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sp2Õsp3 hybridization ratio in amorphous carbon from C 1 s core-level shifts:
X-ray photoelectron spectroscopy and first-principles calculation
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Using a combined experimental and theoretical approach, we address C 1s core-level shifts in amorphous
carbon. Experimental results are obtained by x-ray photoelectron spectroscopy~XPS! and electron-energy-loss
spectroscopy~EELS! on thin-film samples of different atomic density, obtained by a pulsed-laser deposition
growth process. The XPS spectra are deconvoluted into two contributions, which are attributed tosp2- and
sp3-hybridized atoms, respectively, separated by 0.9 eV, independent of atomic density. Thesp3 hybridization
content extracted from XPS is consistent with the atomic density derived from the plasmon energy in the EELS
spectrum. In our theoretical study, we generate several periodic model structures of amorphous carbon of
different densities applying two schemes of increasing accuracy in sequence. We first use a molecular-
dynamics approach, based on an environmental-dependent tight-binding Hamiltonian to quench the systems
from the liquid phase. The final model structures are then obtained by further atomic relaxation using a
first-principles pseudopotential plane-wave approach within density-functional theory. Within the latter frame-
work, we also calculate carbon 1s core-level shifts for our disordered model structures. We find that the shifts
associated to threefold- and fourfold- coordinated carbon atoms give rise to two distinct peaks separated by
about 1.0 eV, independent of density, in close agreement with experimental observations. This provides strong
support for decomposing the XPS spectra into two peaks resulting fromsp2- and sp3-hybridized atoms.
Core-hole relaxations effects account for about 30% of the calculated shifts.

DOI: 10.1103/PhysRevB.65.045101 PACS number~s!: 71.15.Mb, 71.23.2k, 81.05.Uw, 82.80.Pv
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I. INTRODUCTION

The physical and structural properties of amorphous c
bon (a-C) have been the subject of intense experimenta1–6

and theoretical7–14 research for several decades. Amorpho
carbon is a disordered phase of carbon without long-ra
order, containing carbon atoms mostly in graphitelikesp2

and diamondlikesp3 hybridization states. Carbon atoms
nonhydrogenateda-C films form chemical bonds by hybrid
ization of their outermosts andp orbitals in tetrahedral~sp3

hybridization!, trigonal ~sp2 hybridization!, and more rarely
linear ~sp1 hybridization! spatial configurations. These con
figurations correspond to different coordination numbers
chemical bonds.15 While a C atom in ansp3 hybridization
state can only forms bonds,sp- andsp2-hybridized C atoms
can also give rise top bonding. Sinces bonds are stronge
and stiffer thanp bonds, the concentration of such bon
directly determines the mechanical properties of ana-C film,
such as, e.g., the hardness.16 Experimental1,5,6 and
theoretical8–10,12,14studies showed that thesp2/sp3 hybrid-
ization ratio is linearly related with the atomic density of t
a-C structure. Through the density, many other physi
properties ofa-C also depend on this ratio.1,17,18Therefore,
an important parameter characterizing the quality ofa-C
films is thesp2/sp3 hybridization ratio. Depending upon th
growth technique, the value of this ratio can vary over a w
range of values.5,19

Technological applications ofa-C are numerous. They
0163-1829/2001/65~4!/045101~9!/$20.00 65 0451
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include coating materials for magnetic storage devices16 and
razor blades,20 exploiting the high hardness, the chemic
inertness, and the low friction coefficient of this materi
Other applications cover antireflection coatings for opti
devices, cold-field emitters in flat panel displays, and b
compatible coatings for human implants. An extended
view of these properties and applications can be found
Ref. 20.

Near-edge x-ray-absorption spectroscopy~NEXAFS!21

and high-energy electron energy loss spectrosc
~HEELS!6,22–26 are currently considered the most reliab
techniques to determine thesp3 fraction in a-C.5,19 These
techniques determine thesp3 fraction by comparing the in-
tensity of ap* -related feature in the NEXAFS or HEELS
spectrum, with that of a standard 100%sp2 film. Other tech-
niques, including electron27 and neutron4 diffraction,
Raman28 and inelastic neutron29 spectroscopies, and nuclea
magnetic resonance,30,31are in principle sensitive to the loca
C configuration, but are either insufficiently accurate or u
practical for routine applications on thin films.19 An over-
view of the available experimental techniques can be fou
in Ref. 5.

