispersion of states into bands and account
for the resolution of the experimental spectra.

Ab initio calculations

Ab initio calculations were performed using Gaussian94 RESULTS AND DISCUSSION
(Frisch et al. 1995) for gas phase cluster calculations, and Crgsrface microtopography and atomic structure
tal95 for periodic systems (Dovesi et al. 1996). The computer Bulk pyrite is face-centered cubic with a structure that is
platforms utilized were two DEC Alpha stations and an IBMeminiscent of the rocksalt structure type. A characteristic as-
SP2 at Virginia Tech. For the Gaussian94 calculations, afs#ct of the pyrite structure is the &ion pair which is ori-
investigating various cluster sizes and basis sets and weighémged along body diagonals of the cubic cell (Fig. 1). Prediction
in the factor of computational expense, a 27-atom stoichiomef-the surface structure largely revolves around the question of
ric cluster was chosen to model the pyrite {100} surface. It isghether or not the covalent S-S bond preferentially remains
charge neutral section of the bulk face-centered cubic crysigthct during cleavage. The lowest energy (i.e., lowest dipole
structure: nine atomic layers by nine atomic layers by six atomitoment) {100} surface is formed from the cleavage of Fe-S
layers thick. The basis set used was a standard 6-311G. Padahds only, assuming for the moment that no significant re-
ization functions were not added to the basis set. Tkenstruction occurs. However, because pyrite is known to have
wavefunctions were calculated using a Hartree-Fock densjiyor cleavage along {100}, it is reasonable to assume that S-S
functional theory hybrid method using the Becke3LYP fundonds are also broken when the fracture deviates from {100}.
tional (Becke 1993). For the Crystal95 calculations, an eleg-recent reinterpretation of the S 2p and Fe 2p photoemission
tron core pseudopotential (ECP) basis set was used. Specificalysctra on cleaved pyrite supports this assumption and attributes
a LANL2DZ set (Hay and Wadt 1985a, 1985b) was used iRe resulting monosulfide species to areas of non-{100} con-
which the net core charges attributed to the Fe (1s,2s,2p) gndency (Nesbitt et al. 1998). Because it seems very likely that
the S (1s,2s,2p) orbitals are mimicked by pseudopotential fuige proportion of such structural domains on the surface will
tions. This is justified because these orbitals are not expeckeddependent on the specific sample and method of cleaving, it
to contribute state density near the Fermi level. The basis &eis important for the purposes of this study to engage the prob-
was modified by removing diffuse functions with gaussian e¥em of characterizing the surface atomic structure.
ponents <0.1, which are usually not appropriate for the crystal- LEED is an area-averaged probe that provides information
line case (see Pisani 1996), and the exponent of the most diffesgong range atomic periodicity of atoms within the first few
function on Fe was optimized. The sensitivity of the calculatedonolayers of a surface. Non-periodic defects are not resolved.
DOS and projected DOS to changes in this exponent was teste@D patterns of the freshly cleaved surface were bright and
and it was found to have a negligible effects. The Kohn-Shaharp with no pronounced background, but tended to degrade
wavefunctions were calculated at the unrestricted DFT leveltof weaker patterns in a matter of a few tens of seconds due to
theory using the Lee-Yang-Parr (Lee et al. 1988) correlatiefectron beam damage. The patterns were dominated by in-
potential and the Becke (Becke 1988) exchange potential. Tibase diffraction spots characteristic of the reciprocal face cen-
45 k-points (Monkhorst net) were sampled in the irreducibtered cubic cell (Fig. 2). Less intense spots with half the
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periodicity are derived from the ¢ €2) superstructure of the displacement with a maximum atomic coordinate displacement
disulfide groups (Pettenkofer et al. 1991). The LEED pattero$ less than 0.1 A for non-edge site atoms. Collectively, the
are consistent with exposure of the {100} surface but do nbEED and cluster results suggest that the {100} surface atomic
provide insight into the larger scale surface microtopograptstructure can be regarded as simple termination of the bulk.
Calculation of the surface cell constant from the LEED patlowever, this does not mean that the electronic structure is
terns yields a value of 5.45 A which compares reasonably wetichanged at the surface.

