
 

This is an electronic reprint of the original article. This reprint may differ from the original 
in pagination and typographic detail. 

 
Core level studies of calcite and dolomite

Järvinen, Lauri; Leiro, Jarkko; Heinonen, Markku

Published in:
Surface and Interface Analysis

Published: 01/01/2014

Link to publication

Please cite the original version:
Järvinen, L., Leiro, J., & Heinonen, M. (2014). Core level studies of calcite and dolomite. Surface and Interface
Analysis, 46, 399–406.

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

This document is downloaded from the Research Information Portal of ÅAU: 13. Mar. 2024

https://research.abo.fi/en/publications/6e844fb3-4127-41fc-92bf-ccba853aa2af


Research article

Received: 16 November 2012 Revised: 7 March 2014 Accepted: 7 March 2014 Published online in Wiley Online Library: 22 April 2014

(wileyonlinelibrary.com) DOI 10.1002/sia.5511
Core level studies of calcite and dolomite
Lauri Järvinen,a* Jarkko Leirob and Markku Heinonenb
Conventional X-ray photoelectron spectroscopy (XPS) and synchrotron-based X-ray photoelectron spectroscopy (HRXPS) have
been used to study Iceland spar calcite (CaCO3) and dolomite (CaMg(CO3)2). The obtained full widths at half maximum (FWHMs)
are mostly narrower than in the previous results, which together with the symmetry of the fitted peaks indicate effective
neutralisation of surface charging. Some previously unidentified features observed in the Ca 2p, C 1s and O 1s spectra of calcite
have been suggested to be bulk plasmons. Also, surface core level shifts in Ca 2p (in calcite) and Mg 2p (in dolomite) spectra have
been obtained and found to be consistent between XPS and HRXPS measurements. A peak attributed to carbide (CaC2) has been
suggested to indicate beam-assisted interactionwith hydrocarbons found on the surface. Copyright © 2014 JohnWiley & Sons, Ltd.
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Introduction

Calcite (CaCO3) is themainmineral constituting limestone and fairly
common around the earth in a multitude of mineralogical environ-
ments. Dolomite (CaMg(CO3)2) is also often present in limestones,
which are widely used as raw materials in various desulfurisation
processes of flue gases from power plants utilising coal combus-
tion.[1] Other large scale applications include, for example, the use
as filler in paper and cement as well as in soil improvement. An
environmental aspect of calcite and dolomite lies in their role in
the global carbon dioxide cycle.[2,3] X-ray photoelectron spectros-
copy (XPS) can provide useful information concerning the chemical
bonding of calcite and dolomite surfaces for better understanding
of, for example, chemical reactions taking place in flue gas
desulfurisation or environmental processes.

Calcite (space group R3c) has a rhombohedral crystal structure.
It consists of alternating layers of calcium (Ca2+) and carbonate
(CO2�

3 ) ions that are perpendicular to the crystallographic c-axis.
Each calcium ion is coordinated to six oxygen atoms. The coplanar
vectors a and b of the calcite unit cell have the same length of
0.499 nm and an angle of 120° between them, while the perpen-
dicular c-axis is 1.706 nm long.[4] Iceland spar is a transparent and
colourless variety of calcite with a strong double refraction.[5]

Dolomite is also a rhombohedral carbonate mineral with slightly
lower symmetry (space group R3). The difference to the calcite crys-
tal structure is that every other Ca2+ layer is replaced by magnesium
(Mg2+) ions.[6–8] The lattice parameters of a=b=0.488nm and
c=1.629nm have been reported.[9] Dolomite is a solid-solutionmin-
eral, which means that the Mg/Ca relation can vary. In other words,
calcium and magnesium can substitute each other in the mineral
lattice. If there is nomagnesium, themineral is called calcite (CaCO3);
if there is no calcium, the mineral is called magnesite (MgCO3).