X-ray photoemission spectroscopy~XPS! on core levels
stands out as a useful tool for investigating the local bind
properties in materials science. Because of the localized
ture of the core-level state, this measurement is mainly s
sitive to the local potential. In this way, a characterization
the chemical environment of specific atoms can be giv
Indeed, several investigations have made use of XPS o
1s core levels to characterizea-C samples.5,32–37Carbon 1s
©2001 The American Physical Society01-1
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HAERLE, RIEDO, PASQUARELLO, AND BALDERESCHI PHYSICAL REVIEW B65 045101
XPS spectra ofa-C show a broad peak comprising the bin
ing energies of graphite and diamond. The shape of the p
is found to depend on the atomic density of the amorph
sample. These observations are generally interpreted in te
of a bimodal line, whose components are associated w
sp2- andsp3-hybridized C atoms,5,32–36and the relative in-
tensity of the two contributions is assumed to measure
sp2/sp3 hybridization ratio.5,33,34,36 Indeed, the ionization
cross sections are independent of the chemical state o
atoms for x-ray photons with energies well above the ioni
tion threshold.80 However, it is not clear whether the rati
obtained in this way is reliable, and, if it matches the o
determined by HEELS. Furthermore, because of the sens
ity of XPS to surface layers, it is often assumed that the ra
derived from XPS is affected by the highersp2 content at the
surface of the films.19

In this work, we provide both experimental and theore
cal evidence to support the reliability of thesp2/sp3 hybrid-
ization ratio as determined by XPS. XPS spectra are m
sured for thina-C films of various atomic densities. The
1s spectra are decomposed into two contributions and t
sp3 content is derived. This approach is validated by ind
pendent electron-energy-loss spectroscopy~EELS! measure-
ments performed on the same samples, since this techn
generally gives accepted values for thesp3 content.6 To es-
tablish a direct link between the XPS C 1s core-level shifts
and the actual bonding configurations of the C atoms,
perform theoretical simulations. Using a tight-bindin
molecular-dynamics technique, we first generate sev
model samples of different atomic density by quench
from the melt. We then turn to a first-principles approach
higher accuracy for final structural relaxations and for a c
culation of core-level shifts. This allows us to correlate co
level shifts with the hybridization of individual C atoms
which are characterized by their nearest-neighbor coord
tion. These results demonstrate that the C 1s core-level shifts
indeed entail a hybridization of the C atoms. A partial a
count of the experimental results was reported previousl36

This paper is organized as follows. In Sec. II A, we d
scribe the experimental setup for the XPS and EELS m
surements. The analysis of the corresponding spectra is
cussed in Secs. II B and II C. Section III A gives a bri
overview of the theoretical methods used in this work. S
tion III B describes the generation of the model structures
a-C and their structural properties. In Sec. III C, the resu
of carbon 1s core-level shift calculations are given and d
cussed in relation with the experimental results of Sec. I
Section IV concludes our work.

II. EXPERIMENT

A. Techniques

We depositeda-C films at room temperature in
pulsed-laser-deposition38 system consisting of an ultrahig
vacuum~UHV! chamber with a base pressure of 1029 Torr
and aQ-switched Nd-YAG~yttrium aluminum garnet! laser
with a wavelength of 532 nm, a pulse duration of 20 ns, a
a frequency of 10 Hz. The distance between the target
04510
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the substrate was 3 cm. The diameter of the laser spot on
target was about 600mm. We used silicon wafers, cleane
with acetone, as substrates for deposition. A detailed desc
tion of the experimental setup, used for the growth of t
a-C thin films, is given in Ref. 36.