with the accepted bulk lattice constant of 5.42 A, indicating Topographic, or Z-piezo voltage (Z), UHV STM images at
that lateral structural relaxation along {100} is insignificanscales of several hundred nanometers demonstrated that the
and supporting the observations of Pettenkofer et al. (199djicrotopography of the cleavage surfaces in this study was
However, structural relaxation to some degree perpendicutiminated by flat, stepped terraces. Representative images (Fig.
to the plane of the surface is typical to compensate for I@&tshow the flat surfaces that were generated by cleavage, typi-
bonding symmetry at surface sites (Jaegermann and Tributsehy terminated by unit cell high steps. The images and LEED
1988; Hochella 1990; Zangwill 1988). The magnitude of vertresults suggest that pyrite cleaves surprisingly well along the
cal relaxation does not appear to be significant in case of thebic axes at this scale, exposing {100} surfaces. Furthermore,
pyrite {100} surface. Ab initio cluster calculations on the 27erystallographic control is demonstrated in preferred step edge
atom pyrite cluster were performed with no symmetry comhrections along the two dimensions of the surface, oriented
straints to investigate the magnitude of structural relaxaticlong <10> and/or <21> as in Figures 3a—c. Areas within step
The lowest energy configuration involved minimal structuralensity were relatively high (Fig. 3d), although the step edge
direction is still along a principal crystallographic axis. Such
areas are very similar to those reported in Eggleston et al. (1996)
and may be related to domains typically characterized as “con-
choidal.” Step edge control was, for the most part, pronounced,
but not exclusive as shown in Figure 3e where curved steps
were found, indicating a high kink density along these step
edges. Areas on the large, flat terraces of the surface were tar-
geted for the high resolution STM-STS data collection in this
study.

Bulk and surface electronic structure

The electronic structure of bulk pyrite has been studied at
length from the perspective of either molecular orbital theory

Bulk environment

@® Iron

( Sulfur

FIGURE 1.Ball and stick model of the pyrite {100} surface showing
the 9-monolayer periodic slab used to calculate the projected densitiesFIGURE 2. LEED image of in-vacuum cleaved pyrite {100}. The
of states for bulk and surface environments in pyrite. Dark sphere#nage was collected using a beam energy of 134.6 eV. The crystal was
Fe atoms; Light spheres = S atoms. oriented as indicated by the axes.
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FIGURE 3. Topographic UHV STM
images collected using a 1 V sample bias and
1 nA setpoint current showing pyrite
cleavage surface microtopography. The scale
bars represent 100 nm. The cubic axes are
approximately aligned with the image edges.
Unit cell high steps run along primarily <10>
(a,d), <10> and <11>K), and <11> ¢)
directions. Areas with a high step density
were also commonly found as showndh). (
Less frequently, curved unit-cell high steps
were found €).