In XPS, the surface of a sample is irradiated with X-rays. As a
result, a series of photoelectrons are emitted leaving behind
a positive charge, which requires neutralisation if the sample has a
large band gap (i.e. the sample is an insulator such as calcite and
dolomite).[10] The values of indirect electronic band gaps of dolomite
and calcite have been reported to be 5.0 and 6.0 eV,[9,11] respec-
tively. Especially in the case of synchrotron radiation, charging on
the surface distorts and widens the photoelectron peaks, thus
making it more difficult to identify the subtle details in the chemical
Surf. Interface Anal. 2014, 46, 399–406
environment of the sample surface. In addition, surface charging
also causes false shifts in binding energies that hinder the identifica-
tion of the correct binding energy of a peak in a spectrum.[12–16]

Recently, it has been shown that it is possible to measure XPS
spectra of insulators with no charge broadening,[17] which is
promising for the study of non-conducting solids. To the authors’
knowledge, no calcite nor dolomite spectra (with an exception of
the findings of Doyle et al.,[18] in which case, CaO reacted with CO2

and produced CaCO3) have beenmeasured previously with synchro-
tron-based XPS. Energy loss satellites in the Ca 2p spectra of calcite
have been observed,[19–21] but no interpretations of their origins
have been presented in these publications. Interestingly, it was pos-
sible to experimentally identify the plasmon energies of calcite that
can be extracted from the results of the density functional theory
(DFT) calculations byMedeiros et al.[22] It turned out, that their optical
physics calculations of collective excitations are consistent with our
experimental results. Because the value of zero for the real part of
the dielectric function predicts collective excitations of electrons
(i.e. bulk plasmons), that are readily observable in XPS data, an exper-
imental comparisonwith the calculations is possible. In this study, we
have utilised both synchrotron-based high-resolution XPS (HRXPS)
and conventional XPS tomeasure core level spectra of a single crystal
Iceland spar calcite and ametamorphic (physically and/or chemically
altered because of high temperature and/or high pressure condi-
tions) polycrystalline dolomite from Reetinniemi, Finland.
Experimental

HRXPS

The synchrotron-based high-resolution measurements were
carried out at beamline I411 of MAX II synchrotron laboratory
in Lund, Sweden. The beamline is equipped with a modified
Copyright © 2014 John Wiley & Sons, Ltd.
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SX-700 monochromator (Carl Zeiss, Oberkochen, Germany) and
a hemispherical Scienta R4000 (Scienta Scientific AB, Uppsala,
Sweden) electron energy analyser. The pressure was of the order
of 10�8mbar. The overall instrumental energy resolutions were
0.1, 0.2 and 0.4 eV for photon energies of 400, 550 and 780 eV, re-
spectively. The electron take-off angles (measured from the sam-
ple surface) were equal to 45°. The spectrometer was calibrated
using Au 4f7/2 and Ag 3d5/2 photoelectron lines at 84.0 and
368.3 eV, respectively. In addition, the Fermi level of gold was
used for calibration.
Both calcite and dolomite samples were mounted into a sam-

ple holder with integrated dipole type electron flood gun and
cleaved in the vacuum chamber. For the measurement of Ca 2p
spectrum of calcite, a conductive mask[23] made of gold was
placed on top of the sample to improve surface neutralisation.
The mask was grounded, and it had a 2-mm hole to limit the
measurement area, thus making it easier to control the experi-
ment. The conductive copper substrate was also grounded for
all experiments.
The obtained spectra were analysed with Igor Pro 5.02

(WaveMetrics Inc, OR, USA) software and a special macro pack-
age.[24] A Shirley background correction method and a Gaussian–
Lorentzian (Voigt) peak shape were used unless otherwise stated.
In the case of calcite, the peak positions were calibrated using
the studies of Järvinen et al. and Blanchard and Baer.[25,26] For
the Ca 2p spectra (also for those obtained with conventional
XPS), the spin-orbit splitting Δs�o = 3.6 eV and the peak intensity
ratio of 1 : 2 were used. The lifetime widths were fixed to
0.17 eV.[27]
Conventional XPS

