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X-ray photoelectron, emission, and Auger electron spectra of diamond, graphite, and fullerene have been
analyzed by deMon density-functional theory (DFT) calculations using the model molecules adamantane
derivative (C10H12(CH3)4), pyrene (C16H10), and C60, respectively. The theoretical valence photoelectron, C
KR X-ray emission, and Auger electron spectra for the allotropes are in good accordance with the experimental
ones. The combination analysis of the valence X-ray photoelectron and C KR X emission spectra enables us
to divide the valence electronic distribution in the individual contributions for pσ- and pπ-bonding MOs of
the carbon allotropes, respectively. The experimental Auger electron spectra of the allotropes can be classified
in each range of 1s-2p2p, 1s-2s2p, and 1s-2s2s transitions for C KVV spectra, and in individual contributions
of the chemically different carbon atoms from the theoretical analysis.

Introduction

Carbon allotropic forms of diamond, graphite and fullerene
differ in their physical and chemical properties because of
differences in the arrangement and bonding of tetrahedral sp3,
planer sp2, and caged sp2 carbons, respectively. Diamond films
are desired for many applications,1 including wear-resistant
coatings, thin film semiconductor devices, X-ray lithographic
membranes, and durable infrared windows. These films are
usually deposited from gas-phase mixtures containing predomi-
nantly hydrogen.2 For the graphite, it is well-known that the
material is produced especially as very strong fibers by pyrolysis,
at 1500°C or above, of oriented organic polymer fibers. When
incorporated into plastics, the reinforced materials are light and
very strong. In the case of fullerene C60, the material is expected
to be applied in lubrication, coating, nonlinear optical and
electronic devices, since the synthesis of the macroscopic
quantities3 and the surface modification4 have been performed.
It is, then, a very fundamental step to the design of the materials
to examine the electronic state of the compounds from theoreti-
cal and experimental viewpoints.

Although differences in the structures between the allotropes
will be reflected in the spectra by several analytical methods
(X-ray photoelectron and emission spectroscopy, Auger electron
spectroscopy, NMR, IR, and so on), there have been few studies
that have dealt with such differences. In recent works,5,6 we
analyzed the valence X-ray photoelectron and emission spectra
(XPS and XES) of diamond and graphite by the deMon density-

functional theory (DFT) program7 using the model molecules.
In the work, we showed that the combined analysis of the XPS
and C KR XES enables us to divide the observed valence
electronic distribution into the individual contributions for pσ-
and pπ-bonding MOs of the allotropes. Thus, our aim in the
present work is to perform the ultimate determination for
analysis of the photoelectron, emission, and Auger electron
spectra of the allotropes by the density functional theory (DFT)
calculations. Here we demonstrate the combination analysis of
the valence XPS, C KR XES, and AES for the allotropes
(diamond, graphite and fullerene) by deMon DFT calculations
using the model adamantane derivative (C10H12(CH3)4), pyrene
(C16H10), and C60 molecules, respectively.

Theoretical Background

(A) Energy. The generalized transition-state (GTS) method
was proposed by Williams and co-workers8 as an extension of
Slater’s transition-state method.9 In the unrestricted GTS model,
the endothermicity is approximated as

by

whereF(λ) ) ∂E(λ)/∂λ, E(λ) ) ΣλlEl, andλ (0 e λ e 1) is
assumed to be a continuous variable.E(0) andE(1) denote the
energies of the initial and final states, respectively. For the
ionization of an electron from molecular orbital (MO)φl of
interest,λ represents the fraction number of electron removed
from the Kohn-Sham (KS) MO. According to the Janak
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∆E ) E(1) - E(0) ) E1 + E2 + E3 + E4 + ... (1)

∆E ≈ F(0) + 3F(2/3)
4

) E1 + E2 + E3 + 8
9
E4 + ... (2)
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theorem,10 F(λ) becomes the negative KS orbital energy,εl(λ).
For the calculation of core-electron binding energies (CEBE-
(Ic)), this procedure is applied in the following way. In the
unrestricted generalized transition-state (uGTS) method, we
removed the 2/3 electron from the inner core-electron level
KS MO φl.