Four differenta-C films were grown with laser fluence
of I L51, 5, 12, and 35 J/cm2. These laser fluences wer
chosen in order to grow samples of different atomic den
ties. In fact, according to the subplantation model, the d
sity of a-C thin films depends primarily on the mean io
energy used for deposition,39,40 which increases withI L in
the present range of fluences.41

Immediately after the deposition process, the samp
were loaded into a different UHV system, for XPS and EE
studies at room temperature and at a base pressure
310210 Torr. The C 1s core-level spectra were measure
using an Al Ka 1486.3-eV x-ray source. During the me
surements we did not observe any shift in the spectra in
cating charging effects. The resulting experimental reso
tion, including the width of the x-ray line and the energ
resolution of the analyzer, was about 1.1 eV. To calibrate
scale of the binding energies, we used the Si 2p core-level
line of an uncovered part of the silicon substrate, which
set at a value of 99.4 eV.42 Taking into account the relative
intensities of the O 1s and C 1s peaks with their sensitivity
factors,42 we found an oxygen contamination of only 3% fo
all the a-C samples.

EELS measurements were performed using an EG5 V
Scientific Instruments electron gun with an electron ene
of 2057 eV. At this high energy, the penetration depth
about 4 to 8 nm, ensuring sensitivity to the bulk of thea-C
films. The energy losses were studied up to 60 eV, cove
the range of the plasmon peaks ina-C. In this experimental
setup, we measured a width of 2 eV for the elastic peak.
both EELS and XPS measurements a hemispherical m
analyzer was used.

B. C 1s photoelectron spectra

We obtained C 1s photoelectron spectra for each of o
four samples. All the spectra show an asymmetric broad l
whose maximum shifts to higher binding energies for
creasing laser fluences. Two of these spectra, correspon
to thea-C samples grown atI L51 and 12 J/cm2, are shown
in Fig. 1. The C 1s core-level spectra can be decompos
into two components.33,36 Because the C 1s line in graphite
occurs at lower binding energy than in diamond, we attrib
the component at lower binding energy tosp2 hybridization,
and that at higher binding energy tosp3 hybridization. We
fitted thesp3 component to a convolution of Gaussian a
Lorentzian functions. The Gaussian component accounts
the instrumental broadening, the chemical disorder and
phonon interaction, while the Lorentzian function accou
for the finite lifetime of the core hole in the photoionizatio
process. Thesp2 component was fitted to a Doniach-Sunj
function,43,44 i.e., a convolution of a Gaussian and a Loren
zian with an additional parameter allowing for asymmetry
the line shape. This function is used to account for the as
metric line shapes resulting from the screening due
1-2
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sp2/sp3 HYBRIDIZATION RATIO IN AMORPHOUS . . . PHYSICAL REVIEW B 65 045101
electron-hole pair excitations at the Fermi energy,45 and was
used previously in the context ofa-C films33 and CN films.46

We fixed the Lorentzian lifetime width for both compo
nents at 215 meV.33,45 Hence the C 1s spectra were fitted
with nine parameters: two for defining a Shirley backgrou
proportional to the integrated peak intensity,47 the binding
energies, intensities, and widths of the two components,
in addition, the singularity index of the Doniach-Sunjic fun
tion for thesp2 component. Thesp2/sp3 hybridization ratio
is then derived from the relative intensities of the two co
ponents. We found that thesp3 content increases with lase
fluence, in accord with the expected dependence on ato
density.5,6,40 The separation between the two components
the four C 1s spectra is almost constant, the average sep
tion being 0.90 eV with an error of 0.05 eV. The fit give
Gaussian widths@full widths at half maximum~FWHM’s!#
of 1.2560.05 eV for the individual components in the spe
tra. The instrumental broadening being 1.1 eV, these la
widths should be attributed to chemical disorder and pho
broadening. The singularity index is found to range betwe
0.14 and 0.18. The relevant parameters resulting from th
for the four a-C films are given in Table I. The separatio
between thesp2 andsp3 peaks, the Gaussian widths, and t
singularity parameter are in excellent agreement with pre
ous measurements.33 The decomposition into individualsp2

andsp3 peaks is illustrated in Fig. 1 for two of our sample
Because of the large number of free fitting paramete

our fitting procedure gives large errors on the binding en
gies of thesp2 andsp3 peaks and on their relative intens
ties. However, these errors can be significantly reduced
considering only fits with physically meaningful paramete