Conventional XPS measurements with non-monochromatic
Mg Kα and monochromatic Al Kα radiation were carried out
with a PHI 5400 spectrometer (Physical Electronics, MN, USA).
The corresponding powers of the X-ray source were 200 and
300W, respectively. The wide scan survey spectrum (Fig. 1)
was measured with Mg Kα X-rays. The overall instrumental en-
ergy resolution was 0.9 eV in the case of non-monochromatic
radiation and 0.7 eV in the case of monochromatic radiation.
The electron take-off angles (measured from the sample sur-
face) are noted in the figures or their captions. The pressure
was of the order of 10�9 mbar. In the case of monochromatic
Al Kα excitation radiation, an electron flood gun was used for
Figure 1. A survey spectrum of a polycrystalline dolomite (CaMg(CO3)2)
from Reetinniemi, Finland. The spectrum was recorded from a powder
sample. The electron take-off angle was 45°.

wileyonlinelibrary.com/journal/sia Copyright © 2014 Joh
charge neutralisation, whereas for Mg Kα, electrons emitted
from an aluminium window of the X-ray tube were used to
compensate for charging. The calcite sample was cleaved in
the vacuum chamber.
Results and discussion

Identification of the studied surfaces

X-ray diffraction (XRD) patterns showed that the calcite was
cleaved along the ( 1014 ) surface. In addition, a minor peak
referring to (2026) surface was observed. The XRD-spectrum
of the cleaved polycrystalline dolomite sample showed
( 1014), ( 0112) and 1126

� �
reflections, for which the first

one was clearly dominant.

HRXPS of calcite

Surface core level shifts

Figure 2 shows two high-resolution Ca 2p spectra of Iceland spar
recorded with photon energies 550 and 780 eV. The Ca 2p3/2
binding energy of 346.7 eV[26] was used for calibration of the
peak positions. The lifetime widths were fixed to the calculated
value of 0.17 eV for Ca 2p,[27] which is in agreement with X-ray
emission measurements of metallic calcium.[28] For both bulk
and surface components of the Ca 2p spectra, the instrumental
widths were allowed to change. The Gaussian widths of the fitted
spectra varied between 1.0 and 1.3 eV, which include both
instrumental and phonon broadening. Two Ca 2p doublets with
Figure 2. Ca 2p spectra of Iceland spar calcite obtained with synchro-
tron-based high-resolution XPS (HRXPS). Markers indicate raw data
without background subtraction, dashed lines are the fitted individual
components and the thin solid line behind the markers is the sum of
the dashed lines. The horizontal solid line below the peaks shows the dif-
ferences between the raw data and the sum of the fitted components,
that is, the residues. The electron take-off angle was 45°. A linear back-
ground subtraction method was used.

n Wiley & Sons, Ltd. Surf. Interface Anal. 2014, 46, 399–406



Figure 3. Ca 2p spectra of Iceland spar obtained with conventional
XPS. Fourfold and fivefold enlargements (of the vertical axes) of the sat-
ellite regions are shown for upper and lower panels, respectively.
Markers indicate raw data without background subtraction, dashed
lines are the fitted individual components and the thin solid line is the
sum of the dashed lines. The photoelectron take-off angles have been
set to 20° and 60° (measured from the sample surface). A linear back-
ground subtraction method was used.
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a separation of 0.7 eV can be fitted for both spectra. Two satellite
features fitted in Fig. 2 occur at about 8 eV higher binding
energies than Ca 2p1/2 and Ca 2p3/2 peaks.

Calcite has good cleavage properties along the (1014) surface
partly because no strongly covalent C–O bonds and the least
amount of ionic Ca–O bonds are broken.[29,30] The creation of a
fresh surface leads to a removal of one oxygen atom; on the
( 1014 ) surface, each Ca2+ ion is coordinated to five nearest-
neighbour oxygen atoms instead of six in the bulk.[31] The
doublet on the high binding energy side in the Ca 2p spectra in
Fig. 2 is suggested to originate from surface Ca atoms. This sepa-
ration of peaks in binding energy is called surface core level shift
(SCLS).[32] In the initial state of the XPS process, an increase of the
binding energy of electrons in the case of cations at the surface can
be largely explained by the surfaceMadelung potential,[33] because
the surface Madelung constant is often smaller than the bulk one.
According to the Mönch’s model,[34] an assumption of a constant
anion-cation distance leads to SCLS being proportional to the
difference between bulk and surface Madelung constants.