or band theory (Bither et al. 1968; Burns and Vaughan 1970;ter, as has been previously determined (see references above),
et al. 1974; Ogawa et al. 1974; Schlegel and Wachter 198t consists of appreciable Fe 3dxad S 3p character as well
Van der Heide et al. 1980; Bullett 1982; Folmer et al. 1988ig. 4b). These states lie above a bonding Fe 3d-S 3p band (3—
Ferrer et al. 1990; Huang et al. 1993; Mosselmans et al. 19%%V) and S 3p band (7-10 eV). States below this latter band
Bocquet et al. 1996; Charnock et al. 1996; Raybaud et al. 198i& not included in the calculation as they are modeled by core
Eyert et al. 1998) and will only be summarized here as a starseudopotentials. The results indicate that jrstages form a
ing point for the discussion of the surface electronic structurelatively broad band (~6 eV wide) while thestates are largely
The upper part of the valence band consists of predominantiyan-bonding and restricted to a narrow energy range (FWHM
non-bonding Fe 3dg¢band which lies above a bonding S 3p-1 eV) at the top of the valence band. Like thstates, the S
Fe 3d gband. As measured using UPS, there is a characteriftjrstates are widely dispersed between 1-8 eV.
peak in the density of states at the top of the valence band att the surface, the degeneracies within thand ¢ states
approximately 1.1 eV which has been overwhelmingly attrilare lost as a consequence of the lower bonding symmetry. The
uted primarily to the non-bondingdike states (Fig. 4a). The effect of the reduction in the Fe coordination from the distorted
lower part of the conduction band is well regarded to be donaietahedron to roughly square pyramidal on the d orbital states
nated by Fe 3dgelike states, although there are recent arginas been addressed qualitatively using ligand-field theory (LFT)
ments for the substantial presence of S 3p states (Eyert e{ddegermann and Tributsch 1988; Birkholz et al. 1991; Bronold
1998). Fe 4s states do not contribute significantly in the upperal. 1994b). To avoid confusion, we note that therkitals
part of the valence band studied here. The accepted bulk besferred to in the electrostatic framework of ligand field theory
gap is ~0.9 eV as measured using a variety of experimerdad analogs to the antibonding counterpayt)(ef the low-
techniques. lying g, set involved in the Fe-S sigma bond in the framework
Using Crystal95, we calculated the valence band densityaifband theory (see references at the start of this section).
states (DOS) for the bulk crystal (periodic in 3 dimensions) A nine monolayer thick slab was chosen to model the {100}
and the {100} surface (periodic slab in 2 dimensions) and prsdrface electronic structure (Fig. 1b). Upper valence band state
jected the results onto atomic orbitals which could contributensity localized on Fe atoms at the surface were compared
state density to the top of the valence band, which are the Fen8ith that from Fe atoms located in the middle of the slab (Fig.
and S 3p states. In the bulk case (Fig. 4b), the top of the B§-which are fully coordinated and can be taken to represent
lence band is predominantly of non-bonding Fe,3dharac- the bulk sites. According to the slab calculations, the removal
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a the STM-STS data in this study. Finally, in contrast to the Fe
3d states, our calculations indicate that surface S 3p states are
not energetically shifted relative to bulk S 3p states (Fig. 5).

Based on LFT, Bronold et al. (1994b) proposed that the low
spin property of bulk pyrite @l could be converted to high-
spin at the {100} surface. This could have implications for the
sorption of paramagnetic species such ag¢s@e Becker and
Hochella 1996) as well as impact the interpretation of Fe 2p
XPS spectra (Nesbitt et al. 1998). However, our calculations,
performed using open shell technigues (see methods section),
suggest no such unpairing of Fe 3d electrons exists at the {100}
surface. Attempts were made to locate low total energy unpaired
spin solutions for the slab. The calculations were started using
Hel a spin-unbalanced constraint for several initial self-consistent

' ' i ) , - cycles, but the spin configuration always reverted to low spin
14 12 10 8 6 4 2 0 when the restriction was lifted. Extracting a spin pairing en-

1 1 ergy from our calculations for comparison with that of Bronold
Blndlng Energy (eV) et al. (1994b) is not practical so further work is required to
reconcile these separate observations.

The most significant difference between the bulk and sur-
Total b face electronic structures is then, at the surface .Fstades
are displaced above the essentially non-bondipgld and d,
"""""" Fe 3d eg states. This result suggests that the energy of thestates
_____ should be within the bulk band gap, meeting the formal defini-

Fe 3dt hould be within the bulk band ing the fi | defini
29 tion of surface states. The calculations make no such indica-
IR TR S 3p N tion for S 3p states on this surface and so here, it is assumed
/ \ that they contribute negligible surface state density. Normally,
;o\ the presence of surface states leads to atomic reconstruction,
\ reducing the surface free energy (see Zangwill 1988). But based
| \\ on surface structural evidence to the contrary in this case, these
LT //’ \\ | surface states should be preserved in vacuum and are thus best
A7 — \ /;'/.r-\.\ A described as dangling bonds.

