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Abstract—A thin film of marcasite, FeS,, was synthesized under vacuum and its structure and reactivity
under oxidizing conditions was investigated by means of diffraction and surface analytical techniques,
respectively. Synthesis of the film was carried out by codepositing Fe and S, onto a Ta support. The thickness
of the film could be varied from approximately 10 A to 1 um. High-resolution S 2p synchrotron-based
photoemission showed S, with undetectable amounts of S~ impurity that is typically present on natural
sample surfaces. X-ray diffraction of the micron-thick films showed that the film crystallized in the marcasite
phase of FeS,. Atomic force microscopy indicated that the thin film had a nanometer-scale roughness
suggesting the film contained defects such as steps and kinks. X-ray photoelectron spectroscopy studies found
the thin marcasite film to be more reactive than natural pyrite (the most ubiquitous FeS, dimorph) after
exposure to a gaseous O,/H,O environment on the basis of the amount of sulfate formation. Likely the
oxidation of marcasite was dominated by its short-range order (e.g., presence of steps), because the density
of nonstoichiometric defect sites (e.g., S°~) was low as assessed by photoelectron spectroscopy.  Copyright

© 2003 Elsevier Science Ltd
1. INTRODUCTION

The synthesis and subsequent study of well-defined thin
films of metals and their oxides have often led to a better
understanding of a specific material of interest than could be
obtained by studying the associated bulk material (Chusuei et
a., 2001). An excellent example of the contribution of thin
films as amodel substrate for amore complicated bulk material
isin the area of catalysis. Thin films have been instrumental in
developing a framework by which to understand the surface
properties of metals, metal oxides, metal sulfides, and aloys as
catalytic supports, catalysts, or both (Somorjai, 1994; Freund et
a., 2001). The controlled conditions under which thin films are
produced commonly allow better characterization of surface
properties than can be achieved on fractured or cleaved sur-
faces. These properties include surface reactivity, electronic
structure, and geometric surface structure (Rodriguez and
Goodman, 1995). Furthermore, the growth of thin insulating
films (often metal oxides) on conducting substrates can alevi-
ate sample charging that is problematic when studying bulk-
insulating materials (St. Clair and Goodman, 2000). Thisisalso
a common problem with regard to surface studies of minerals.

Environmentally important minerals are not always condu-
cive to surface science investigations as a result of complex
topographies, ill-defined surface structures, insulating proper-
ties, or some combination of these. Furthermore, natural min-
erals often contain impurity atoms, which complicate studies of
the intrinsic properties of the mineral and its surface. Toward
developing a better understanding of the interaction of minerals
with the environment, there has been a significant effort in the
growth of thin films, as well asin the analysis and modeling of
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prepared surfaces. In the case of metal oxide mineras, for
example, extensive research has been concerned with the
growth of well-defined thin model iron oxide surfaces (Kim et
al., 1999; Thevuthasan et al., 1999; Chambers, 2000; Chambers
et al., 2000) for surface analytical studies of an environmental
nature. The growth of metal sulfide thin film surfaces, which is
the focus of this contribution, has also received significant
attention. The motivation for generating these surfaces, how-
ever, has generally been for their materials properties, rather
than for surface analytical studies of their interactions with
environmentally relevant adsorbates. For example, the growth
of pyrite, FeS, thin films, have received significant attention as
aresult of its potential photoelectric properties (Ennaoui et a.,
1993; Thomas et al., 1995, 1997), not because of its profound
role in controlling chemistry in the environment.

The motivation for the present study is to investigate mar-
casite (a dimorph of pyrite) reactivity in an oxidizing environ-
ment. The degradation of marcasite in oxidizing atmospheres
plays arole in acid mine drainage. The study of athin film of
marcasite is particularly attractive because natural marcasite
samples have a complicated morphology, making it difficult to
obtain reproducible surfaces. In contrast, natural samples of its
dimorph, pyrite, can be readily obtained that are conducive to
surface science studies (Elsetinow et al., 2000). Previous stud-
ies have investigated the growth of marcasite thin films by
chemical vapor deposition (Hoepfner et al., 1995; Meester et
a., 2000) and molecular beam (Bronold et al., 1997) tech-
niques, but have not studied the reactivity of the thin films.