In addition, screening of the created core hole by the valence
electrons (final state effect) has an influence on the binding
energy of an emitted photoelectron. There are more electrons
around calcium in the bulk than in the surface. Therefore, the
binding energy of the surface Ca 2p core level is reduced more
than the corresponding energy of the bulk 2p level, and the
magnitude of the SCLS decreases because of screening. According
to Veal and Paulikas,[35] who studied screening in CaF2 (an ionic
compound with an experimental band gap of 12.1 eV[36]), the
screening of the Ca 2p core hole should be local. They reached
this conclusion by applying the Z+1 approximation, in which
(for outer electrons) an ion that has atomic number Z and a deep
core hole is treated as if it were a neutral atom in its ground state
with atomic number Z+1. Therefore, Ca2+, after losing a core
electron, should closely resemble Sc2+ ion.[35]

The SCLS of 0.7±0.1 eV, which was also observed in the Ca 2p
spectra obtained with both non-monochromatic Mg Kα (not shown)
and monochromatic Al Kα (Fig. 3, Fig. 4 and later text) X-rays, is
substantially smaller than that of the previously reported value of
1.3±0.2 eV.[19] If smaller number of Ca–O bonds is the dominating
factor behind larger binding energy shifts, it could be that in the
referred case,[19] the coordination of Ca2+ by oxygen was even lower
than in our case. This might be caused by different amount of steps,
kinks and edges on the surface that lead to a different number of
Ca–O bonds and hence a different SCLS.

Satellite features

Two satellite features have been fitted into Fig. 2 for both 550
and 780 eV photon energies. They occur at about 8 eV from Ca
2p1/2 and Ca 2p3/2 components. These four satellites are
suggested to be caused by plasmons originating from the bulk.
Their energies are in accordance with a previously measured
reflection electron energy loss spectrum of calcite[11] and
previously measured conventional XPS spectra of calcite.[19] In
addition, DFT calculations of the calcite dielectric function ε(ω),
which was published by Medeiros et al.,[22] support our
suggestion. By using the interpretation given by Leiro, Minni
and Suoninen,[37] the equation Re ε(ωp) = 0 gives the frequency
value ωp of a bulk plasmon (occurring at approximately 8 eV in
the DFT calculations), while in the case of Re ε(ωs) =�1, the
frequencyωs of a surface plasmon is given (occurring at approximately
7.5 eV in the DFT calculations). By showing that Im ε(ω) has a local
Surf. Interface Anal. 2014, 46, 399–406 Copyright © 2014 John
minimum at approximately 8 eV, Medeiros et al.[22] show that
damping of the satellite is smaller around this energy. At approx-
imately 7 eV, the real part of the dielectric function has another
zero point, but the damping part is clearly higher. This can
explain why there are no peaks in Fig. 2 at about 7 eV higher
binding energies from the Ca 2p doublet.

In the case of hν= 550 eV, a larger proportion of the measured
signal originates from the surface, and therefore, the surface
plasmons have a larger contribution to the total spectrum, which
can be seen as less pronounced energy loss features. From the
data presented by Medeiros et al.,[22] it can be deduced that
the energy difference between surface and bulk plasmon would
be about 0.5 eV. In addition, the data of Medeiros et al.[22]

indicate that there are bulk plasmons also at about 11.5 eV higher
binding energies than the Ca 2p doublet. If the satellites
occurring at around 8.0 and 11.5 eV from the Ca 2p1/2 and
Ca 2p3/2 components are considered (as they are in Fig. 4), it
would be seen that the satellite peak located at about 8 eV from
the Ca 2p1/2 peak consists of two features. The other component
comes from the Ca 2p3/2 main line.