FIG. 1. Measured C 1s photoelectron spectra of twoa-C films
grown with laser fluences of~a! 1 and ~b! 12 J/cm3. The Shirley
background and thesp2 andsp3 components resulting from the fi
are also shown. The resulting fit is superimposed on the data.
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In fact, only fits yielding two Gaussian functions wit
FWHM’s larger than our resolution~1.1 eV! should be ac-
cepted. The FWHM’s of thesp2 and sp3 components turn
out to be close to each other for most of our samples.
provide a reasonable estimate of the involved errors,
therefore performed a second set of fits imposing eq
FWHM’s for both components.48 With respect to the fit with
free parameters, the procedure gives fits of equivalent qua
and essentially unmodified parameters~Table I!, but reduces
the errors considerably. We found errors up to 0.08 eV
the individual binding energies and up to 0.09 eV for t
separation between the two peaks. The errors in the inte
ties result in an uncertainty of at most 0.10 on the determi
sp3 fractions~Table I!.

Mizokawaet al. found a separation of 0.8 eV between th
positions of the C 1s XPS lines in graphite and diamond,49 in
good agreement with the separation of 0.9 eV betweensp2

and sp3 peaks found fora-C films in the present work, as
well as in Refs. 32 and 33. However, when the C 1s binding
energies in graphite45 and diamond50 are taken from two in-
dependent measurements, a separation of 0.6 eV is foun
present, the origin of this discrepancy is unclear. We n
that, even assuming that the structural disorder induces
line broadening, the separation betweensp2 and sp3 peaks
in amorphous carbon and between the positions of the Cs
line in diamond and graphite do not necessarily have
match. In fact, while the former separation is an intrins
bulk property, the latter can depend on surface effects.

C. Density andsp3 fraction from EELS

To assess thesp3 hybridization content of our sample
independently of XPS, we performed EELS measureme
on two of them, those grown withI L51 and 12 J/cm2. The
corresponding EELS spectra are shown in Fig. 2. From
position Ep of the s1p plasmon peak in the low energy
loss spectra, we derive the atomic densityr of the a-C film
using the quasifree electron model, which gives t
relationship51

Ep5\S nee
2

e0m* D 1/2

, ~1!

wherene is the valence electron density,m* is the effective
electron mass, ande0 is the static dielectric constant. Re

TABLE I. Results derived from measured C 1s XPS spectra for
samples grown with different laser fluences (I L): the separation
Dexpt betweensp2 andsp3 components, the percentageNsp3 asso-
ciated with the intensity of thesp3 component, and the atomi
densityr calculated using Eq.~2! from Ref. 6. The errors are dis
cussed in the text.

I L ~J/cm2! Dexpt ~eV! Nsp3 ~%! r ~g/cm3!

1 0.9160.05 34610 2.3960.14
5 0.8360.08 5063 2.6160.04

12 0.8660.09 5365 2.6560.07
35 0.8760.08 6366 2.7860.08
1-3
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HAERLE, RIEDO, PASQUARELLO, AND BALDERESCHI PHYSICAL REVIEW B65 045101
cently, a comparison with x-ray reflectivity measureme
demonstrated that this procedure can give reliable value
the atomic density of carbon materials.6 To this end,m*
should take a value of 0.87me , whereme is the free-electron
mass.6 From the EELS spectra in Fig. 2, we derived atom
densitiesr52.3760.07 and 2.5860.07 g/cm3 for the films
grown with I L51 and 12 J/cm2, respectively.

The relation between atomic density andsp3 fraction is
well documented in the literature.5,6,8–10,12,14To obtain the
sp3 fraction Nsp3 from the densityr determined by EELS,
we use the relation

Nsp3@%#5
r@g/cm3#21.92

0.0137
~2!

derived by Ferrari et al. using accurate HEELS
measurements.6 We determinedsp3 fractions of 0.3360.05
and 0.4860.05 for samples grown withI L51 and 12 J/cm2,
respectively. These values compare very well with the fr
tions 0.3460.10 and 0.5360.05 derived for the same
samples from the intensities in the x-ray photoelectron sp
tra ~see Table I!. This good agreement provides strong e
dence of the soundness of thesp3 fractions determined by
XPS. In particular, XPS results have long been conside
unreliable due to their sensitivity to surface layers.5 Because
of the different penetration depth of XPS~2.7 nm! and EELS
~5 nm! measurements,52 our results show that, at least for th
sp3 fractions considered here, surface effects play a mi
role.

