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Abstract

Synchrotron X-ray PhotoElectron Emission Microscopy (X-PEEM) is a useful tool to investigate the microchemical
composition of a variety of different samples, including cells in culture, tissue sections, magnetic material, bacteria, rocks,
materials science, tribology and archaeology specimens. The MEPHISTO X-PEEM, installed at the Wisconsin Synchrotron
Radiation Center, reached a peak resolution of 20 nm, has been extensively used for the last 4 years to explore al of the
above systems. The experiments reported here are some of the most unusual ones for this technique: ZnS precipitating
bacteria, Mn and Fe oxide rocks and archaeological coins. The microchemistry of each one of these samples delivered new

results. [0 2001 Elsevier Science BV. All rights reserved.
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1. Introduction

X-ray PhotoElectron Emission Microscopy (X-
PEEM) was originally developed for studying the
surface microchemistry of materials science speci-
mens [1-3]. It has then evolved into a valuable tool
to investigate the magnetic properties of materials [4]
and the microchemistry of cells and tissues [5-7].
Nevertheless, these types of samples are not the only
ones that can be explored with X-PEEM. We have
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tested the use of the MEPHISTO X-PEEM instru-
ment on a whole variety of different specimens of
interest in completely different disciplines. These
include liquids confined in an ultra-high vacuum
(UHV) compatible sealed cell [8], micro-corrosion
on the surface of jet engine components, lubricant
films of tribological interest [9,10], thin polymer
layers [11], carbon nanowires [12], bacteria and their
metabolic byproducts [13,14], rocks containing sev-
eral elements in micro-localized oxidation states, and
archaeological coins. Since none of these systems
had previously been studied with this or similar
techniques, we obtained, to our surprise and delight,
valuable new information from all these systems.
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These experiments also had the effect of transform-
ing our group into a truly interdisciplinary one.

The conditions under which a sample is PEEM-
detectable are apparently very stringent. The sample
must in fact be: (i) a conductor; (ii) UHV compat-
ible; (iii) flat. In reality, each one of these conditions
turns out to be quite forgiving. Conductivity was the
biggest surprise: a polymer microtomed section as
thick as 0.5 wm, or a 1-mm thick rock were
conductive enough to generate usable X-PEEM
distribution maps and spectra. Note that the samples
are kept at high negative voltage (—12 to —18 kV)
during a PEEM experiment [15]. In the case of the
rock, it is possible that we are observing photo-
conductivity under X-ray illumination [16], although
in the polymer case, this explanation is not accept-
able.

The case of UHV compatibility has also been
surprising: a very preoccupying event for surface
scientists is the introduction of oil in their vacuum
chamber. For the tribology experiments, we studied
metal coupons that had been immersed in lubricant
ail in the presence of additives, at high temperature,
high pressure and under mechanical rubbing to
simulate car engine stress conditions, and the con-
sequent oil additive film formation. The samples
were rinsed in a beaker containing hexanes for a few
seconds, and then inserted into the UHV chamber
directly. This was not a very thorough cleansing by
UHV standards. Nevertheless, the base pressure in
the chamber was 10° Torr or lower, and the results
of Refs. [9,10] could be obtained.

On the other hand, when we wanted to analyze
wet samples, in the pursuit of the elusive goal of
studying living cells, we had to develop a vacuum
tight water pocket, that would confine water in UHV
for as long as 3.5 days without leaking, before we
could acquire X-PEEM spectra [8].

The sample surface flathess constraint is always a
concern. A high resistivity sample with a surface
corrugation of 1 um peak-valley can be imaged, but
the local electric field when the sample is held at
high voltage is strongly inhomogeneous, generating
artifact topography in the images.

In some cases, such artifacts can be eliminated via
software, but only in elementa distribution maps,
normalized to obtain a ‘pure chemistry—no topog-
raphy map’. Spectra originating from such corru-

gated insulating surfaces may exhibit very strange
behavior such as negative pesks in the spectra and
edge lensing effects in the images, which we had to
analyze and characterize carefully, before any valu-
able microchemical information could be extracted
[27].

Each one of the samples described above presents
different challenges for X-PEEM analysis, and sam-
ple preparation must be optimized to render the
experiment possible. We discuss here three of the
unusual X-PEEM experiments in geomicrobiology,
geology and archaeology.

1.1. Geomicrobiology

One author (J.F.B.) and coworkers recently dis-
covered that sulfate reducing bacteria are associated
with ZnS in biofilms collected from a flooded zinc
mine in Southern Wisconsin. They observed that
abundant, extracellular, spherical, micron-scale ag-
gregates of nanocrystalline (approximately 2—5 nm
diameter) sphalerite (ZnS) are formed in natural
biofilms by these sulfate-reducing bacteria. Biofilms
concentrate Zn by a factor of about 10° relative to
the dilute groundwater (0.09—-1.1 ppm Zn). DNA
analysis of this novel ZnS precipitating bacteria, to
determine their phylogeny, identified them as part of
the family Desulfobacteriaceae [13]. TEM and dif-
fraction results on the precipitated spheres were
consistent with ZnS, based on the interatomic dis-
tance and elemental composition, but definite proof
that the oxidation state of S was consistent with ZnS
was necessary. We therefore analyzed them with
MEPHISTO and provided conclusive evidence.

