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XPS and LEED study of a single-crystal surface of pyrite

S. Cn,c,runvEolrr R. KArzrt J. GurvnrMoNTrr M.A.A. ScHooNBNr2 AND D.R. SrnoNcrNl

rDepartment of Chemistry, State University of New York, Stony Brook, NY I I 794, U.S.A.
,Department of Earth and Space Sciences, State University of New York, Stony Brook, NY I 1794, U.S.A.

Ansrru,cr

This work reports X-ray photoelectron spectroscopy (XPS) and low-energy electron
diffraction (LEED) results for an as-grown (100) surface of pyrite (FeSr) cleaned by low-
energy He+ ion bombardment and thermal annealing. LEED suggests that the atomically
clean pyrite surface prepared in this manner is unreconstructed. XPS S 2p data for this
surface show no evidence for a monosulfide species coexisting with the disulfide moiety
that characterizes pyrite. This experimental observation contrasts with many prior studies
that prepared pyrite surfaces by cleavage or mechanical cutting and observed a monosul-
fide species. We argue that a pyrite surface prepared directly from the as-grown surface
may better represent a natural surface than does a preparation method such as cleavage.

IxrnonucrroN
Historically, surface science studies in the physics and

chemistry communities have been geared in large part to
understanding surface-mediated processes such as catal-
ysis, corrosion resiStance, and methods for information
processing and storage (Somorjai 1994) on metal and
semiconductor surfaces. By comparison, much less re-
search effort has been expended on developing a similar
molecular-level understanding of macroscopic phenom-
ena that occur on geological materials. In fact, this area
is relatively unexplored with modern surface science
techniques, even though surface-mediated chemical re-
actions on geological materials partake in many envlron-
mental processes ranging from erosion to mineral for-
mation (Hochella and White 1990), as well as the sorption
of organic molecules (Kriegman-King and Reinhard 1994)
and catalysis (Xu and Schoonen 1995; Hochella 1995).

We recently became intrigued about using an array of
modern surface science techniques to develop a molecu-
lar-level understanding of how environmentally relevant
molecules chemisorb and react on 3d transition metal
disulfides. As a necessary first step in developing a mo-
lecular-level understanding of geochemical reactions on
minerals using ultra-high vacuum (UHV) spectroscopic
techniques, it is imperative to study surfaces that occur
in the environment and that have a known stoichiometry
and structure [properties of the surface that dictate its
reactivity (Sornorjai 1994)1. The purpose ofthis paper is
to report initial X-ray photoelectron spectroscopy (XPS)
and low-energy electron diffraction (LEED) data for an
atomically clean (100) face of pyrite, FeSr, prepared di-
rectly from an as-grown surface.

ExprnrurNrAl. METHoDS

All experiments were performed in a bakeable UHV
chamber, which was evacuated with turbomolecular, ion,
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and titanium sublimation pumps. The experimental
chamber had a typical working base pressure of 3 x 10-'o
torr. It was equipped with a quadrupole mass spectrom-
eter (UTI, l00C), front-view LEED optics (Perkin-Elmer,
15-120), double-pass cylindrical mirror analyzer (CMA,
Perkin-Elmer, l5-255G), and X-ray source (Perkin-El-
mer, 04-548). The CMA contained a coaxial electron gun
to perform Auger electron spectroscopy (AES). An ion
gun (Perkin-Elmer,04-161) in the chamber was used for
sample cleaning.

The pyrite used in this research is from Huanzala, Peru.
The sample from which data were obtained was a 2 mm
thick square plate with an area of I cm2. The plate was
cut from a 6 cm3 irregularly shaped pyrite crystal. It is
important to note, however, that one side of the plate
was an as-grown surface, and the sample was handled
carefully to avoid any mechanical or chemical alteration
of this natural surface outside the UHV chamber. Laue
back reflection patterns of the sample before it was placed
into the UHV chamber showed sharp difraction spots,
and their symmetry indicated that the exposed face was
of (100) orientation. The pyrite plate was mounted on a
tantalum foil with a conductive ceramic cement (Ag was
a component). This whole assembly was held in contact
with a liquid nitrogen cryostat using tantalum wires spot-
welded to the foil and mechanically clamped (electrically
isolated) to the cryostat. Cooling down to 135 K was
routinely achieved. The sample was resistively heated by
passing current through the support wires. The temper-
ature of the crystal was monitored with a type-K ther-
mocouple, which was attached to the back of the sample
using the thermally conductive ceramic cement.