Intensity (arb. units)

Density of States

P B Atomic scale scanning tunneling microscopy

-9 -8 -7 -6 -5-4-3-2-120 Surfaces of pyrite have been previously studied at high reso-
lution using STM in air (Eggleston and Hochella 1990; Fan
Energy (eV) and Bard 1991; Eggleston and Hochella 1992; Siebert and
Stocker 1992; Eggleston 1994; Eggleston et al. 1996). Inter-
FIGURE 4. () He | UPS valence band spectra of an in-vacuupretation of the image data in chemical terms is seldom straight-
cleaved pyrite {100} surface.b] Calculated total and projected forward, but when coupled with theoretical calculations, it can
dgnsiti_es of_states for the valence band of bulk pyrite. The contributigQ\s qone profitably. Because electrons occupying the highest
primarily arise from Fe 3d and S 3p states. energy filled states are the least tightly bound, they have the
longest decay lengths away from the surface into the vacuum.
For STM, the implications are that the states which are closest
of an Fe-S bond and the loss of overlap with S 3p orbitals enierthe Fermi level of the negatively biased electrode (either the
getically destabilizes every Fe d orbital with a z-component éample or the tip) are the primary contributors to the tunneling
arbitrarily chosen normal to the surface plane). This effectdsrrent. In the case of a negatively biased sample, electrons
primarily seen in the shift of Fe.dtates to higher energy, buttunnel primarily from a narrow energy range of the highest filled
also in the slight destabilization of,@nd g, states relative to states of the sample into empty states of the tip. For a pristine
d,,. The former result is compatible with predictions of LFTpyrite {100} surface in vacuum, this means that Fe sites should
but the latter is not in that LFT predicts thgtshould be lo- be high tunneling current sites at negative bias because the high-
cated at higher energy thag dnd g, (Bronold et al. 1994b). est energy filled states are Fe 3d dangling bonds. Furthermore,
Regarding the conflict, our results are inconclusive but may bleould the dangling bond states be only partially occupied, Fe
an indication of minor bonding overlap between thefset sites should appear as high tunneling current sites at low posi-
and orbitals of sulfur before cleavage, as first suggested thye bias voltage as well.
Burns and Vaughan (1970) and recently re-affirmed by Eyert Atomic scale UHV STM observations are consistent with
et al. (1998). In any case, the destabilization okthtes is these assertions. Topograph) @nd currentl] image data
more substantial and has greater significance for interpretisigow an array of high tunneling current sites, the symmetry
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FIGURE 5. Calculated projected densities of states for the Fe 3d and S 3p states in both bulk (dotted lines) and surface (solidtine)ts