For the vertical ionization potentials (VIP(Ik)) of the valence
regions, we used the restricted generalized diffuse ionization
(rGDI) model,11 which is just the extension of the restricted
diffuse ionization (rDI) model that A° sbrink and co-workers
proposed in the HAM/3 method.12 In the rGDI model, as
indicated in the work,11 the 2/3 electron is removed evenly from
all R and â valence MOs and the negative resulting orbital
energies are approximated asF(2/3) for each valence MO. Thus,
we obtain each valence VIP using eq 2.

In the case of C KR X-ray emission energy, we obtain the
value from the difference (Ic - Ik) between the carbon 1s CEBE
of the hole and VIP of electrons to fill up the hole.

The calculation of Auger electron energy may be expressed
in terms of the single hole binding energy for an electron in
the core orbital,Ic at the initial state, and the double hole
ionization energy in the valence orbital,IVV′ at the final state.
The IVV′ is often expressed as the sum of two single ionization
energies (Ij, Ik

/). We can then give the Auger electron energy in
the following way,

whereIc and (Ij, Ik
/) denote the CEBE and VIPs. The VIP,Ik

/ is
the ionization energy of an electron from thekth MO of the
singly ionized cation (which has already lost an electron from
the jth MO).

To explain the solid-state effect, we define a quantityWD as
stated in early works.13-17 This quantityWD denotes the sum
of the work function of the sample (W) and other energy effects
(D as delta), such as the polarization energy, the width of the
intermolecular band formation, and the peak broadening in the
solid state. The experimentalWD can be estimated from
difference between theoretical electron binding energy (Ic, or
Ik) of model molecules, and the experimental binding energy
of the allotropes. Therefore, for the comparison between the
calculated energy (Ic or Ik) for single molecules of cluster model
and experimental binding energy (I′c or I′k) of solid allotropes,
we must shift each computed (Ic, or Ik) by a quantityWD asI′c
()Ic - WD) {or I′k ()Ik - WD)}, to convert toI′c (or I′k)
relative to the Fermi level.

(B) Intensity. The intensity of valence XPS was estimated
from the relative photoionization cross-section for Al KR
radiation using the Gelius intensity model.18 For the relative
atomic photoionization cross-section, we used the theoretical
values from Yeh.19

The XES intensity of carbon spectral lines was obtained by
summing the LCAO populationsPj[2p(A)]l of the atomic orbitals
ø2p(A)(r) centered on given carbon atoms;l ) x, y, andz. In the
case of C KR spectra, the XES transition arises from outer
occupied p orbitals to s-type holes in a given atom, due to the
selection rule∆l ) (1.

Considering the selection rule and neglecting the terms
involving orbital products on different atoms, an approximate
intensityRI1s(A)j is given by

whereN′ is a constant for each particular spectrum, andCj[2p(A)]

is the LCAO coefficient of the atomic orbitalø2p(A)(r) centered
on atom A.

The relative Auger transition probability from an initial core
hole to the final state with two hole in valence region and an
electron in the continuum was expressed by Wentzel,20

HereΨ(cε) is the total wave function, which denotes the core
hole, c, and final-state continuum,ε, orbitals, respectively; the
other total wave functionΨ(V,V′) involves the two final-state
hole orbitals in valence levels.

Ramarker and co-workers21,22proposed the one-center inten-
sity model for the calculation of Auger electron intensities of
solid SiO2. The relative Auger intensities are given as

Here|Cµj|2 and|Cνk|2 represent the electron density populations
of the atomic orbitals,ψµ and ψν, respectively, on the central
atom A associated with the molecular orbitals,φj and φk. N′
andPcµν denote a statistical factor and the appropriate weighted
subshell Auger transition probabilities, respectively. In our
calculation of the relative Auger intensities, we used eq 6 and
adopted the theoretical values of the subshell Auger transition
probabilities from Chen and co-workers.23

Calculation Details

The calculations have been performed within the cluster
model approach. The cluster dangling bonds of diamond and
graphite except for fullerene have been saturated with H atoms.
The model molecules [adamantane derivative (C10H12(CH3)4),
pyrene (C16H10), and fullerene C60] were calculated by the
deMon-KS DFT program.7 For the geometry of the molecules,
we used the optimized Cartesian coordinates from the semi-
empirical AM1 (version 6.0) method.24

The deMon calculations were performed with the exchange-
correlation potential labeled as B88/P86, made from Becke’s
1988 exchange functional,25 and Perdew’s 1986 correlation
functional.26 In the program, we used a nonrandom grid and a
polarized valence double-ú (DZVP) basis of (621/41/1*) for C,
and (41) for H with auxiliary fitting functions labeled (4, 4; 4,
4) for C, and (3, 1; 3, 1) for H. To calculate each intensity of
XES at each emission energy for model molecules, we used
the STO-3G basis set for all atoms of the model molecules.