XPS was performed by using the MgKa line (1253.6
eV) as the excitation source. X-rays used in this research
were unmonochromatized. S 2p and Fe 2p coreJevel data
were obtained by using a CMA pass energy of 25 eV. All
binding energies were referenced to the sample Fermi lev-
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Frcunn I . AES spectrum of the naturally occurring ( I 00) face
ofFeS, (a) prior to cleaning and (b) after cleaning cycles ofHe+
bombardment and 573 K annealing. A total of -3 h of sputter
time was needed to remove the contamination.

el. The spectrometer was calibrated over a wide range of
kinetic energies by considering the position of the Fermi-
level cutoffwhen using the MgKa line and He I radiation
(21.2 eY) and by obtaining the binding energies for a
variety of pure metals in the spectrometer (Fe, Ni, Co,
and Ti). Repeated data acquisitions for the S and Fe 2p
levels show that the quoted binding energies in this paper
have an uncertainty of +0.3 eV.

AES was performed with a 3000 eV electron beam.
Sample current during AES was typically on the order of
I pA. The AES spectra presented are given in the deriv-
ative mode [i.e., dN(E)/dE]. A modulation voltage with
an amplitude of 3 V and a frequency of I kHz was placed
on the outer cylinder of the CMA to obtain these data.

Figure I exhibits an AES spectrum of the pyrite plate.
Major contaminants bound on the as-grown surface are
C, N, and O. Simple annealing of the crystal up to 573
K leads to no noticeable changes in the level of contam-
ination as judged by AES. This untreated crystal surface
produces no LEED pattern.

Figure lb exhibits an AES spectrum ofFeS, (100) sub-
sequent to in situ cleaning, showing that the C, N, and O
contamination was removed from the surface. An XPS
analysis indicates that the ratio of S to Fe in the near-
surface region is 1.9:1.0 t 0.2, which is consistent with
the 2:l ratio expected for a stoichiometric pyrite sample.
The cleaning procedure used in this case consisted of
multiple ion bombardment and anneal cycles. The im-
portant point here, which distinguishes this procedure
from the typical sputter cleaning procedure used in the
surface science community, is that He* was used as the
bombarding ion rather than Ne+ or Ar+. Furthermore,
the kinetic energy ofthe ion was kept at 200 eV (ion beam
was set at 500 eV and the sample was biased to 300 V
above ground potential). The actual cleaning cycle con-
sisted of - l0 min of sputtering followed by annealing at
573 K for - 5 min. Approximately ten cycles of this treat-
ment produced the AES spectrum presented in Figure lb.

During this cleaning procedure the S:Fe AES intensity
ratio was nearly constant, suggesting that the He* bom-
bardment did minimal damage to the surface except for
slow removal of the loosely bound C, N, and O contam-
ination. Without annealing, however, a LEED pattern
could not be obtained, indicating that some damage to
the long-range order of the surface by the ion bombard-
ment could not be avoided. Presumably, most of the
damaged surface was recovered by the annealing. We note
that annealing is typically a component of any UHV
cleaning method involving ion bombardment. Such a
thermal treatment may be useful in removing imperfec-
tions produced by mechanical cutting or breakage meth-
ods used to prepare samples. For our experiments, anneal
temperatures higher than 500 K were needed to produce
the ordered (100) surface of pyrite (the temperature was
never increased above 623 K) as judged from LEED ob-
servations. Ion bombardment with 500 eV He* coupled
with annealing was also investigated as a cleaning pro-
cedure. This method produced a similar ordered surface,
but prolonged cleaning cycles using this ion energy started
to degrade the sample structure. This degradation was
evident by an enhanced background in the LEED pattern
and by a loss in the metallic-like luster of the pyrite sur-
face.