III. THEORY

A. Methods

In our theoretical study, we generated model am
phous structures by applying in sequence two quant
mechanical approaches of increasing accuracy. We
performed extensive molecular-dynamics simulations us
an environmental-dependent tight-binding~ED-TB!
Hamiltonian,53 which provides a simple, yet accurat
quantum-mechanical description of the chemical bonds. T
Hamiltonian is based on an orthogonal minimal basis

FIG. 2. Measured EELS spectra of twoa-C films grown with
laser fluences of 1~solid squares! and 12 ~empty circles! J/cm3.
These measurements were obtained with an energy of the prim
electron beam of 2057 eV.
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including only s and p orbitals, whose matrix elements ar
obtained from a fit to first-principles calculations.53 For
molecular-dynamics calculations, forces on atoms were
rived by direct diagonalization of the ED-TB Hamiltonia
matrix. In many applications,12,13,15 this description proved
to be more accurate than those obtained with a two-ce
tight-binding Hamiltonian12,54 or with empirical potentials.55

The resulting model structures were subsequently rela
further using a damped first-principles molecular-dynam
scheme based on density functional theory.56,57The exchange
and correlation energy was accounted for by the general
gradient approximation introduced by Perdew and Wan58

Only valence electrons were treated explicitly, while co
valence interactions were described by pseudopotentials
used an ultrasoft pseudopotential for C obtained with c
radii of 1.25 bohr and with two reference energies in thes
andp angular momentum waves.59 The valence wave func
tions and the augmented electron-density were expande
plane-wave basis sets defined by cutoff energies of 24
150 Ry, respectively. The Brillouin zone was sampled us
only theG point, which is appropriate for the large unit cel
used here to model the amorphous systems with the supe
technique.

The C 1s core-level shifts were calculated using a firs
principles scheme which includes core-hole relaxat
effects.60,61 For each atom, we performed a total-energy c
culation in which the corresponding pseudopotential was
placed by one which simulates the presence of a screenes
hole in the core. In these calculations, the charge neutra
required by the periodic boundary conditions was achie
by adding a uniform negative charge. By taking total-ene
differences, we then obtainedrelative C 1s core-level ener-
gies. However, absolute extraction energies cannot be d
mined with this approach.

The present methodology was successfully applied to
2p ~Refs. 62–68!, N 1s ~Refs. 69–71! and C 1s core-level
shifts72–74 in a variety of systems. In particular, Palma, Pa
quarello, and Car72 calculated C 1s core-level shifts within
the same pseudopotential scheme as used here for a ser
small molecules, including CO, CH4, C2H2, and HCHO, and
found them to agree closely with experiment75 as well as
with all-electron calculations.76 We repeated these calcula
tions using a simple cubic supercell with a lattice size of
a.u. and the plane-wave basis sets described above. De
different technical ingredients, our results very closely rep
duced the results in Ref. 72. We then extended this se
molecules to include CH3CCH, and found the same level o
accuracy for its three different C 1s shifts. The comparison
between calculated and measured75 results for this molecule
is given in Table II.

In our calculations, we considered only vertical tran
tions, in which the atomic positions do not relax upon ph
toexcitation. Recently, Travaly, Gonze, and Vanderb
showed that in polyethylene terephthalate the agreemen
tween theory and experiment improved when includi
atomic relaxation.74 However, given the excellent agreeme
between theory and experiment found for the test molecu
in the vertical transition scheme, we did not investigate su
adiabatic effects further.

ry
1-4
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B. Model structures of a-C

Our investigation coversa-C structures with atomic den
sities ranging from 1.8 to 3.0 g/cm3. We simulateda-C at
atomic densities of 1.77, 2.21, and 2.63 g/cm3 by three model
structures containing 128 atoms in a periodic cubic cell.
addition, we considered a series of five smaller model str
tures with 64 atoms in the supercell.