in pyrite.
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and spacing of which are consistent with the face centered tra-show a prominent feature at the top of the valence band, a
bic array of Fe atoms within a {100} plane of the structurpeak that we have already been able to ascribe to mostly Fe 3d
(Fig. 6). As shown best in Figure 6a, a step edge and corneanisl minor S 3p states. It can be reasoned, however, that the
imaged in the lower right corner. The step height, as measurelhtive contribution of atomic orbitals to the density of states
using a topographic profile, is ~2.5 A corresponding to roughfis measured by the two methods should be somewhat differ-
half of a unit cell edge. An atomically resolved, half unit ceknt. The kinetic energy range of the photopeak at the top of the
high step edge is in Figure 6e and 6f. The step edge directi@ence band equates to an electron attenuation length of ~20
along the surface for half unit cell high steps is usually prefék-(Seah and Dench 1979) which means that, although UPS is
ential to <11> directions although <10> control has also besuarface sensitive, there is an appreciable contribution of bulk
observed. states to the spectrum, i.the Fe 3d,} states. In contrast, tun-
Images identical to those described above were obtainegling spectroscopy is sensitive only to sample states at the
most successfully at a variety of low bias voltages within thecation of the tip, which in this case should be the dangling
bulk band gap (-400 to —20 mV and +20 to +140 mV) (Figpond states and S 3p states. The presence of surface state den-
7a). Attempts to collect images at biases lower #2hmV sity within the bulk band gap has also been observed using
resulted in tip scouring of the pyrite surface. Sets of imagesineling spectroscopy on pyrite in air (Fan and Bard 1991;
collected at positive and negative biases simultaneously (duatigleston et al. 1996).
mode STM) were obtained down to witHiR0 mV of the Fermi Revealing the energetic location of the band edges using
level (Figs. 7b and 7c). These images show 1 to 1 correspamneling spectroscopy is a problematic task. As can be seen in
dence of the location of high tunneling current sites, indicatinige area-averaged spectrum (Fig. 9a), the apparent width of the
that both the highest occupied and the lowest unoccupied statesace gap is much larger than the dual-mode STM images
are localized at surface Fe sites. The narrow voltage range uselitate. The reason for this is partly due to a low signal-to-
to collect these images is probably an indication that therenigise ratio for large tip-sample distances, and partly due to a
either a surface gap that is no greater than 40 meV, or thatlthes of spectral information arising from the well-known math-
density of surface states is continuous but somewhat redueeshtical divergence of thel(dV)/(1/V) calculation at very low
closer to the Fermi level. In either case, when combined withirrent values. For semiconductor surfaces, during the collec-
the slab calculation results, it can be logically argued that then of [ (V) spectra, the tunneling current approaches zero faster
high tunneling current sites in the dual-mode STM images cahan the bias voltage as the voltage ramp approaches the Fermi
respond to partially filled Fe,dike dangling bond surface level from either direction. Very low current values at finite
states. bias voltages cause the denominator to go to zero and the nor-
A model of the electronic structure of the pyrite surface imalized curve to have a spike in the gap. This artifact can be
shown diagrammatically in Figure 8 for n-type pyrite. Equilisuppressed by adding a small constant to the denominator over
bration between the pyrite bulk and Fe dangling bond statédse whole curve, at the expense of spectral information in the
located in the bulk band gap, involves filling the surface stateand gap region. At the same time, the “steepness” d{\fhe
up to the position of the bulk Fermi level (Fig. 8a). The chargeirve and the width of this flat, low current region is depen-
occupying the surface states constitutes a potential which dent on the tip sample distance. Large tip-sample separations
pels bulk electrons from approaching the surface, resultingdive large low current regions around the Fermi level and thus
an upward bending of the bulk bands at the surface (Fig. 8adorer signal-to-noise ratios for spectral information from the
Equilibration between the tip and sample Fermi levels (Figap region. However, large separations are needed for wide
8b), and the application of bias voltage to the tunneling contalytnamic range in th€V) curve using a fixed tip-sample sepa-
(Figs. 8c and 8d) involves essentially no change in surface eletion during data collection. Smaller tip-sample separations
tronic structure of the sample. Under conditions of applied biase needed for spectral data near the Fermi level, at the ex-
electrons originate from (small negative bias, Fig. 8c) or tupense of wide dynamic range. For these reasons, the area-aver-
nel to (small positive bias, Fig. 8d) surface states at Fe sitaged spectrum in this study lacks spectral details near the Fermi
From a molecular orbital theory perspective, these form thevel and gives an underestimation of the density of states within
highest occupied (HOMO) and lowest unoccupied molecultire bulk band gap.
orbitals (LUMO). The fact that both the HOMO and LUMO  Single-point spectra.Single-point spectra were also col-
states at the surface are localized on Fe sites is an indicatemted in an attempt to take advantage of the potential of tun-
that both electron donor and acceptor species sorbed to the seling spectroscopy to resolve LDOS features at specific surface

face should interact primarily with Fe sites. sites. For pyrite, unfortunately the optimal tunneling conditions
) ] for collecting atomically resolved images and that for wide
Scanning tunneling spectroscopy dynamic range tunneling spectra are very different. Because of

Area-averaged spectraArea-averaged tunneling spectrahis, and because we could not implement the varying-gap
(Fig. 9a) were collected to elucidate the overall energetic disethod (see “Methods”), we collected tunneling spectra inde-
tribution of state density at the surface on both sides of thendent of atomically resolved images.