To simulate the valence XPS and XES of carbon allotropes
theoretically, we constructed from a superposition of peaks
centered on each VIP,Ik and each emission energy, (Ic - Ik ),
respectively. As was done in previous works,5,6,13-15 each peak
was represented by a Gaussian curve. In the case of the line
width (WH(k)), we usedWH(k) ) 0.10 Ik (proportional to the
ionization energy) for valence XPS, andWH(k) ) 1.5 eV
(experimental resolution) for C KR XES, respectively.

In the calculations of the CEBEs, we used a polarized valence
double-ú (DZVP)) basis set for the model molecules in the initial
state and the scaled polarized valence double-ú (DZVP) basis
set in the uGTS model.

To simulate the AES of the carbon allotropes, we constructed,
from a superposition of peaks centered on the Auger electron
energies, (Ic - Ij - Ik

/) in the each central atomA on the

Ecjk ) Ic - Ij - Ik
/ (3)

RI1s(A)j ) N′∑
A

|Cj[2p(A)]l|2 (4)

MCVV′ ) ∑
ε

|〈Ψ(c,ε)|∑
i,j

1

rij
|Ψ(V,V′)〉|2 (5)

Mcjk ) N′∑
µ,ν

|Cµj|2|Cνk|2Pcµν (6)
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assumption that Auger process dominated by the intra-atomic
transition. Each peak was represented by Gaussian line shape
functions of a fixed line width 3 eV (experimental resolution)
for the AES.

Experimental Section
We used a diamond film as deposited from a gas-phase

mixture containing hydrogen, graphite as produced by pyrolysis,
and commercially available fullerene C60 (Aldrich chemical Co.

Figure 1. (A) experimental and calculated valence XPS of fullerene. (B) Experimental and calculated valence XPS of graphite. (C) Experimental
and calculated valence XPS of diamond. (D) Experimental and calculated XES of fullerene. (E) Experimental and calculated XES of graphite. (F)
Experimental and calculated XES of diamond. (G) Calculated valence XPS of fullerene. (H) Calculated valence XPS of graphite. (I) Calculated
valence XPS of diamond.

TABLE 1: Observed Peak, VIP, Main AO Photoionization Cross-Section, Orbital Nature, and Functional Group for X-ray
Photoelectron Spectra of Carbon Allotropes

observed
peak (eV) VIP (eV)

main AO photoionization
cross-section orbital nature functional group

Fullerene
18.0 (15.0-24.0)a 23.08-26.36 C2s sσ(C2s-C2s)-B -CdC
14.0 (12.0-15.0)a 19.53-21.75 C2s s,pσ(C2s-C2s,p)-B -CdC
11.0 (10.0-12.0)a 17.35-18.56 C2s,C2p pσ,π(C2s,p-C2p)-B -CdC
8.0 (6.0-10.0)a 13.38-15.80 C2p pπ(C2p-C2p)-B -CdC
5.0 (4.0-6.0)a 9.76-13.00 C2p pπ(C2p-C2p)-B -CdC
3.0 (1.0-4.0)a 7.63-9.50 C2p pπ(C2p-C2p)-B -CdC