Full widths at half maximum

The full widths at half maximum (FWHM) of the fitted Ca 2p peaks
in Fig. 2 are all between 1.0 and 1.3 eV. Previous results obtained
with conventional XPS (non-monochromatic Mg Kα or monochro-
matic Al Kα excitation) range from 1.3 to 2.0 eV,[19–21,25,38] which
indicates that our reduction of charge related broadening has
been effective. However, no surface component was resolved
by Baer and Moulder, Gopinath et al., Järvinen et al. and Ni and
Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/sia



Figure 4. Conventional XPS spectra of O 1s and Ca 2p. Fivefold
enlargements (of the vertical axes) of the satellite regions are shown.
In the O 1s spectrum, three satellites are found at approximately 8.7,
11.0 and 16.1 eV higher binding energies than the main carbonate
peak. We suggest that the first and second energy loss features are
bulk plasmons because of the consistency with the DFT calculations
by Medeiros et al.[22] The third feature might be to some extent
contributed by a second order plasmon because its energy is approx-
imately twice as large as the energy of the first feature. In the Ca 2p
spectrum, it can be seen that the satellites actually consist of two
doublets located at 8.3 and 11.5 eV higher binding energies than
the Ca 2p bulk doublet. Using the same interpretation as previously,
we suggest that these satellites are bulk plasmons. Markers indicate
raw data without background subtraction, dashed lines are
the fitted individual components and the thin solid line is the sum
of the dashed lines. A linear background subtraction method was
used in the fitting procedure of the Ca 2p spectrum.
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Ratner.[20,21,25,38] If there is an unresolved peak in these spectra, it
could help to explain the large width of the peaks. Another
aspect that might reduce the FWHM is that our sample was
cleaved in vacuum where there are fewer possibilities for creation
of new chemical bonds that would increase the FWHM. In the
case of narrower FWHMs, the SCLSs and the satellite features be-
come better resolved. With a conventional XPS, monochromatic
X-ray source has been reported to cause unstable sample
charging on the calcite surface that resulted in peak broaden-
ing.[19] In addition, electron irradiation has been reported to
cause decomposition.[39]
Figure 5. C 1s spectra of Iceland spar obtained with conventional XPS.
Markers indicate raw data without background subtraction, dashed lines
are the fitted individual components and the thin solid line is the sum
of the dashed lines.
Conventional XPS

Take-off angle in Ca 2p spectrum

Figure 3 shows two Ca 2p spectra obtained with monochromatic
radiation and take-off angles (measured from the sample surface)
of 20° and 60°. Fourfold and fivefold enlargements (of the vertical
axes) of the satellite regions are shown for the upper and lower
panel, respectively. Shoulders on the high binding energy side
are interpreted to represent SCLSs, which appear at 0.7 ± 0.1 eV
higher binding energies. The surface sensitivity of the smaller
wileyonlinelibrary.com/journal/sia Copyright © 2014 Joh
take-off angle can be well observed as a stronger surface related
peak in the upper spectrum. The binding energy shifts are in
agreement with the SCLSs observed with synchrotron radiation.
Also, FWHMs are equal to 1.3 ± 0.1 eV.

Two satellite features are located at 8.2 ± 0.1 eV higher binding
energies measured from the Ca 2p peaks, which is also in reason-
able agreement with our high-resolution measurements. Further
agreement with the interpretations presented above of the DFT
calculations[22] suggests that the features are bulk plasmons. In
the more surface sensitive case of 20° take-off angle (Fig. 3), the
plasmons have 0.2 eV smaller energies when compared with
the case of 60° take-off angle. This supports the previous
discussion of approximately 0.5 eV energy difference between
bulk and surface plasmons. The difference in plasmon energies
is interpreted to be caused by a more pronounced surface
plasmon in the 20° take-off angle spectrum. Also, a third satellite
peak, which is located at about 11.4 eV higher binding energy
measured from the Ca 2p3/2 peak, is fitted in the figure (see Fig. 4
and Section on O 1s and Ca 2p Spectra for the discussion).