Fermi level. The valence band DOS acquired using tunneling Collection of meaningful single-point spectra on freshly
spectroscopy (Fig. 9b) is in good agreement with that acquireldaved pyrite in UHV proved to be very difficult and only in
using UPS (Fig. 4a), especially when one considers the remaHe rarest cases were we able to attain stable tunneling contact
able differences in the data acquisition mechanisms. Both spearingl (V) collection giving a high signal-to-noise ratio. Suc-
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FIGURE 6.Atomic-scale raw topographie)and currentf) UHV STM images of in-vacuum cleaved pyrite {100}. Image edges are roughly
aligned with crystallographic axes of the simgle crystal sample. The z direction is perpendicular to the page. The thagdginare low-
pass FFT filtered images af)(and b), respectively. The scale bar represents 10 A in all the images. The lower-right corner of (a) shows a half-
unit cell high step edge. The solid white arrow in (a) points to a corner site in the step edge. The tunneling condittngefer—0.2 V bias
and 2 nA setpoint current. Two terraces separated by a half-unit cell high step are shown in top@ymphicurentf] images collected in
a different area fromaf-d). Solid and outlined white arrows ie)(point to corner and kink sites along the step edge, respectively. The face-
centered cubic surface cell (with some unavoidable image distortion) is outlif@¢dTihg step edge runs along <11> surface directions. The
tunneling conditions were —0.1 V bias and 1.4 nA setpoint current. Imejgersd( {) are FFT filtered as described in the experimental section.
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FIGURE 7. (a) Diagram showing the bias voltage values corresponding to atomically resolved UHV STM images. All of the images showed
a face-centered cubic array of bright and dark spots consistent with the expected distribution of surface Fe sites. DHM-8i0ddrbages
collected simultaneously at —0.14 V bias and 1.4 nA setpoint cutsgnarfd 0.14 V bias and 1.0 nA setpoint curramt The scale bar
represents 10 A. A face-centered cell is outlinedo)n The locations of the high and low tunneling current sites show approximate 1 to 1
correspondence between the images.

FIGURE 8. Schematic band structure diagrams modeling the tip-
a pyrite tunneling contactaj Thermal disequilibrium between tip and
n-type sample. Eand E are the conduction and valence band edges,
N E respectively. Bulk electrons at the Fermi energy infill the surface states,
g ---------- C which are dangling bonds localized at Fe sites. Electrons occupying

the surface states constitute a surface potential which causes an upward
§ EV bending of the bulk bands at the surfatg.The zero-bias tip-sample

Er

tunneling contact. Under conditions of applied biag),(Electron
tunneling (}) is accommodated primarily by surface states at both small
negative €) and positive d) sample bias.

N

Negative bias Zero bias Positive bias
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cessful spectra collected were generally one of two types. Tthem, but they are still subject to the same difficulties as dis-
representative spectra (Fig. 9b) show that the maximum inteussed above. Based on the STM imaging results and the in-
sity at the top of the valence is at approximately —0.8 or —&@ht provided by the ab initio calculations indicating the
eV, and the maximum intensity at the bottom of the conductipmesence of surface states localized on Fe, we assert that the
band is at 1.2 or 1.6 eV. The density of states near the Fespéctra showing a prominent peak at —0.8 eV (smaller surface
level and the locations of the band edges are better represegtgg) are probably collected over surface Fe sites (high tunnel-
by the single point spectra compared to the area-averaged spegcurrent sites) and the spectra showing a prominent peak at
—2 eV (larger surface gap) must be collected oysit&s (low
tunneling current sites).
a The site-specific state density distributions elucidated by the
single-point spectra are consistent with the STM observations in
several ways. The filled component of the dangling bond states
is the primary source of state density, and therefore tunneling
current, on the order of bond lengths away from the surface, at
negative bias voltage. Because electrons populating these states
have the longest decay lengths and, at negative bias, the trans-
mission probability is highest for states closest to the Fermi level
of the sample (Hamers 1993), they should dominate the tunnel-
‘ ‘ — ing current at any negative bias voltage. Indeed, all the success-
-4 -2 0 2 4 ful atomically resolved STM images collected in this study
; showed a face centered cubic arrangement of high tunneling