In the present study, a thin film of marcasite (<1um) was
characterized by X-ray diffraction (XRD), atomic force micros-
copy (AFM), and high-resolution X-ray photoel ectron spectros-
copy (XPS). Thin film growth was carried out in the vacuum
environment by the codeposition of Fe and S, gas (provided by
an electrochemical cell). The reactivity of the marcasite film
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was investigated after exposure to a gaseous H,0/O,, environ-
ment (supported on a Ta foil) with XPS. The synthetic ap-
proach outlined in this contribution may be more conducive to
growth in a vacuum surface science chamber than prior syn-
thetic routes.

2. EXPERIMENTAL METHODS

Experimental results presented in this contribution were obtained at
four different locations. XPS reactivity studies of the marcasite thin
film were carried out at Temple University, high-resolution photoelec-
tron spectroscopy was performed in the U7A end station at the National
Synchrotron Light Source (NSLS) at Brookhaven National Laboratory,
AFM experiments were carried out at Pacific Northwest National
Laboratory, and XRD measurements were performed at the State
University of New York at Stony Brook.

2.1. Photoelectron Spectroscopy

Fe and S 2p XPS data were obtained with Mg-Ka (1253.6 eV)
radiation and a double-pass cylindrical mirror analyzer at a pass energy
of 25 eV. The spectrometer was calibrated by using the 4f, 4d, and 4p
peaks of a gold single crystal. Photoelectron data at the NSLS were
obtained with 240 eV photons and a 250-mm hemispherical analyzer
(pass energy of 22 eV). All the binding energies are referenced to the
Fermi level, E.. The position of Eg was obtained by determining the
energy position of the photoelectron cutoff in the valence band region
of afreshly deposited metallic Fe film.

2.2. Thin Film Growth

Thin marcasite films were grown on a Tafoil in an ultrahigh vacuum
(UHV, 1 X 10~° torr) chamber. Thin films investigated by XPS and
AFM were grown at Temple University in an integrated UHV—high-
pressure reaction cell facility, which has been described previously
(Guevremont et al., 1998b). High-resolution photoelectron spectros-
copy was carried out on a thin film grown in situ at the NSLS.

In both locations, film growth was carried out in a UHV chamber by
codepositing Fe and S, from the vapor phase. Fe vapor production was
accomplished by resistively heating a tungsten wire that was wrapped
with Fe wire. S, gas was generated by a Ag,S electrochemical cell
(Wagner, 1953) by using a design that has been described in detail by
others (Heegeman et al., 1975; Hrbek et al., 1992).

Formation of the marcasite thin film was accomplished after several
steps. Initially, the substrate was cooled to 200 K. S, was then con-
densed on the substrate while codepositing Fe to form layers of pure
metal and sulfur with metalsulfide complexes at their interfaces. At this
point, S 2p core level spectra showed severa sulfur-derived features
assigned to multilayer S, and S species in the 1— and 2— oxidation
states, suggesting that condensed sulfur, FeS,, and FeS were present.
The sample was subsequently heated to 473 K in a background S,
pressure of 107° to 10 * torr. The sample was held at 473 K for
approximately 2 min, after which the sample was alowed to cool to
room temperature while maintaining the sulfur pressure.

The average thickness of each thin film was estimated on the basis of
attenuation of the Ta substrate 4ds, signal. The kinetic energy of
photoel ectrons associated with the Ta peak was approximately 1028 eV
(using Mg Ka radiation). Assuming that the mean free path of these
photoel ectrons are approximately 20 A (Somorjai, 1981), the rate of the
initia film growth could be determined. This rate was extrapolated to
thicker films where the Ta photoelectron signals were completely
attenuated and could not be used as a thickness indicator. It is empha-
sized that film thickness obtained by this method is only an estimate
because film morphology will certainly affect this attenuation method.

Fig. 1 exhibits a wide XPS scan of the FeS, thin film (top). Within
the experimental sensitivity of our XPS, there is no carbon or oxygen
contamination, which is often intrinsic to natural sulfide samples that
are used in surface science studies. As a comparison, a wide XPS scan
of natural-crushed marcasite sample (bottom) is also exhibited. The
as-received marcasite was cleaned with 0.5 mol/L HCI acid by means
of amethod used in our laboratory for { 100} pyrite (Guevremont et al.,
1998a) and introduced into the UHV chamber without exposure to air.
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Fig. 1. XPS wide scan of the marcasite thin film (top) compared with
a natural -crushed marcasite sample (bottom). Carbon and oxygen con-
tamination, which is often intrinsic to natural sulfide minerals, is not
present in the thin film.