In addition to He+ cleaning, experiments were per-
formed in which the naturally occurring surface was bom-
barded with 500 eV Ar* ions. This bombardment, cou-
pled with annealing ar 513 K, removed the C and O
contamination much more rapidly than either of the He*
cleaning procedures. The surface stoichiometry of the py-
rite surface, however, was altered more by Ar+ bom-
bardment than by the methods employing the He* ion.
This circumstance was made evident by the observation
that after Ar* bombardment, the S Auger intensity was
approximately equal to that of the Fe intensity. The 2: I
ratio of S:Fe could be recovered by annealing, but the
geometric structure of the surface was irreparably dam-
aged, as inferred from the inability to obtain a LEED
pattern from this surface. We note that prior research
(Raikar and Thurgate l99l) investigated the initial stages
of oxidation of pyrite cleaned in UHV by similar Ar+ ion
bombardment methods. Although information about the
long-range structure of the sample was not given, our
present results suggest that this earlier work probably ob-
tained results from a clean but poorly ordered surface.
Consistent with this is research by Hochella et al. (1988)
that showed that bombardment of mineral surfaces (e.g.,
quartz and albite) with Ar+ leads to extensive structural
modification. Sulfides are not expected to be an excep-
tron.

It is important to note that we were only able to pro-
duce clean and ordered (100) surfaces when the He bom-
bardment and anneal method was used for the as-grown
surfaces. We were never able to obtain a LEED pattern
for a polished or unpolished pyrite surface that was cut
with a diamond saw. Although bombardment and an-
nealing of polished and unpolished cut surfaces lead to
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Frcunn 2. LEED pattern obtained from a clean FeS, (100)
surface at an electron-beam energy of 125 eV. The middle [(0,0)
beaml and left portions of the pattem are obscured by the sample
holder.

stoichiometric FeS, surfaces, the long-range order of the
outermost surface appears to become permanently de-
stroyed.

Rnstnrs AND DrscussroN

Figure 2 exhibits a typical LEED pattern of the FeS,
surface prepared using the procedure described above.
The spots are fairly sharp and are similar to the pattern
obtained by Pettenkofer et al. (1991) from FeS, (100)
created by in situ cleavage. The same LEED pattern is
obtained from the entire I cm2 as-grown pyrite surface,
indicating that the surface structure is rather homoge-
neous over the entire FeS, (100) sample. Cleavage ofpy-
rite generally leads to conchoidal fracture (Wersin et al.
1994), and it was not mentioned in the earlier LEED
study whether the geometric structure was of (100) ori-
entation over the entire cleaved surface. Pettenkofer et
al. (1991) concluded that the surface ofFeS, (100) is in
registry with the bulk. Our LEED pattern is consistent
with this prior assertion. Qualitative examination of our
LEED pattern as a function of incident energy suggests
that the surface is unreconstructed, as inferred from the
symmetry and by the absence of extra spots or splitting
of spots throughout the 50-200 eV range. Quantitative
LEED calculations (i.e., intensity vs. voltage) are required
to verify this tentative conclusion. The as-grown surfaces
of pyrite used in our study are not expected to be atom-
ically smooth. Undoubtedly, these surfaces exhibit im-
perfections, such as steps and striations that contribute
to the diffuse background in the LEED pattern.

Figure 3 exhibits S 2p photoemission data for clean
and ordered FeS, (100). The top S 2p spectrum is the raw
or unprocessed data, whereas the bottom spectrum was
obtained using a background-subtraction method that ac-
counts for the contribution ofinelastically scattered elec-
trons (Shirley 1972). We mention for completeness that
although we concentrate on the S 2p photoemission data
in this paper, the binding energy of the Fe 2p.,, level of
our pyrite sample was measured at 707.5 eV. This bind-
ing energy is approximately 0.5 eV higher than that quot-
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Frcunr 3. S 2p XPS spectra ofFeS' (100). The upper spec-
trum is the raw data (dot-dash line is associated with the back-
ground), and the lower spectrum was obtained after background
subtraction. Regions A and B are discussed in the text.