Bias VOltage (V) current sites at negative bias consistent with Fe sites. “Contrast
reversal” is not expected in the STM images at negative bias
even though the LDOS over S sites becomes greater than that
for Fe deeper in the valence band (Fig. 9b). However, at positive
bias, the source of long decay length electrons is derived from
the narrow portion of the top of the tip valence band [0 to ~0.3
eV (Hamers 1993)] that probe unoccupied electronic states of
the sample. This leads to somewhat higher resolution at positive
sample bias than for negative (Hamers 1993). Based on the single-
point spectra, contrast reversal is expected at high positive bias
(approximately > +2 V), where S sites should become brighter
than Fe sites. So far, attempts to confirm this assertion have been
unsuccessful.

The STM images conclusively show that the lowest energy
unoccupied states are localized on Fe sites. This is a imaging
result that is not readily revealed in the tunneling spectra due to
the poor behavior of thel(dV)/(I/V) conversion near the Fermi
level as previously discussed. The observation that the differ-
ence in the density of unoccupied states between Fe and S sites
is small higher into the conduction band may explain the diffi-
culties in achieving atomic resolution images higher at positive
bias (up to ~1.2 V). Atomic imaging requires significant tunnel-
ing current contrast between sites (Chen 1993), as would not be
the case for positive bias voltages in the vicinity of +1 V.

(dl/aV)/(1/V)

(dl/av)/(1/V)

C Surface Site
3p Fe

"
[ ___'52
[

Calculated LDOS

. ; . Calculated local densities of states

-4 -2 0 2 4 For comparison with the experimental spectra, we calcu-
Energy (e\/) lated the LDOS for points positioned over Fe apdi®er sites
using Gaussian94, and also calculated projected LDOS using
FIGURE 9. (a) Area-averaged normalized!(dV)/(1/V) tunneling atomic orbitals which could contribute to state density near the
spectrum collected over a random distribution of points on in-vacuuymgrmi level (Fe 3d, S 3p) (Fig. 9c). Calculations of the type
cleaved pyrite. The spectrum is the average of 90 spectra collecifthn gverestimate the band gap due to difficulties in the esti-
from several different freshly cleaved crystals with two separate Waiinn of the energy attributed to correlation interaction be-
tips. () Single-point normalized tunneling spectra collected on ta . .

e . o . fween electrons. Although the peak positions in the calculated
pristine pyrite surfacec) Calculated local densities of states for tip os hifted. th kable similariti ith th
positions over surface sites. Contributions to the LDOS over surfalcE) 8 are shifted, there are remarkable similarities wit t, e
Fe and $sites originate primarily from Fe 3dike dangling bond €XPerimental spectra. Both show a narrower gap over Fe sites,
states and S 3p states, respectively. a 1.2 eV difference between the maxima for the top of the va-
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lence band over Fe vs. S sites, and that the bottom of the con- 1 ;
duction band is at similar energies for both surface sites. Agél ] Dark /
it is interesting to note that this last observation provides =
explanation for the fact that STM imaging at atomic resolutioa.~
on pyrite is more difficult in UHV at positive bias voltage asiw
opposed to negative. -
The LDOS projected onto Fe 3d and S 3p orbitals sho&’
that, at surface Fe sites, the highest energy filled state is phe-
dominantly due to a 3dlike dangling bond. The conductiona
band minimum at the surface is due to both Fedédl S 3p
states. For the S states, which are not energetically displaced
the surface, this is consistent with theoretical calculations (EyeE ]
et al. 1998) showing that the bulk conduction band minimu@ .
consists of significant contributions from S 3p orbitals. The £ .
site LDOS is composed of entirely S 3p states on both sides@ -20
the Fermi level within the energy range shown. Non-bondirEE ]
Fe 3d states do not contribute significantly to the LDOS over .30
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surface Fe sites, but make small contributions for tip positions ) -1 0 1 2
slightly displaced along surface Fe-Fe directions. This behav- .
ior is consistent with the fact that the non-bonding orbitals are B|as V0|tage (V)