Graphite
16.0 (13.0-23.0)a 19.88-24.67 C2s sσ(C2s-C2s)-B -CdC
12.5 (10.5-13.0)a 17.35-17.83 C2s s,pσ(C2s-C2s,p)-B -CdC
10.0{shoulder 13.76-15.64 C2p pπ(C2p-C2p)-B -CdC

peak (2.0-10.5)a} 7.30-12.53 C2p pπ(C2p-C2p)-B -CdC

Diamond
19.0 (16.0-23.0)a 20.24-24.32 C2s sσ(C2s-C2s)-B -C(f)sC(f)
15.0 (13.0-16.0)a 18.59-18.91 C2s sσ(C2s-C2s)-B -C(f)sC(f), -C(f)sC(p)
10.0{shoulder 15.66-16.34 C2s pσ(C2s-C2p)-B -C(f)sC(f), -C(f)sC(p)

peak (2.0-12.0)a} 13.01-13.78 C2p pσ(C2p-C2p)-B -C(f)sC(p)
8.60-12.65 C2p pσ(C2p-C2p)-B -C(f)sC(f), -C(f)sC(p)

a Shows the peak range. WD(difference between calculated and observed peaks)) 5.5 eV.
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Inc), respectively. For the diamond film, it was grown by
flowing a mixture of 99.5% H2 and 0.5 % CH4 at a pressure of
50 Torr through a tungsten filament heated to 2000°C onto a
silicon wafer substrate heated to 850°C. The thickness of the
film was kept as about 2µm at the growth rate of 0.5µm/h.

The experimental photoelectron and Auger electron spectra
of the samples were obtained on a PHI 5400 MC ESCA
spectrometer, using monochromatized Al KR radiation. We
obtained the Auger electron spectrum of the fullerene using the
monochromatized Al KR radiation, to reduce the charging effect
on the surface of the sample. The spectrometer was operated at
an X-ray Al KR source power at 600 W, at a constant voltage
of 15 kV, and at a constant current of 40 mA. The photon energy
was 1486.6 eV. A pass energy of 71.55 eV was employed for
high-resolution scans in a valence-band analysis (50 eV of
range). The angle between the X-ray source and the analyzer
was fixed at spot 45°. The size in the measurement was 3× 1
mm.2

The use of dispersion compensation yielded an instrumental
resolution of 0.5 eV with the full width at half-maximum on
the Ag3d line of silver. Multiple-scan averaging on a multi-
channel analyzer was used for the valence band region, although

TABLE 2: Observed Peak, Emission Energy, Orbital Nature and Functional Group for C Kr X-ray Emission Spectra of
Carbon Allotropes

observed peak (eV) emission energy (eV) orbital nature functional group

Fullerene
265-271a 263.4-270.4{a in Figure 1F} sσ(C2s-C2s)-B -CdC
271-274a 270.9-272.8{b in Figure 1F} pσ(C2s-C2p)-B -CdC
274-276a 273.2-276.0{c in Figure 1F} pπ(C2p-C2p)-B -CdC
276-281a 276.5-279.7{d in Figure 1F} pπ(C2p-C2p)-B -CdC
281-283a 280.9-282.6{e in Figure 1F} pπ(C2p-C2p)-B -CdC

Graphite
265-271a 265.0-271.0{a in Figure 1E} sσ(C2s-C2s)-B -CdC
271-273a 271.9-272.8{b in Figure 1E} pσ(C2s-C2p)-B -CdC
273-276a 274.1-276.0{c in Figure 1E} pπ(C2p-C2p)-B -CdC
276-283a 276.2-282.8{d in Figure 1E} pπ(C2p-C2p)-B -CdC

Diamond
265-269a 265.0-269.7{a in Figure 1D} sσ(C2s-C2s)-B -C(f)sC(f)
269-272a 270.9-272.5{b in Figure 1D} pσ(C2s-C2p)-B -C(f)sC(f), -C(f)sC(p)
272-275a 273.0-275.0{c in Figure 1D} pσ(C2p-C2p)-B -C(f)sC(f), -C(f)sC(p)
275-277a 275.4-276.9{d in Figure 1D} pσ(C2p-C2p)-B -C(f)sC(f)
277-283a 277.1-281.6{e in Figure 1D} pσ(C2p-C2p)-B -C(f)sC(f), -C(f)sC(p)

a Shows the peak range.

Figure 2. (A) experimental and calculated carbon KVV′ AES of
diamond. (B) Experimental and calculated carbon KVV′ AES of
graphite. (C) Experimental and calculated carbon KVV′ AES of
fullerene.

Figure 3. Observed and calculated carbon KVV′ AES of diamond,
graphite, and fullerene, respectively.
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a very low photoelectron emission cross-section was observed
in this range.