Take-off angle in C 1s spectrum

The same change of the take-off angle from 20° to 60° was used
to measure the C 1s spectrum. The results obtained with non-
monochromatic radiation are shown in Fig. 5. The dominant peak
at 289.0 eV binding energy is attributed to the carbonate ion in
calcite. At 5.2 ± 0.1 eV lower binding energy from the carbonate
C 1s peak, a feature attributed to the adventitious C–H impurity
can be observed. With the 20° take-off angle, this feature is of
an almost comparable intensity with the carbonate C 1s line,
while its intensity has been reduced to one tenth of the carbon-
ate line in the case of the 60° take-off angle. The reduction in
intensity shows that the peak originates from the surface. We
shall discuss the origin of this chemical species in the next
section. In addition, Kα3 and Kα4 satellites originating from the
n Wiley & Sons, Ltd. Surf. Interface Anal. 2014, 46, 399–406



Core level studies of calcite and dolomite
Ca 2p doublet and CO3 peak are marked in the figure for both
take-off angles. The FWHMs of the carbonate peaks are 1.3 eV
(60°) and 1.4 eV (20°) indicating a possible surface component
in the latter spectrum. Other reported FWHMs range from 1.1 to
1.8 eV.[19–21,25,38]

The peak seen in the lower (more surface sensitive) part of
Fig. 5 at 6.9 eV lower binding energy from the C 1s line of CO3

has been previously attributed to carbide (CaC2).
[40] Its existence

is suggested to indicate beam-assisted interaction with the
hydrocarbons found on the surface, because in the first
(uppermost) spectrum of Fig. 6, which was obtained immediately
after cleavage, no traces of either hydrocarbons or carbide can be
seen. In Fig. 5, instead, hydrocarbons are abundant. The onset of
the high binding energy side of both spectra is suggested to
represent energy loss features of carbon.[41]
Figure 6. Conventional XPS spectra of C 1s obtained with monochro-
matic Al Kα (hν = 1486.6 eV) and non-monochromatic Mg Kα (hν=1253.6
eV) radiation. A fivefold enlargement (of the vertical axis) of the satellite
region is shown for the uppermost panel. The spectra were recorded in
chronological order starting from the top; the uppermost spectrum was
recorded immediately after cleavage, and the one below it after 5 h expo-
sure to irradiation. The last two spectra were each recorded within an
hour using the given radiation. Markers indicate raw data without back-
ground subtraction, dashed lines are the fitted individual components
and the thin solid line is the sum of the dashed lines.

Surf. Interface Anal. 2014, 46, 399–406 Copyright © 2014 John
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Changes in the C 1s spectrum

The influence of irradiation to the C 1s core level of a freshly
cleaved sample was studied with a take-off angle of 60°. The
obtained spectra are shown in Fig. 6. A fivefold enlargement
(of the vertical axis) of the satellite region is inserted in the
uppermost panel. In the uppermost (first) spectrum for which
the measurement was completed approximately 60min after
cleavage, the C 1s peak originating from CO3 is a single symmet-
rical peak. As discussed previously, carbide does not seem to be
part of the calcite structure. At the high energy end of every
spectrum in Fig. 6, there is an onset of a peak that represents
energy loss features of carbon.[41] After 5 h exposure to Al Kα ra-
diation, the measurement was repeated (second spectrum), and
only a weak barely observable peak attributed to adventitious
carbon (C–H) starts to appear at 5.1 eV lower binding energy.

When the X-ray source was switched to non-monochromatic
Mg Kα, the impurity peak (C–H) reached an intensity of approxi-
mately one tenth of the carbonate peak, and Kα3 and Kα4 satel-
lites originating from CO3 appeared. This radiation source was
on for only about an hour, which is how long the measurement
took. The fourth spectrum of the series uses again Al Kα excitation
source for a recording time of an hour. As a result, the satellites
have disappeared, but the impurity line still remains, with the
same intensity ratio to the main CO3 peak.

In the case of monochromatic radiation, two peaks are fitted
for the binding energies of 297.5 and 300.4 eV (see the enlarge-
ment). The energy differences between these satellites and the
CO3 component are equal to 8.5 and 11.4 eV. As discussed
previously and in the next section, these energies and the DFT
calculations by Medeiros et al.[22] suggest that these features
are bulk plasmons.