oriented along body diagonals of the unit cell and do not project FIGURE 10.Area-averaged{(V) tunneling spectra collected on in-

perpendlcglar to the plane O_f the Surfacg. Hence, the Smaugéuum cleaved pyrite comparing the tunneling current response in
peaks Whlch.are observed in th_e experimental spgctrum {I% dark vs. illuminated conditions. Each spectrum is the average of
surface Fe sites at ~—2.4 eV (Fig. 9b) may be derived froi§ cyrves collected with a Pt-Ir tip.

non-bonding Fe 3d states, given the reasonable assumption that
the spectrum was collected somewhat off-center over an Fe site.

Beam-induced surface alteration common phenomenon (Brundle 1974). LEED images of the
We ob dthati d tliaht f fib i V irradiated surface were qualitatively indistinguishable from
¢ observed that incandescent Ight Trom a TIber oplic Wee non_jrradiated surface, so we suggest that the effect is purely

filament lamp used to illuminate the STM chamber coulg : : : . .
lect th ble ties to ch th d oc-
modify thel(V) behavior of the tunneling contact (Fig. 10). ectronic, with possibie ties 1o changes in the energy and oc

. cupation of surface states due to photo-induced production of
IIIum!nated, f.reshlly cleaved samp!es .tended t.o show MO&fectron-hole pairs and charge trapping at the surface
Ohmic behavior with a more rapid rise in tunneling current j‘aegermann and Tributsch 1988; Osseo-Asare 1993). We did
a function of bias voltage, especially for the positive bias ra '

Pyrite | Ik to be photoactive. the effects of whi ot attempt to quantify this behavior for the purposes of this
ynte 1S weltknown to be pnoloactive, e eflects ot whic udy, nor is it known whether or not this effect is reversible.

can significantly alter the chemical behavior of its surfac this poi L
. ) . - point, we only suggest that such behavior is noteworthy
(Ennagw etal. 1986; inegermann and Tributsch 1988; Schu?%ré that it has obvious implications for future UHV surface
and Tributsch 1990; Mishra and Osseo-Asare 1992; Bronol s?Lt]dies of pyrite

al. 1994a). Previous work in this area has addressed the physi; )

| ts of this photo-induced effect. H lat Surface damage and alteration by UV and other types of
cal aspects of this pnoto-induced eliect. However, a re aﬁl%ident radiation was an unexpected discovery that should be

phenomenon was encountered that has not been prev'OUS|yg'§i'tal consideration in future pyrite surface studies. The fact

clusseda Itw_at\s fi%gd f[hatltthe Zut:face con_ducttrl]wty oiln-v?cuu at the surface electronic structure is dominated by dangling
cleaved pyrite {100} is altered by exposing the surface to onds means that at least the initial interactions between sorb-

light, as WOUlg Ee l.JSEd tftor UTStmeasurementds..The behaf\{ho species and the surface will be driven by the quenching of
was assesse ur|.ng attempts to engage and image sur. Iy energy surface states at Fe sites. This process is expected
that had been previously analyzed using He | UPS. Establi ‘lead to new bonds between an adsorbate and surface iron

ing tunneling contact with such surfaces, usually using a bi&?es, implying that the chemical “makeup” of the surface that

voltage of +1 V and a setpoint current of 1 nA, repeatedly % later presented to reactants in air or solution is fundamen-

sulted in tip crashes, on samples that had been successﬂ&”x{ different. This issue is explored further in a companion

Lmaged befotr)e thede}/ere 'rra?'atﬁ? \t’vr']thdli)v light. S'me;éir b:'aper that follows on the interaction of these surfaces wth H
avior was observed for samples that had been exposéddo , mixtures (Rosso et al. 1999).

X-rays for XPS, and low-energy electron beams for LEED,
except to a lesser degree. The tip would engage these surfaces,
but the tunneling contact was invariably unstable which pre- ACKNOWLEDGMENTS
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