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We describe a technique to determine thesp3/sp2 ratio of carbon materials which is based on the electron-
energy-loss spectroscopy and which uses the theoretical spectrum of graphite obtained fromab initio electronic
structure calculations. The method relies on the separation of thep* and s* components of the carbonK edge
of graphite. The resultingp* spectrum is adopted and assumed to be transferable to other carbon systems given
an appropriate parametrization of the broadening. The method is applied on a series of Monte Carlo generated
amorphous carbon structures and is shown to be stable over a wide range of the energy windows for which
spectral integration is performed. Thesp3 fractions obtained using this method are found to be in good
agreement with those obtained from a microscopic scheme which uses thep-orbital axis vector analysis
(POAV1). From the electron energy loss calculations on the generated amorphous carbon structures, we
conclude that the interchangeable use of coordination number and hybridization state can lead to an underes-
timation of thesp3 fraction of generated amorphous carbon structures for low and moderate densities. For high
densities the coordination method and the POAV1 approach gave the same results. The technique was also
applied on a series of spectra of plasma deposited amorphous carbon and was found to be in good agreement
with the results obtained from a functional fitting approach.
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I. INTRODUCTION

The properties of carbon materials are known to be intri-
cately related to the bonding states of carbon atoms in the
material. Carbon bonds predominantly in two ways at mod-
erate and high densitiessrù2.0 g/cm3d: in sp2 configura-
tion, with carbon bonded to three other atoms in a planar
geometry, or in tetrahedralsp3 coordination.

The mechanical, electrical, optical, chemical, and thermo-
electric properties of carbon materials are strongly influenced
by the proportion ofsp3 carbon atoms in the material. Due to
their chemical inertness, high hardness and low friction,
amorphous carbon finds applications in coating for magnetic
storage devices, razor blades, optical devices, field emitting
devices, and bio-compatible coating for human inplants(see
Ref. 1 and references therein).

Several techniques are often used to deposit amorphous
carbon materials. These methods include the use of direct ion
beam, arc discharge, laser ablation, sputtering and ion as-
sisted deposition methods.2 The resulting carbon material
can be analyzed forsp3 content using a variety of proce-
dures. Amongst them, the most widely used are the x-ray
photoelectron spectroscopy(XPS) (see Ref. 3 and references
therein), the plasmon energy technique,4,5 the near-edge
x-ray absorption spectroscopy(NEXAFS)6 and the high-
energy electron-energy-loss spectroscopy(HEELS).5,7–10The
last two techniques are considered the most reliable.

The high-energy EEL spectrum of an amorphous carbon
is made of ap* part whose onset is at about 284 eV and a
s* component whose onset is about 5–7 eV from that of the
p* component. The HEELSsp3/sp2 characterization tech-
nique is based on the ability to isolate thep* features and
subsequently its cross section from the entire spectrum. All
the isolation methods that are often used are limited by the

assumption that thep* and thes* bands are well separated
in energy such that their cross sections can be independently
deduced by spectral integrations over fixed energy windows.
But it is well known that plural inelastic scattering such as
core-loss excitation plus additional plasmon losses modifies
the edge intensities by redistributing oscillator strengths to
higher energies.8 In particular, for amorphous carbon thep*
band can get redistributed to energies as high as 30 eV be-
yond the edge onset thereby overlapping with thes* band.
Calculations on graphite and amorphous carbon(which will
be presented in this paper) reveal that thep* band is excep-
tionally broad, extending even to energies beyond 30 eV.
Also the lifetime broadening of the spectrum which is a
function of the energy loss11,12will lead to a spread of thes*
intensities to lower energies for which intensities are usually
associated to thep* feature.

A straightforward method ofsp3/sp2 quantification is the
two energy windows method.8 The energy windowsDEp (for
the p* part) and DEs (for the s* part) are chosen and lo-
cated at some convenient points on the spectrum. The spec-
trum is integrated in each window and the areas inDEp and
DEs are assumed to be entirely due to 1s→p* and 1s
→s* transitions, respectively. The ratio of the two areas is
compared with a reference ratio and thesp3 fraction is de-
duced. A problem related to this method is the choice of the
widths of these energy windows. It is known that a slight
variation of these windows may lead to large variation in the
sp3 (or sp2) fraction, e.g., Bruleyet al.8 showed that while
this ratio depends weakly on the size of thes* energy win-
dow, it depends strongly on the size and position of thep*
window.