The first step of our generation process relies on
molecular-dynamics technique in which the interactions
described by the ED-TB Hamiltonian.53 For each model sys
tem, we started our simulation from a well-equilibrated m
at 6000 K. Then we quenched the system in about 15
down to a temperature of 0 K at a constant rate of'2400
K/ps. We note that the quench rate adopted here is adeq
for simulating the situation of a ‘‘thermal spike,’’ which oc
curs when a high-energy C atom hits the surface dur
growth in a chemical vapor deposition process.77

The resulting model structures were then further rela
within a first-principles density-functional-theory scheme57

Upon this relaxation, only minor readjustments of the atom
positions were observed. Only on a few occasio
the coordination of a pair of atoms changed as a resul
bond elongations. In Fig. 3, we illustrate the relaxed str
tures of the three 128-atom models using a ball and s
representation.

Nearest-neighbor coordination was obtained using a h
sphere cutoff of 1.9 Å. This cutoff falls in a well-defined ga
of the pair correlation function which occurs beyond t
shell of first neighbors. The percentage of threefold- a
fourfold-coordinated atoms obtained for our model structu
are reported in Table III. Figure 4 shows that the fourfo
percentage in our model structures increases with ato
density, in fair agreement with the empirical relation fro
Ref. 6. Our calculated relation between fourfold percent
and density is also in good agreement with other theoret
investigations.11–14 In particular, it agrees well with tha
found for model structures of much larger size containing
to several thousand atoms, generated with the same ED
Hamiltonian as used here.12,78 Note that the low fourfold
percentage found for the model atr52.15 g/cm3 results from
the formation of graphitelike sheets, and might be affec
by the small size of the simulation cell.10

The structural properties of our models give a picture
the a-C network which is consistent with experiment
data2–4 and other theoretical descriptions.11–14,78 Table III
gives relevant structural parameters of our models, suc
nearest-neighbor distances and ring statistics. The ave

TABLE II. Comparison between calculated and measured Cs
core-level shifts for CH3CCH. The shifts~in eV! are given with
respect to the C 1s level in CO. The C atom to which the calcu
lated shift refers is indicated as C* . Experimental results are
from Ref. 75.

Molecule Theory~eV! Expt. ~eV!

C* H3CCH 4.69 4.40
CH3C*CH 5.42 5.10
CH3CC* H 6.03 5.80
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nearest-neighbor distance (dNN) is found to increase with
atomic density, along with the average coordination numb
To understand this behavior, it is useful to consider the bo
lengths connecting threefold to threefold~3-3!, threefold to
fourfold ~3-4!, and fourfold to fourfold~4-4! coordinated at-
oms. These bond lengths become larger going from 3-3
4-4 coordinated atoms, explaining the increase of the ave
nearest-neighbor distance with the percentage of fourfold
ordination. Taking the average over the full set of models,
find 1.41, 1.50, and 1.57 Å for 3-3, 3-4, and 4-4 bond d
tances, respectively, in excellent agreement with the va
derived for a fullyab initio model of a-C ~1.41, 1.50, and
1.58 Å!.11 We determined the ring statistics for our mod
structures using the shortest path criterion introduced
Franzblau.79 Both three- and four-membered rings occur
our models in agreement with experimental evidence,3,4 and
in concentrations similar to those found for models genera
by first-principles methods.11,14

C. Calculated carbon 1s core-level shifts

We calculated C 1s core-level shifts including core-leve
relaxation effects for all the atoms in our model structur

FIG. 3. Ball-and-stick representation and corresponding sim
lated C 1s core-level spectra for the three 128-atom model str
tures ofa-C generated in this work, with atomic densities of~a!
1.77, ~b! 2.21, and~c! 2.63 g/cm3. In the ball and stick models
black, gray, and white atoms indicate fourfold, threefold, and tw
fold coordinations, respectively. The simulated spectra~solid line!
are decomposed into contributions arising from twofold-~dash-
dotted line!, threefold- ~dotted line!, and fourfold- ~dashed line!
coordinated atoms. A Gaussian broadening of 1.0 eV is used.
1-5
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TABLE III. Structural properties of the model structures generated in this work: number of atoms
supercell~N!, atomic density~r!, average nearest-neighbor distance (dNN), distribution of ring sizes~scaled
to N5128!, and the percentage of threefold- (N3), and fourfold- (N4) coordinated atoms. The coordinatio
is defined using a cut-off distance of 1.9 Å. The last column gives the calculated separation~D! between the
average C 1s core-level shifts of three- and fourfold coordinated atoms.