O 1s and Ca 2p spectra

Figure 4 represents O 1s and Ca 2p spectra of Iceland spar with
fivefold enlargements (of the vertical axes) of the satellite re-
gions. The acquisition of both spectra was completed within
50min after cleavage. For O 1s, the peak with the highest binding
energy that continues beyond the figure is interpreted to consist
of extrinsic electron energy loss features. The three individual
satellites are located at approximately 8.7, 11.0 and 16.1 eV higher
binding energies than the main line. Again, we use the results of
the DFT calculations of the dielectric function of calcite[22] in the
interpretation. The first and the second features could represent
bulk plasmons, because DFT calculations satisfy the conditions
Re ε(ωp) = 0 and Im ε(ωp) is at minimum for these energies, albeit
there are differences of about 0.7 and �0.5 eV in the cases of the
first and second features, respectively. The first two features
occurring at approximately the same binding energies have also
been previously observed without a suggestion of their ori-
gin.[20] A second order plasmon might have partly contributed
to the last feature, which is located approximately twice as far
from the CO3 peak as the first feature, which was interpreted
to be a bulk plasmon.

The main O 1s peak originating from CO3 is fitted with a single
symmetric peak with FWHM equal to 1.4 eV, which is narrower
than in most of the previous results.[19–21,25,38] Both Gopinath
et al.[21] and Stipp and Hochella Jr.[19] suggest that their spectra
include more than one type of chemical bonds contributing to
the photoemission peak assigned to CO3.

In the Ca 2p spectrum, the FWHMs of Ca 2p bulk and surface
features are both equal to 1.3 eV; an SCLS of 0.6 eV is obtained.
Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/sia
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Two satellites are located at 8.3 eV higher binding energies from
the bulk doublet, which is in agreement with the previous
interpretations of bulk plasmons. In this case, the measured
binding energy region extends more to the high binding energy
side than in the previous Ca 2p spectra in Figs 2 and 3. A minor
feature located at the binding energy of 361.8 eV can therefore
be seen. This feature allowed us to fit another doublet, which is
represented by a different kind of dashed line (see the enlarge-
ment in Fig. 4). The used separation between the components
was 3.6 eV, and the intensity ratio was 1:2. This smaller doublet
is located at 11.5 eV higher binding energy than the Ca 2p
doublet. Using the DFT calculations of Medeiros et al.,[22] and
the interpretations presented previously [for Re ε(ωp) = 0 and a
local minimum of Im ε(ω)], we suggest that these peaks are also
caused by the bulk plasmons. The Ca 2p spectrum was measured
from themost contamination-free surface of this study so it seems
unlikely that contamination would influence the SCLSs.
Figure 7. Mg 2p and Ca 3s spectra of dolomite for two different excita-
tion energies of high-resolution XPS (HRXPS) and one spectrum obtained
with conventional XPS. Markers indicate raw data without background
subtraction, dashed lines are the fitted individual components and the
thin solid line is the sum of the dashed lines. The electron take-off angle
was 45°.

wileyonlinelibrary.com/journal/sia Copyright © 2014 Joh
Polycrystalline dolomite

The total spectrum obtained with conventional XPS (hν=1253.6 eV)
from dolomite powder is shown in Fig. 1. Ca 2p, O 1s, Mg 2s and
C 1s lines are marked in addition to silicon and aluminium
originating from impurity minerals in the sample. Other impurity
elements not marked on the figure include iron, fluorine and
adventitious carbon.

Figure 7 showsMg 2p and Ca 3s spectra of dolomite obtained
with both conventional XPS and HRXPS. According to the
authors’ knowledge, only Gopinath et al.[21] and Hu et al.[42]

have published these spectra for dolomite. The Mg 2p peaks
in this study were fitted with a spin-orbit splitting of Δs�o = 0.28
eV[43] and an intensity ratio of 1:2. The lifetime widths were
fixed to be equal for both components, while the instrumental
widths were allowed to change freely. The Mg 2p peak position
(50.3 eV) was taken from the work of Hu et al.,[42] and used for
the calibration of bulk Mg 2p3/2. An SCLS of 0.75 ± 0.05 eV was
fitted for all Mg 2p and Ca 3s spectra, which sounds reasonable
because both Mg and Ca are alkaline earth metals. This surface
component is located on the high binding energy side of the
main line as in the Ca 2p spectra of calcite. The fitting of two
doublets (bulk and surface) for the Mg 2p peak is justified by
the observation that a decrease in the energy of excitation
radiation decreases the area ratio of the bulk peak to the
surface peak and changes the shape of the total Mg 2p
spectrum. The FWHMs of bulk originated Mg 2p3/2 peaks are
equal to 1.7, 1.8 and 1.7 eV for photon energies of 1253.6,
780 and 400 eV, respectively.