1.2, Geology

Microchemistry of rocks by a technique sensitive
to the oxidation state of elements at the microscopic
level, such as X-PEEM, is helpful in the characteri-
zation and interpretation of the formation of the rock
itself. We studied a ~2.0 billion-year-old rock from a
manganese deposit, which is part of a banded iron
formation (BIF) in the Kalahari Desert in South
Africa. The genesis of BIF is uncertain, and one
school of thought proposes a biological origin. We
decided to study this with MEPHISTO to look for
evidence of biogenicity in the form of microchemical
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inhomogeneities. We observed no structures con-
sistent with microbial microfossils, nor did we
observe any other conclusive evidence of biogenici-
ty. We were able to observe mixed oxidation states of
manganese (Mn”"/Mn®*" and Mn**) and oxidized
iron (Fe®") [18]. This technique was clearly able to
image microchemical inhomogeneity in the rock at
fine spatial scales ~0.1 wm.

1.3 Archaeology

A surface sensitive technique such as X-PEEM is
not expected to be the ideal tool to analyze the alloy
chemistry of an ancient coin. A bulk sensitive
technique such as neutron activation would be much
better suited for the goal. Nevertheless, we decided
to try and we found unprecedented information: we
observed the presence of fluorine in a 211 B.C.
Roman silver coin. Fluorine has never been found in
silver coins, and we do not know why it was there,
and how it was incorporated in the silver aloy, but
we were able to rule out the possibility of surface
contamination.

2. Experimental
2.1. X-PEEM spectromicroscopy

Extensive descriptions of the MEPHISTO X-
PEEM instrument can be found in Refs. [15,19].

2.2. Geomicrobiology

The bacterial biofilm was extracted from the
flooded mine ore by SCUBA divers, and stored in
vids a —20°C. Samples for MEPHISTO were
simply a 5-pl droplet of the mine water and biofilm
fragments in suspension, deposited on gold coated
silicon substrates, and air dried. The relevant bacteria
were identified among many others by their morphol-
ogy and the presence of the microspheres on their
cell bodies [13].

2.3 Geology

The manganese deposit rock sample was collected
from the BIF in South Africa by J Kirschvink

(Caltech). We obtained a small piece of it, cut it, and
then polished it by hand with decreasing diameter
alumina powders, down to 0.3 pm. The rock surface
after polishing was very inhomogeneous at the
visible light microscope, exhibiting shallow 5-100
pm wide ovoid pits, probably because these regions
contained softer mineral phases preferentialy eroded
by polishing. The ovoids were not accessible to
X-PEEM because they did not photoemit. We do
know from environmental scanning electron micro-
scopy, that the ovoid features contain a variety of
manganese oxides and Mn-rich carbonate phases.
The rock matrix, mostly manganese and iron oxides,
could be imaged and analyzed in MEPHISTO.

2.4. Archaeology

A Roman silver coin (dated 211 B.C.) was first
analyzed in MEPHISTO, then also with an XPS
system at the US Air Force Base in Dayton, OH, and
the study was completed with XPS ESCA-300
Scienta instrument at the EPFL in Switzerland. The
results presented here are from the ESCA instrument,
although they could technically be obtained with the
other two instruments if enough time was available.
The ESCA gpatial resolution is determined by the
X-ray beam size (Al Ka rotating anode source, 1486
&V, dlit delimited to be 500500 wm?). The coin was
vacuum cleaned with trichloroethane, acetone and
ethanol in ultrasonic baths for 20 min each, before
being inserted in the vacuum systems. XPS spectra
were acquired in 5-10 locations of the coin surface,
then it was sputtered with 5 kev Ar ions for 100 min
and analyzed again in 5-10 locations.

3. Results and discussion

Fig. 1 top-left shows the direct MEPHISTO
micrograph of one of the ZnS precipitating bacteria.
The images below are the distribution maps of the
sulfide and sulfate on and around the same bac-
terium. In the sulfide distribution map, two of the
sphalerite spheres are visible, not corresponding to a
strong sulfate signal in the sulfate distribution map.
The top spectrum on the right was extracted from the
two regions highlighted in yellow on the image. This
spectrum clearly shows the presence of sulfur in two
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Fig. 1. Direct MEPHISTO micrograph acquired at 95 e/ photon energy (top left). Below left the sulfide and sulfate distribution maps,
showing higher concentration in lighter gray. The sulfide map was obtained from images taken at 164, 160 and 156 €V, the sulfate map 174,
160 and 156 &V. The regions outlined on the images indicate where the bacterium spectrum on the right was acquired. The spectra on the
right show a comparison of XANES on the bacterium and two reference compounds: calcium sulfate and zinc sulfide.