Another technique of thep* / s* spectral separation often
adopted is the functional fitting technique.9,13 For this
method the spectrum is fitted by a linear combination of
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Gaussian and/or Lorentzian functions centered on various
energy values up to about 10 eV beyond the edge onset(see
the upper panels of Fig. 1). Three functions are usually
adopted and assigned as follows: the two lowest lying are
taken to be thep* features and the highest energy peak taken
as thes* peak. The first peak at about 285 eV is unambigu-
ously ap* peak while the allocation of the second at about
287–288 eV as ap* has been a subject of discussion. It is
often said to originate from the 1s→p* transition for sp2

carbon atoms bonded to hydrogen14 or from carbon atoms in
an intermediate state.9 We shall demonstrate using calcula-
tions on graphite that in addition to the peak at 285 eV the
p* spectra of carbon systems are made up of many other
peaks at higher energies, the 287–288 peak being one of
them. The third peakP3 at about 8 eV above thep* onset is
usually assigned as thes* peak, but we will show that it has
a considerablep* contribution. It was recently pointed out15

that representing thes* contribution by just one Gaussian
function is not sufficient: the 297 eV peak was the dominant
contribution to thes* spectrum rather than the 292 eV peak
of the three-functional fitting approach. In fact, on the lower
panel of Fig. 1 we show that the energy-loss near-edge struc-
ture (ELNES) spectrum, up to 310 eV, may be fitted as a
linear combination of an arbitrary number(e.g., seven)
Gaussian functions. Higher energy peaks are seen to overlap
strongly.

Another drawback of this technique is related to the
choice of the energy upper limitEmax for the three-functional
fittings. A change inEmax by ±2 eV leads to a huge change in
the ratio AreasP1+P2d /AreasP1+P2+P3d which is usually
compared with a reference sample’s(e.g., graphite) ratio to
get thesp3 fraction. This big change is accompanied by a big
change in thesp3 ratio (more than 10%). Table I illustrates
this on the amorphous carbon sample obtained from Ref. 16
and whose ELNES spectrum is shown in Fig. 1.

In this paper, we describe a technique ofsp3/sp2 charac-
terization of carbon materials. The method enables a consis-
tent theoretical separation of thep* and s* features of amor-
phous carbon based on a first-principles calculation of the

ELNES spectrum of graphite. We shall show that this tech-
nique avoids most of the problems mentioned above. In par-
ticular, it is shown to yield results which are independent of
the width of the energy window used for the spectral inte-
gration. In Sec. II we summarize the computational method.
In Sec. III we present the results for the ELNES of graphite
showing how an orientation resolved calculation can lead to
the isolation of thep* and s* features of the spectrum. In
order to obtain insight into the local structure of amorphous
carbon, we generate eight carbon systems(consisting each of
64 atoms) by classical Monte Carlo techniques and in Sec.
IV density functional theory(DFT) calculations are per-
formed on them. The 1s→2p ELNES excitation is calcu-
lated for these systems. The method of thesp3/sp2 charac-
terization is described and applied on the generated carbon
systems and some plasma deposited samples in Sec. V. A
microscopic analysis based on the local bonding structure of
every atom of the generated amorphous carbon system pro-
vides an alternative method to obtain thesp3 fraction. Sec-
tion VI summarizes the main results.

II. COMPUTATIONAL DETAILS

DFT calculations are performed using theab initio all-
electron full-potential-linearized-augmented-plane-wave
(FLAPW) package WIEN2k.17,18 The exchange and correla-
tion energy is treated using the local density approximation19

which is a fit to the Green’s function Monte Carlo calcula-
tions of Ceperley and Alder.20