In contrast to the thin film, the natural marcasite sample shows signif-
icant carbon and oxygen contamination. Furthermore, natural pyrite
samples, for example, can contain trace impurities and mineral inclu-
sions (Lodders et al., 1998). From experiencein our laboratory, we find
that vacuum-fractured pyrite always contains small but detectable
amounts of oxygen, carbon, or both. This comparison brings to light a
potential advantage of the thin film approach. Namely, the thin film can
offer an atomically clean sample for surface science studies.

2.3. Thin Film Reactivity

For reactivity studies, thin films were exposed to a gaseous mixture
composed of H,O (0.02 bar) and O, (1 bar) in a high-pressure reaction
cell. All exposures were carried out for 20 h, and at no time were the
samples exposed to the ambient atmosphere of the laboratory.

2.4. Atomic Force Microscopy

Contact mode AFM was performed under ambient conditions with a
Digital Instruments BioScope located at Pacific Northwest National
Laboratory. A thin film sample grown on a Ta plate was transferred
directly from vacuum into a sealed container under an N, atmosphere
and shipped. Imaging was performed in air immediately after removing
the sample from the sealed container and mounting in the AFM.
Standard Si;N,, probes were used, having a nominal radius of curvature
of 20 to 60 nm and an approximate spring constant of 0.12 N/m.
Contact forces were minimized upon engagement. Images were aso
collected under air-equilibrated 18 M) water in an attempt to minimize
noise possibly arising from capillary forces on the tip from adventitious
water layers at the sample-tip contact. Image processing to remove
piezo tilt and bow and sporadic noise where necessary, and image
analyses were performed by the Digital Instruments software, version
4.23r5.

2.5. X-ray Diffraction

The structure of an FeS, film was determined by XRD. Experiments
were performed on a Bruker AXS GADDS (General Area Detector
Diffraction System) platform mounted with a XY Z-translating stage
and a Bruker Hi-STAR detector. Cu Ka radiation was used with a
graphite [111] monochromator to filter out Cu KB. The beam was
collimated to 800 wm. A thin film of aluminum foil was placed directly
in front of the Hi-STAR detector, covering the entire detector face, to
limit the effect of iron fluorescence.
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Fig. 2. XRD of a 1-um-thick FeS, film formed by codepositing Fe
and S, on a Ta fail in the vacuum environment. The diffraction data
indicate that the FeS, grows in the marcasite structure, afinding that is
based on the agreement with a powder diffraction standard for marca-
site.

3. RESULTS AND DISCUSSION

3.1. Characterization of Thin Film

The primary assignment of the marcasite phase of FeS, to
the thin film is based on XRD data shown in Figure 2. The
diffraction pattern was consistent with the standard patterns for
marcasite found in the JCPDS catalog.

AFM characterization indicated that the thin film was a
uniform, finely textured coating (Fig. 3a) covering arelatively
coarser microtopography associated with the Ta plate (data not
shown). Fine randomly oriented fractures, of unknown origin,
were observed at spatial separations of between 1 and 10 um
(Fig. 38). No scouring was observed after repeated imaging
over the same area.

Good AFM image quality was attained down to ~500 nm
(Fig. 3b). At these scales, the surface topography associated
with the thin film was isolated. No indication of surface oxi-
dation was apparent during 1 h of scanning. Surface indulations
(bumps) were found to have irregular shape and variable size.
An root-mean-square (RMS) roughness analysis of the image
in Figure 3b indicates that the standard deviation in height was
4.6 nm. Thus, the topographic relief associated with the thin
film and the height of the surface features is approximately 10
nm. Grain size analysis of the features lying topographically
above the mean height plane indicated that the average lateral
area of each feature in the x, y plane is ~1400 nm?, suggesting
an average lateral radius of ~21 nm when approximated as
circular. Therefore, the features have a height-to-width ratio of
~1:4. Power spectral density analyses of the periodicity in the
X, y plane show asmall spike at 70 to 80 nm spatial frequencies
indicative of a somewhat regular lateral spacing between the
features, but such regularities do not dominate the power spec-
trum.