different chemical states, one with main peaks at 174
and 182 eV, interpreted as a sulfate, and one with
peaks at 164 and 178 eV, interpreted as sulfide.
Spectra from a reference sample of calcium sulfate
confirm the sulfate interpretation. The sulfide inter-
pretation is also confirmed by a reference compound,
ZnS, athough the spectra from the reference have
similar lineshapes, their energy position is shifted by
1 eV. This shift does not affect the interpretation of
the bacterium spectral peaks at 164 and 178 eV,
which can only be attributed to a sulfide. Interesting-
ly, organic and inorganic formation of the same
compound might exhibit different spectral behavior.
This may be due, for example, to the microstructure
of the sphalerite ZnS, formed by 3 nm diameter
nanospheres (S.E.M. data, not shown [13]). The
surface/volume ratio is therefore unusualy large,
affecting the XANES peak position.

Fig. 2 shows the distribution maps of Mn®",
Mn®*/Mn*" and Fe*" acquired from the BIF rock
sample. The large void in region 3 is one of the
poorly conducting ovoid features, which did not emit
photoelectrons. Iron forms discrete inclusions in the
manganese oxide matrix (region 1). The manganese
phases are interspersed with different local con-
centrations. In particular, in region 2, Mn*" is
present in higher concentration than Mn*"/Mn°".
We did not find evidence of biogenicity.

Nevertheless, we determined that the elemental
and oxidative microchemistry of this rock can be
studied with the necessary sensitivity and spatial
resolution with MEPHISTO. Although this particular
rock matrix was conductive enough to be detectable
with X-PEEM, we cannot assume that every rock
would be [20]. It is possible that the insulating Mn
oxides in the rock, in fact, become photoconductive
once illuminated by X-rays [16]. Alternatively, a
high concentration of impurities in the minerals may
be doping insulating crystals and increasing their
conductivity, athough the resistivity should be finite
also when the sample is not X-ray illuminated, which
is not the case.

Fig. 3 shows the silver coin and the F 1s XPS
spectra acquired on it. XPS spectra taken from the
coin before sputtering exhibited several contami-
nants, with a predominance of sulfur, and no F. After
sputtering all contaminants were removed (O and S
were not detectable), the Ag and F spectral peaks
became much more intense. This result indicates that
F is in the coin Ag dloy, and not a surface
contaminant. As it can be seen in Fig. 3, the coin did
not tarnish. Since the presence of the fluorine in
silver coins has never been documented, and this
coin did not tarnish, we speculate that the two
phenomena may be related. We do not know what
compound F is forming in the Ag alloy. We analyzed
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Fig. 2. Left: MEPHISTO distribution maps of Mn®* and Mn*"/Mn*" and Fe** acquired on the Kalahari Desert banded iron formation
(BIF). In each map darker pixels correspond to higher concentration of the element. Right: MEPHISTO XANES spectra showing a
predominance of Mn®* or Mn**/Mn®", or Fe** in different locations (1, 2 and 3) on the surface of the rock. Note that the distribution maps
of Mn** and Mn**/Mn*®" are similar but not identical. The iron distribution map is completely different.

several possibilities and failed to find a compound
that would form at or above the Ag melting point
(960°C [21]) and that would not tarnish. The most
obvious, AgF isto be ruled out because it turns black
in contact with air [21], as AgNO, does in photo-
graphic emulsion. AgF, decomposes at 690°C. The
presence of fluorine in a Roman artefact is not too
exotic, because fluorite (CaF,, which melts at

1360°C), is quite common in the surroundings of
Rome, and it may occur in silver mines. Obviously
the Romans were not aware of elemental chemistry,
but we found that in modern metallurgy fluorite is
used as flux, i.e. a substance mixed with a metal to
promote melting. The Romans may have found it
effective to mix fluorite with silver, just by trial and
error, and the practice was then lost through history,
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Fig. 3. Top: visible light microscopy images of the front and the back of the 211 B.C. Roman coin (diameter 9-12 mm) from the mint of
Rome, found in La Molella (Sabaudia, Rome). Bottom: XPS spectra of Fluorine, obtained after Ar ion sputtering from the shield and the arm
on the front of the coin. The two spectra show different oxidation states persisting after sputtering, probably due to uneven sputtering caused

by the coin’s topographic relief.

since there is no other reported evidence of F in Ag
coins, either ancient or modern.

4. Conclusions

We explored the possibility of using X-PEEM
spectromicroscopy in new fields, such as archaeolo-
gy, geology and geomicrobiology. The experiments,
initially conceived only as feasibility tests, demon-
strated to be successful and delivered new insightsin
each one of these unusua fields. The most un-
expected finding was that we could perform PEEM

of a 1-mm thick piece of rock. This result leads to
the thought that it is not correct to exclude a PEEM
experiment a priori because it does not seem feas
ible: the best approach is trying first, and then
analyzing and interpreting the results.
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