For carbon the 1s state is the core state while the 2s and
2p states are the valence states. Muffin-tin radiisRMTd are
fixed at 1.3 atomic units(a.u.) for graphite and 1.25 a.u. for
amorphous carbonsa-Cd, while RMT 3Kmax values of 5.5 and
5.0 are used for graphite anda-C, respectively;Kmax being
the plane wave cutoff. Calculations withRMT 3Kmax of 5 and
4.5 for graphite anda-C showed that these adoptedRMT
3Kmax values of 5.5 and 5.0 for graphite anda-C, respec-
tively, gave converged ELNES spectra. Up to 1000k points
are used to sample the full Brillouin zone of graphite[72 in
the irreducible Brillouin zone(IBZ)] while 20 (four in the
IBZ) are used for thea-C. The core-hole effect is introduced
in the ELNES of graphite via the so-called excited-core
method in a supercell formulation. For graphite supercells
containing 16 atoms(eight atoms per graphene plane) are
used. No core-hole calculation is performed on thea-C sys-
tems. The decomposition of the ELNES of graphite into its

TABLE I. The ratios R=AreasP1+P2d /AreasP1+P2+P3d and
the percentages ofsp3 carbon.Emax denotes the energy upper limit
at which the fitting is limited.

Emax

(eV)
R

Sample
R

Graphite
sp3

(%)

291 0.210 0.333 37

292 0.241 0.334 28

293 0.185 0.243 24

FIG. 1. Functional fitting of measured HEELS of graphite(left
panels) and an amorphous carbon sample(right panels). The total
spectra, up to 310 eV, may be fitted by a sum of seven Gaussian
functions as shown on the lower panels.
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p* and s* components is done using the formulation of
Nelhiebel et al.21 which has been implemented in the
WIEN2k code17 and applied to hexagonal boron nitride.22

Recently we performed similar calculations which permitted
us to understand the effect of curvature on the anisotropy of
carbon nanotubes.23

A classical technique was adopted to generate thea-C
systems. By using the Tersoff empirical potential24 for
carbon,25 we generate amorphous carbon samples at densities
of 2.0, 2.6, 2.8, 3.0, 3.2, 3.4, 3.5, and 3.6 g/cm3 by quench-
ing hot liquid carbon at 5000 K(for the 2.0 g/cm3 carbon)
and 8100 K(for higher densities) down to 300 K. This was
done via a continuous space, periodic boundary condition
(PBC), constant volume, constant temperature, and constant
number of atoms classical Metropolis Monte Carlo proce-
dure on cubic cells made of 64 atoms. The atoms were given
initial configurations of a simple cubic lattice. The crystal
was melted over 100 000 Monte Carlo(MC) steps to form a
uniform liquid as the radial distribution functiongsrd
showed. The system was then quenched exponentially down
to 300 K over 320 000 MC moves in 25 steps and then main-
tained at 300 K for 200 000 MC steps for statistical averag-
ing. We calculate the ELNES spectra, within the DFT ap-
proach, of the eight generated amorphous carbon systems.

III. CALCULATION OF THE ELNES OF GRAPHITE

Orientation resolved ELNES calculations were performed
on graphite. The detailed results, reported elsewhere,26 are in
good agreement with HEELS measurements. The result pre-
sented here was obtained by adopting the fast electron beam
convergence semiangle of 1.87 mrad and the collection
semiangle was set to the magic value of 3.01 mrad. This
microscope setting was shown16,26 to yield orientation inde-
pendent spectra for graphite. In Fig. 2 we show the calcu-
lated total ELNES of graphite together with thep* and the
s* components. The energy difference of 6.4 eV between
the mainp* peak and thes* peak is in very good agreement

with the experimental value of 6–7 eV. TheP1, P2, andP3
features of the functional fitting method ofsp3/sp2 charac-
terization is clearly seen. Thep* / s* decomposition reveals
clearly that P2 is a p* feature. It also emerges from this
figure that thep* component extends to very high energies.
In fact, thep* component is nonzero for the entire explored
energy range and there is no reason for this to be different for
a-C systems. Ap* peak P featuring at about 8 eV from the
edge onset and overlapping with the mains* peak shows
that theP3 peak is not entirely ofs* character.