The collective AFM observations reveal no obvious crystal-
lographic control in the structure of the surface at the length
scales achieved. This is, perhaps, not surprising because the
film was grown on a polycrystalline substrate with unknown

Fig. 3. Large- (a) and small- (b) scale AFM images showing the
surface microtopography of a thin film sample. The height ranges for
the images are 50 and 25 nm, respectively.

surface microtopography. However, the nanometer-scale
roughness is suggestive of a high aeria density of surface sites
such as steps and kinks occurring at smaller scales.
Photoelectron results obtained with synchrotron radiation
add some microscopic insight with regard to the surface elec-
tronic structure of the film. Figure 4 displays high-resolution S
2p photoelectron spectroscopy of a marcasite thin film (thick-
ness of ~100 A) and a pyrite sample that was cleaved in an
inert atmosphere and then transferred to UHV. On the basis of
previous work, the features in the S 2p spectrum for pyrite can
be assigned to S~ in the bulk (162.6 eV) and surface (162.1
eV), and S~ impurity (161.3 V). Recent research in another
laboratory has obtained high-resolution S 2p data for cleaved
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Fig. 4. High-resolution S 2p photoelectron spectroscopy of the thin
film and of {100} pyrite that was cleaved in an inert atmosphere and
then transferred to UHV. Dashed curves are fitted S 2p doublets
(FWHM = 0.6 eV; splitting of 1.18 eV).

natural marcasite (Uhlig et al., 2001). The assignments in this
previous study are generally consistent with pyrite, except for
rather small binding energy shifts. For example, the S 2p
feature for bulk and surface S3~ are at 162.5 and 161.9 eV, and
the S~ appeared at 161.4. The S 2p spectrum, however, unlike
that obtained for pyrite contained significant intensity that was
assigned to short chain polysulfides near 163 eV.

Inspection of the S 2p spectrum for the marcasite thin film
shows some similarities, but also some differences with cleaved
natural marcasite. First, the S 2p feature near 162.4 eV for the
thin film can be readily assigned to the S5~ group of marcasite.
Perhaps, there is somewhat more ambiguity in assigning the
161.7-eV feature. Oneinterpretation isthat thisfeature is dueto
the S~ impurity species, where the peak in the thin film would
lie ~0.3 eV above where S~ appears in the natural marcasite
spectrum (161.4 eV) (Uhlig et al., 2001). A more favored
interpretation, however, is that the 161.7-eV feature is due to
surface shifted S2~. This assignment is in reasonable agree-
ment with the assignment of surface shifted S2~ to a 161.9-eV
feature in the S 2p spectrum of natural marcasite. Our assign-
ments suggest that the marcasite film has no S*~ impurity
(within our experimental resolution), in contrast to natural
disulfide samples. This result is not completely unexpected
because the preparation of natural pyrite or marcasite surfaces
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Fig. 5. XPS S 2p (a) and Fe 2p (b), respectively, for { 100} pyrite and
the marcasite thin film before and after 20-h exposure to a gaseous
H,0/O, environment (Fig. 5).

often relies on fracture, a preparative technique that might be
expected to introduce nonstoichiometric sites.

Further inspection of the S 2p spectrum of the thin film
shows S 2p intensity near 163 eV, which we assign to poly-
sulfide species. The contribution of this feature is relatively
small, accounting for ~5% of the integrated S 2p intensity.
Cleaved natural marcasite exhibits a more significant feature
associated with short-chained polysulfides near 163.2 V. Al-
though the origin of these features are presumably quite differ-
ent for both types of marcasite samples, the comparison does
suggest that the thin film contains significantly less polysulfide
impurity than a freshly prepared natural marcasite sample.