Gold of 20 Å thickness was deposited on the film (or disk)
of the samples using an ion sputter unit (Hitachi E 1030) for
the scanning electron microscope.

A low-energy electron flood gun was used to avoid any
charging effect on the surface of the sample. We used the Au
4f core level of the gold decoration membrane (or disk) as a
calibration reference. The C1s line positions of diamond and
graphite could be fixed at 285.0 eV, respectively.

Due to the inherently low yield of the soft X-ray emission
process, we made use of the high brightness available at
Lawrence Berkeley National Laboratory’s Advanced Light
Source (ALS). The spectra were taken Beamline 8.0, employing
the University of Tennessee at Knoxville’s soft X-ray fluores-
cence (SXF) endstation.27 Photons with an energy of 320 eV,
above the carbon K edge were delivered to the endstation via
the beamline’s 89-period, 5-centimeter indulator insertion device
and spherical grating monochromator. The SXF endstation
consists of an ultrahigh vacuum (pressure below 10-9 Torr)
sample manipulation chamber connected to a Rowland circle
grating spectrometer that is equipped with four interchangeable
spherical diffraction gratings, and a position sensitive micro-
channel detector. The position sensitive detector is moved along
the Rowland circle to the region of interest for the emission
measurements. We obtained each emission measurement with
just 10-20 min of exposure. All measurements reported here
were made with the 100µm entrance slit for the spectrometer.
The carbon KR spectra were obtained with a 600 lines/mm, 10
m radius grating. The carbon KR emission spectra were
calibrated with a reference sample of highly oriented pyrolytic

graphite. At the carbon K edges the resolution of the spectrom-
eter was approximately 0.3-0.4 eV.

Results and Discussion
Although the electronic states of diamond28,29and graphite,30

respectively, were investigated from analysis of valence XPS
and XES using band theory of the one-electron partial density
of states (DOS), the workers29,30 did not sufficiently explain
the electronic orbital nature of each peak for the experimental
spectra of diamond and graphite. As far as we know, there is
no study on the electronic states of fullerene from analysis of
XPS and XES using MO and DFT methods. In this section, we
perform the detailed analysis for valence XPS, XES, and AES
of the diamond, graphite, and fullerene by the DFT calculations
using the model molecules.

The carbon form of diamond is almost invariably found with
the cubic structure. It exists as a hexagonal form found in certain
meteorites and available synthetically. The hexagonal form is
probably unstable toward the cubic, because, unlike the cubic,
it contains some eclipsed bonds. The hexagonal form in the
unit cell is similar to the carbon frame of the adamantane
derivative. We, thus, used the adamantane derivative (C10H12-
(CH3)4) to simulate XPS, XES, and AES of a diamond-like film.
In the case of graphite, it has a layer structure of benzene rings.
The separation of the layers is 3.35 Å, which is about equal to
the sum of van der Waals radii. It is noted that within each
layer each carbon is surrounded with only three others. After
forming oneσ bond with each neighbor, each carbon would
still have one electron and these are paired up into a system of
π bonds. We adopted the pyrene as the model molecule of
graphite, because it consists of four benzene rings. In the case
of fullerene, we used the C60 molecule itself.

Figure 4. Ball-stick structure of the adamantane derivative (C10H12(CH3)4) in the unit cell for the diamond model molecule, experimental and
calculated AES of diamond, and calculated AES in individual contributions from the chemically different carbon atoms.

Electron Spectra of Carbon Allotropes J. Phys. Chem. A, Vol. 107, No. 44, 20039407



(a) XPS and XES of the Allotropes. To clarify the
combination analysis of theoretical and experimental valence
XPS and XES, we show in superimposition in Figure 1A-I
for fullerene, graphite, and diamond, respectively. In Figure
1A-I, X-ray photoelectron and emission spectra reflect the
differences of the chemical structures among fullerene, graphite,
and diamond. In Table 1, we show the observed peak and
calculated VIP, main contributions of atomic orbital photo-
ionization cross-section, orbital nature, and the functional groups
for valence X-ray photoelectron spectra of the allotropes.