Mg/Ca atomic concentration ratio

Figure 8 shows photoionisation cross section ratios for Mg 2p/Ca
3s taken from several sources. A clear consistency between them
is observed. In addition, the ratio for the areas under the Mg 2p
and Ca 3s curves is shown. Its similar shape indicates that peak
areas are proportional to photoionisation cross sections. Therefore,
it might be possible to estimate Mg/Ca atomic concentration by
Figure 8. Mg 2p/Ca 3s photoionisation cross section ratios, Mg 2p/Ca 3s
area ratio and Mg/Ca atomic concentration calculated using the area ratio
and a cross section ratio.[46] The figure was compiled using R statistical
software.[47]
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dividing the area ratio by the ratio of the photoionisation cross
sections of Mg 2p and Ca 3s, as represented in equation

CMg

Cca
¼

AMg2p

ACa3s
σMg2p

σCa3s

; (1)

where Ci is atomic concentration of element i in atomic %, Aj is
area under the photoelectron peak j in counts and σk is
photoionisation cross section in the case of photoelectron k in
barns. Intensity of a peak is assumed to be proportional to the
peak’s area. The Mg/Ca atomic ratios were calculated using the
photoionisation cross section data from the work of Yeh and
Lindau[46] and plotted in Fig. 8. The ratios indicate that the
dolomite sample has approximately twice as much magnesium
compared with calcium independent of the excitation energy
(degree of surface sensitivity). The constant Mg/Ca ratio further in-
dicates that the cleavage has not left a layer of magnesium or cal-
cium on top of the surface, because it would show up as surface
enrichment. The attenuation length of the electrons should not
have much influence on the area relation because the Mg 2p
and Ca 3s peaks have approximately the same binding energies.
However, the previous equation is only an approximation where
photoionisation cross sections[46] were calculated for individual
atoms, not for solid state matter. In addition, it has been pointed
out that instrumental correction factors determined from CaCl2
and MgCl2 samples for the particular spectrometer should be used
instead of calculated sensitivity factors.[42]

Previously, XPS has been used to obtain atomic concentrations
for both calcite[19,21,25,38] and dolomite.[21,42] The published Mg/
Ca atomic concentrations for dolomite surfaces are 1 (sample
from Ward’s Natural Science Est. Inc.[42]) and 1/3 (sample from
Crystal Clays and Minerals, Rajasthan, India[21]). In addition,
Gopinath et al.[21] discussed that the surface of their dolomite
powder was more calcium rich than that of the subsurface layers.
Unfortunately, no additional data is shown to support their
suggestion of Mg/Ca ratio being a function of signal depth. The
difference between these results and our study is obviously
explained by the use of different kinds of samples from the
solid-solution series of dolomites.
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Conclusions

It has been shown that synchrotron-based XPS (HRXPS) is useful
in studies of wide gap insulators calcite and dolomite. The
obtained HRXPS results have been in good agreement with
conventional XPS measurements. With successful neutralisation
of the charges, it is possible that peaks obtained with HRXPS
are narrower than those obtained with conventional XPS. SCLSs
in Ca 2p spectra of calcite have been found to be very similar
to those of dolomite, which were obtained from the Mg 2p spec-
tra. Some satellite features in the Ca 2p, C 1s and O 1s spectra of
calcite have been suggested to be bulk plasmons because of the
agreement between our data and DFT calculations. A peak that
was attributed to carbide (CaC2) has been suggested to indicate beam
assisted interaction with the hydrocarbons found on the surface.
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