3.2. Reactivity of Marcasite Film

Figure 5 a and b exhibit conventional XPS S 2p and Fe 2p
spectra, respectively, for {100} pyrite and the marcasite film
before and after a 20-h exposure to a gaseous H,O/O, envi-
ronment. S 2p data show that in both cases, exposure to the
oxidizing environment results in the growth of significant spec-
tral intensity near 168.8 eV that is readily assigned to S°+,
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likely in the form of sulfate. Although quantifying the relative
magnitude of S°* is difficult because of uncertainties in the
surface structures and surface areas, it seems that the marcasite
film may produce more S°* than {100} pyrite. What can be
asserted with more certainty is that the marcasite sample shows
more significant oxidation of the S3~ group, as evidenced by
the relatively large decrease in the 162.6-eV feature (due to
emission from S37) and the growth of spectral intensity near
163.7 eV, with respect to pyrite {100}. More specificaly, the
ratio of the integrated area of reacted species (i.e., 168.8 and
163.7) to unreacted species (i.e., 162.6) for pyrite was found to
be 1:2, whereas for the marcasite sample the ratio was 5:1.
Intensity near 163.7 is consistent with the growth of S species
with oxidation states greater than 1-, but the data cannot un-
ambiguously identify the species. Polysulfide species exhibit
intensity in this region, and prior XPS studies suggest that
species such as thiosulfate can account for S 2p intensity near
163.4 eV (and 168.5 eV) (Guevremont et al., 1998a). Recent
studies in our laboratory that used attenuated total reflectance
Fourier transform infrared spectroscopy (data not shown) sug-
gest that both thiosulfate and sulfate are present on the surface
under our experimental conditions.

Data presented in Figure 5b also supports the increased
reactivity of the marcasite film. The Fe 2p feature at 707.7 eV
associated with Fe** in {100} pyrite and the marcasite thin
film is markedly reduced, whereas spectral intensity near 711
eV, associated with Fe**oxidation products, is concomitantly
increased after oxidation. The decrease in Fe®" intensity is
greater in the case of marcasite, suggesting that alarger fraction
of the surface Fe?* is oxidized to Fe** for this polymorph of
FeS,.

Increased reactivity of the marcasite film is not entirely
unexpected because previous studies have suggested that mar-
casite is a more reactive mineral than pyrite (Rinker et a.,
1997; Uhlig et a., 2001) in oxidizing environments. The reac-
tivity of the marcasite thin film, however, brings forward the
importance of short range order in mineral reactivity. At least,
when discussing pyrite, nonstoichiometric defects such as Fe®*
and S*~ often are proposed asinitial sites of oxidation (Guevre-
mont et al., 1998a; Schaufuss et al., 1998a). Rupture of the S-S
linkage during fracture of pyrite or marcasite, for example, can
lead to the generation of such surface species (Schaufuss et al.,
1998h). It might be speculated that such sites can lead to the
generation of Fe*" oxide product phases that have been pro-
posed to contribute to pyrite oxidation (Eggleston et al., 1996).
For the marcasite thin film discussed in this contribution, the
contribution of S?~ to the surface reactivity was effectively
removed. Although we cannot comment on the site density of
Fe** on the thin film, we would expect it to be low, considering
that S'~ is the only detectable S species in the film. The
marcasite film, however, shows significant reactivity. This ex-
perimental observations suggests that long range order (such as
crystallographic orientation) or short range defects, such as
steps, kinks, etc., whose presence has been inferred from AFM,
contributes significantly to the overall surface reactivity of
marcasite (or presumably to pyrite). Such a conclusion is con-
sistent with prior research from our laboratory that experimen-
tally observed more significant oxidation on {111} pyrite than
on {100} pyrite under identical oxidizing environments
(Guevremont et al., 1998b), even though the site density of

nonstoichiometric sites appeared to be similar. Research is
presently being pursued in our laboratory to synthesize more
well-defined thin films of marcasite and pyrite that will have
less structural disorder.

4. SUMMARY

A thin film of marcasite has been investigated with XRD,
AFM, synchrotron-based photoelectron spectroscopy, and
XPS. The thin film presented a reproducible and atomically
clean sample for surface science studies. AFM results suggest
that the films are relatively uniform, but do expose a variety of
sites at the surface. Synchrotron-based photoel ectron spectros-
copy, shows that the S 2p spectral region is dominated by
emission from S3~ groups. Lesser S 2p contributions associ-
ated with surface shifted S3~ and polysulfides also are present.
Concentration of the polysulfide impurity on the thin films
appears to be dignificantly less than the same species on
cleaved marcasite samples reported on in prior work in another
laboratory. Even though the thin film had a low density of
nonstoichiometric species, such as S, it showed significant
oxidation in a H,O/O, environment. This results suggests that
the presence of defects such as steps etc., inferred from AFM,
dominated the surface reactivity.
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