ed in the literature for the Fe 2pr,r-level pyrite (e.g., see
Nesbitt and Muir 1994). The reason for this discrepancy
is not known, but our value is reasonable considering that
Fe metal exhibits core-level binding energies -0.5 eV
lower than the same levels of the more oxidized Fe in
pyrite. [The 2pr,rlevel of Fe metal was measured by our
spectrometer (calibrated by the method described before)
at 706.8 eV (Gleason and Strongin 1993), consistent with
literature values for this metal.l

The S 2p data (Fig. 3, bottom spectrum) were fitted
with two sets of curves derived from Lorentziat (20o/o)

and Gaussian (800/o) product peaks. The two largest curves,
centered at 162.3 and 163.5 eV [FWHM (full-width half-
maximum) : 1.3 eV], are assigned to the 2pt,, and 2p*
core levels, respectively, of S, bound as disulfide groups
in pyrite. The second set ofpeaks, centered at 164.1 and
165.2 eY (FWHM : 1.6 eV), are needed to fit the high-
binding energy region of the S 2p data, and their inter-
pretations are briefly discussed below. Constraints im-
posed on each peak set are an area ratio of 2:l (i.e.,

doublet) and an equal peak width.
It is interesting to compare our S 2p results to analo-

gous data obtained from pyrite surfaces produced by
cleavage (Mycroft et al. 1990; Nesbitt and Muir 1994;
Knipe et al. 1995) and mechanical cutting (Mycroft et al.
1995). The spectra obtained from samples prepared by
cleavage or cutting typically exhibit features at the low-
binding energy side (- 161.5 eV) of the S 2pr,, feature
owing to emission from S, groups. This additional feature
is commonly associated with the presence of monosulfide
(Bronold etal. 1993; Nesbitt and Muir 1994). Inspection
ofour data in region A in Figure 3 shows the absence of
spectral weight that can reasonably be attributed to a re-
duced form of S. The resolution of our spectra is quite
modest, but we do not believe this can lead to the loss of
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a low-binding energy feature. We cannot rule out, how-
ever, that our preparation method removed a monosul-
fide impurity in the pyrite that may exist on the surface
in nature. It is also possible that the presence of mono-
sulfide is a remnant ofthe cleavage or cutting process and
is not associated with the natural growth surface. In the
case ofcleavage, a surface with significant defect density
and inhomogeneous chemical structure is expected to re-
sult. We stress, however, that caution is necessary in any
case in which the spectral weight in the S 2p region is
assigned to a minority S species because the core-level
binding energy of a surface species on pyrite can be dif-
ferent from that of a similar species in the bulk (Bronold
et al. 1994).

Examination of the S 2p data in region B in Figure 3
shows that spectral weight, in addition to what we have
attributed to disulfide emission, is present at high binding
energy. Previous research has associated polysulfidic spe-
cies with spectral weight in this high-binding energy re-
gion (Nesbitt and Muir 1994), and the S 2p doublet that
we used to fit our data might be associated with such a
species. However, we note that inelastically scattered
electrons and final-state effects in the photoemission pro-
cess (as well as deficiencies in the background removal
process) may contribute to the high-binding energy side
of the S 2p daIa. In the case of metals (Doniach and
Sunjic 1970) similar processes result in asymmetries to
the high-binding energy side of core levels (e.g., Fe 2p),
and effects such as these may also contribute to the asym-
metry of the S 2p spectrum obtained for pyrite. There-
fore, we are not convinced that an additional sulfur spe-
cies is present in the near-surface region ofpyrite prepared
by our method; if it is present, it is probably not respon-
sible for the entire additional spectral weight in region B
ofFigure 3.

Intrinsic to any preparation technique is an alteration
ofthe natural surface. Therefore, FeS, (100) prepared by
the method described in this contribution cannot be di-
rectly associated with a natural surface. We believe, how-
ever, that our method offers at least two advantages over
more conventional preparation techniques, such as cleav-
age. First, our method for preparing the cube face ofpy-
rite results in the retention of the expected (100) long-
range structure order over the entire surface. Second, our
method yields a reproducible surface, a property that is
important for experiments designed to elucidate the sur-
face reactivity of pyrite (or any mineral).
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