N
r

~g/cm3!
dNN

~Å!

Number of rings
N3

~%!
N4

~%!
D

~eV!3 4 5 6 7

128 1.77 1.46 2 5 35 17 6 75 21 0.96
64 2.01 1.48 0 2 36 20 6 78 22 1.15
64 2.15 1.45 6 4 26 18 12 81 19 1.26

128 2.21 1.49 3 8 39 24 13 55 43 0.94
64 2.40 1.53 8 10 56 20 20 34 66 0.66
64 2.59 1.54 4 20 44 24 16 31 67 0.93

128 2.63 1.53 4 17 53 23 32 25 72 1.00
64 3.03 1.57 0 14 68 44 38 6 94 1.12
e
n
io
ro
c
re

nt
ar
d-
t

,
l

, t
m
fe

i
u

w
he
in

d-
he
we
ug-
the
ur

f
his
ler
gly

as
a

ent
al
tri-
te
ec-

ng
We

xtent

two
unt
ts
ear
la-
h a

th
tood

dis-

a
2
an
hip
Using the calculated values of the core-level shifts, we th
simulated the XPS spectra adopting a Gaussian broade
of 1.0 eV, which corresponds to the experimental resolut
in our experimental setup. Because our calculation only p
vides us with relative shifts, we took, for each model stru
ture, the average shift of threefold-coordinated atoms as
erence. Figure 3 displays the simulated C 1s core-level
spectra for the three 128-atom model structures. The co
butions from threefold- and fourfold-coordinated atoms
given separately. The small contributions from twofol
coordinated atoms are also indicated. As expected from
relative position of the C 1s line in diamond and graphite
the peaks associated with fourfold-coordinated atoms are
cated at higher binding energies. As can be seen in Fig. 3
contributions from threefold- and fourfold-coordinated ato
result in well-separated, almost symmetric peaks. The dif
ent number of threefold- and fourfold-coordinated atoms
therefore responsible for the overall asymmetry of the sim
lated XPS line. Considering our complete set of models,
found that the dominant weight moves from the low- to t
high-binding-energy side with increasing atomic density,
accord with experimental observations~Sec. II B!.

FIG. 4. Calculated percentage of fourfold-coordinated atoms
a function of atomic density. The model structures with 64 and 1
carbon atoms in the periodic supercell are indicated by empty
full circles, respectively. The line displays the empirical relations
from Ref. 6, given in Eq.~2!.
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The separationD between the average shift for threefol
and fourfold-coordinated atoms is given in Table III. For t
three model structures with 128 atoms in the supercell,
found in all cases a separation of about 1.0 eV, which s
gests that this value does not depend significantly on
atomic density. This result is in good agreement with o
measured peak separation of 0.9 eV~see Table I!. The model
structures with 64 atoms show more scattered values oD,
which, however, also average to 1.0 eV. We attribute t
larger spread inD to strain effects associated with the smal
size of the models with only 64 atoms. Our results stron
support a decomposition of the C 1s core-level spectrum into
two contributions,33 and oppose the use of a third one
done in some analyses.32,35Note that, in Ref. 35, the use of
third contribution led to asp2-sp3 peak separation of 0.55
eV, much lower than both our experimental data~0.9 eV! and
theoretical estimates~1.0 eV!.