For C KR X-ray emission spectra, the calculated C KR XES
from the model molecules [fullerene (C60), pyrene (C16H10) and
adamantane derivative (C10H12(CH3)4)] are found to be in good
agreement with experimental X-ray emission spectra of fullerene,
graphite, and diamond, respectively (see Figure 1D-F). In Table
2, we showed observed peak, emission energy, orbital nature,
and functional group for XES of the allotropes. In (D)-(F),
we classified the orbital nature of each emission spectrum for
the allotropes into four or five ranges between 265 and 285
eV, as shown in (a)-(e) or (a)-(d) partitioned with column
lines (the classification was also shown in Table 2). The areas
of (a)-(d) or (a)-(e) partitioned with lines in Figure 1D-F
correspond to those of the calculated valence spectra in Figure
1G-I.

(b) AES of the Allotropes. Figure 2A-C shows Auger
electron spectra of the carbon allotropes plotted as the intensity
versus the kinetic energy of the Auger electron in each carbon
atom, because the kinetic energy is approximately equal to the
Auger electron energy, [(CEBE,Ic

A)1s - (VIP, Ij) - (VIP′, Ik
/)]

in the each central atomA. In the figure, the simulated AES for
the diamond-like film, graphite, and fullerene, respectively, are
in good accordance with the experimental spectra. In simulated
spectra, we showed total carbon KVV AES with solid lines and
the individual 1s-2p2p, 1s-2s2p, and 1s-2s2s transition
spectra with dashed lines, respectively.

In Figure 3, the experimental peaks of carbon KVV AES for
fullerene and graphite seem to be broader than that of the
diamond-like film, although the main peaks of the carbon
allotrope result from the superimposition of 1s-2s2p and 1s-
2p2p, respectively. The broader peaks of fullerene and graphite
depend on pπ orbitals of aromatic carbons, whereas the sharp
peak of the diamond-like film is due to pσ orbitals of aliphatic
carbons. To clarify the origin of the sharp peak for the diamond-
like film, we simulated the individual spectra due to the different
kinds of carbon atoms. Figure 4 indicates a ball-stick structure
of the adamantane derivative (C10H12(CH3)4) in the unit cell
for the diamond-like film model and simulated AES in
individual contributions from the different kinds of carbons (in
the unit cell, we think C1 and C2 atoms exist in the adamantane
frame and pendant methyl C3 carbons are on the lattices of the
unit cell). In Figure 4, it is characteristic that the Auger electron
spectrum due to 1s-2p2p, 1s-2s2p, and 1s-2s2s transitions
of the C3 carbon groups is the sharpest in the three kinds of
carbons. On the other hand, AES from other C1 and C2 carbons
are broader. Thus, the sharpest peak of the diamond-like film
in comparison with the peaks of the graphite and fullerene results
mainly from the methyl carbons C3 on the lattices of the unit
cell, because the total peak is due to the superimposition of the
individual C1, C2, and C3 carbon atoms.

Conclusions

We demonstrate the combination analysis of the valence XPS,
C KR XES, and AES for the allotropes (diamond-like film,
graphite, and fullerene) by deMon DFT calculations using the

model adamantane derivative (C10H12(CH3)4), pyrene (C16H10),
and C60 molecules, respectively.

The theoretical valence photoelectron, C KR X-ray emission,
and Auger electron spectra for the allotropes are in good
accordance with the experimental ones. The combination
analysis of the valence XPS and C KR XES enables us to divide
the valence electronic distribution in the individual contributions
for pσ- and pπ-bonding MOs of the carbon allotropes, respec-
tively. The experimental AES of the allotropes can be classified
in each range of 1s-2p2p, 1s-2s2p, and 1s-2s2s transitions
for C KVV spectra, and in individual contributions of the
chemically different carbon atoms from the theoretical analysis.
Especially, the sharpest peak of the diamond-like film in
comparison with the peaks of the graphite and fullerene results
mainly from the carbons on the lattices of the unit cell for the
diamond, because the total peak is due to the superimposition
of the individual carbon atoms in the unit cell.

As far as we know, the X-ray photoelectron, emission, and
Auger electron spectra for the diamond-like film (2µm-
thickness) are similar to those of bulk diamond. Our analysis
due to the adamantane derivative enables us not only to use
that of AES for bulk diamond but also to do analyses of the
XPS and the XES.
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