The core-level shift can be decomposed into two differ
contributions. The initial-state shift, which is a strictly loc
property and is associated with the potential, and the con
bution from core-hole relaxations. Shifts in the initial-sta
approximation can be obtained by the variation of the exp
tation value of the local potential on the atomic C 1s wave
function.61 We estimated the initial-state shifts by averagi
the local potential on a sphere centered on the nuclei.
chose a sphere radius of 0.27 a.u. corresponding to the e
of the atomic C 1s wave function. In Fig. 5, we plot the
core-level shifts for the model structure withr52.21 g/cm3

versus their respective initial-state values. We observe
important points. First, core-hole relaxation effects acco
for about 30% of the shift. Second, initial and final shif
scale linearly. The proportionality constant does not app
to depend on the coordination of the C atoms. A linear re
tionship is also found for the other model structures. Suc
proportionality was also observed in other studies.60–72

The higher binding energy of fourfold-coordinated wi
respect to threefold-coordinated C atoms can be unders
within an initial-state picture. The four electrons in thesp3

orbitals of fourfold-coordinated atoms have an average

s
8
d
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tance from the corresponding atomic core which is larg
than that of the electrons of threefold-coordinated atoms~cf.
Sec. III B!. The higher potential at the core of threefold
coordinated atoms leads to a lower binding energy than
fourfold-coordinated atoms, as can be seen in our theoret
results. Core-hole relaxations also contribute to increas
the separation between C 1s core levels of threefold- and
fourfold-coordinated atoms. In fact, screening is more effe
tive at sp2 sites, where the potential is higher~Fig. 5!.

Considering the important overlap between calculat
shifts resulting from threefold- and fourfold-coordinated a
oms, it is of interest to analyze the corresponding bond
configurations. Focusing on threefold-coordinated C ato
with high C 1s binding energies, we often identified loca
structures in which the C atom has moved out of the plane
its nearest neighbors, towards ansp3-like hybridization. At
similar binding energies, we also found fourfold-coordinat
C atoms with three nearest neighbors forming bond ang
close to 120°, suggesting ansp2-like hybridization. There-
fore, although the core-level shifts of most C atoms is det
mined by the coordination number, these considerations
dicate that ina-C samples there is a continuous distributio
of hybridization states from puresp3 to puresp2, and that
the relation between coordination and hybridization is som
times subject to ambiguity.

FIG. 5. Relation between C 1s core-level shifts calculated in-
cluding core-hole relaxation, and those obtained using the init
state approximation for the 128-atom model structure ofa-C with
an atomic density of 2.21 g/cm3. Shifts associated with threefold
and fourfold-coordinated atoms are indicated by filled circles a
open squares, respectively. The shifts on both axes are given
respect to the average value calculated for threefold-coordina
atoms. The solid line is a linear fit to all calculated points.
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IV. CONCLUSION

We have addressed C 1s core-level shifts in amorphou
carbon, both experimentally and theoretically. In the exp
mental part of our investigation, we measured C 1s core-
level spectra on samples of various atomic densities. We
composed the spectra into two contributions, which
attributed tosp2- and sp3-hybridized C atoms. The separa
tion between thesp2 andsp3 peaks was derived to be 0.9 e
independent of atomic density. From the relative intensi
of the two peaks, we estimated the percentage ofsp2- and
sp3-hybridized C atoms. We showed that these estimates
fully consistent with EELS measurements taken on the sa
samples. Because the penetration depth in EELS meas
ments is larger than in XPS, these results indicate that,
the density range we considered, surface effects do not
nificantly affect thesp2/sp3 hybridization ratio obtained
from XPS data.

In the theoretical part of the work, we calculated Cs
core-level shifts within a first-principles framework, using
series of model structures generated by a molecular dyn
ics approach. This calculation showed that the C 1s shifts
associated with threefold, and fourfold-coordinated ato
give rise to distinct contributions. The calculated separat
between the average shifts of threefold- and fourfold coo
nated atoms is 1.0 eV, in good agreement with our meas
value of 0.9 eV. Furthermore, the calculated separation
independent of the atomic density of the model structures
found experimentally. Therefore, this theoretical investig
tion provides a firm basis~i! for decomposing the C 1s pho-
toelectron spectrum in terms of two components, and~ii ! for
their assignment to three- and fourfold coordinations, co
sponding tosp2- and sp3-hybridized atoms. Hence, our re
sults demonstrate that x-ray photoelectron spectroscopy
ably gives the sp2/sp3 hybridization ratio from the
intensities of the two components in the C 1s spectrum.
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