IV. GENERATED AMORPHOUS CARBON

As described earlier, we performed classical Monte Carlo
simulations on eight systems each made of 64 carbon atoms
in a cubic box at fix densities of 2.0, 2.6, 2.8, 3.0, 3.2, 3.4,
3.5, and 3.6 g/cm3, respectively. Here we recall that graphite
and diamond have a density of about 2.3 and 3.5 g/cm3,
respectively. A detailed report on the structural and electronic
properties of all the generated systems will be presented else-
where. In this work we focus on thesp3/sp2 bonding ratios
of the generated carbon systems by exploiting the atomic
coordination(which is defined as the number of atoms within
a sphere around a given atom as explained in more details
later on in this section) and correcting for the nonplanarity of
the three-coordinated sites. This is done by using the
p-orbital axis vector(POAV1) analysis27–29 often used to
study the curvature-induced reactivity of fullerenes. We next
calculate the average(over all atoms) coreloss spectrum of
each of the systems and use them to test for a technique of
sp3/sp2 characterization of amorphous carbon materials.

A. The p-orbital axis vector analysis

It is common place to interchangeably use bonding state
with coordination number. But the chemistry of curved car-
bon materials reveals that local configurations play an impor-
tant role in the bonding state of a carbon atom.30 While a
three-coordinated carbon atom sitting in an ideal trigonal ge-
ometry (the atom with its three nearest neighbors sitting in
the same plane, all three bond angles equal to 120°, and all
three bond lengths equal,1.4 Å) is known to be in ansp2

bonding state, the deviation from this configuration(for ex-
ample, by curving the plane of the four atoms as in fullerenes
and nanotubes) can lead to a substantial three-dimensional
(sp3 character) bonding structure of the three-coordinated
atom, making the atom to acquire an intermediate bonding
state which can be denoted assp2+d. This local distortion can
lead to enhanced chemical reactivity of the carbon atoms that
participate in the distortion. For instance, the carbon atoms at
the cap of carbon nanotubes are known to be more reactive
than those along the walls and those of the C60 molecule are
known to exhibit ansp2.28 bonding state, intermediate be-
tween ideal two-dimensionalsp2 and three-dimensionalsp3

bonding states. Because of this the C60 molecule shows prop-
erties that differ from those of graphite and diamond. Further
evidence for distortion-enhanced reactivity is found in a re-
cent simulation study31 which predicts that the chemisorption
of hydrogen atoms to the walls of a(10,10) carbon nanotube

FIG. 2. Calculated CK ELNES spectrum of graphite showing
p* and s* and the characters ofP1, P2, andP3. Thep* component
of the spectrum(dotted line) shows a strong featureP at about the
same energy as theP3 feature.
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can be favored by as much as 1.6 eV at regions of high
conformational deformations.

The effect of curvature on the bonding state of a three-
coordinated atom in carbon materials has been studied using
the p-orbital axis vector analysis. In this approach the cur-
vature effect is characterized by defining thep-orbital axis as
one making equal anglesud with all the threes bonds of the
conjugated atom. Figure 3 illustrates thep-orbital axis of a
three-coordinated atom O bonded to atoms A, B, and C. The
p-orbital axis is the axis indicated asp. For equal bond
lengths, it is normal to the plane ABC.u is the angle between
any of the three bond vectorsOA, OB, and OC and this
axis. It is given by

cossud =
sAB 3 ACd ·OA

uAB 3 AC uuOA u
=

sAB 3 ACd ·OB

uAB 3 AC uuOBu

=
sAB 3 ACd ·OC

uAB 3 AC uuOCu
. s1d

The pyramidalization angle is defined as the angleg=u
−90°.

Consider the case where atoms O, A, B, and C all lie in
the same plane. In this case thepz and s orbitals do not
hybridize. As atom O is lifted out of the plane, a fractionm
of thes orbital hybridizes with thepz orbital to form thesmpz
hybrid. The remaining fraction 1-m of the s orbital then hy-
bridizes with thepx andpy orbitals to form thes1−mp2 orbital
which can be rewritten assp2/s1−md. This new hybrid can be
interpreted asspxpypz

d, meaning that a fractiond of the pz
electrons participate in thes-bond formation.d is obtained
from m as d=2/s1−md−2. In the POAV1 analysism is re-
lated tou as

m

m+ 1
= 2 cot2 u. s2d

On neglecting the effects of bond-length and bond-angle
fluctuations, the fraction ofsp3 charactersdd in such a three-
coordinated atom is then obtained fromu as

d =
4 cot2 u

1 − 4 cot2 u
. s3d

In the limit of planar configurationu=90° andd=0 while in
the limit of tetragonal configurationu=109.47° andd=1.

For the generateda-C systems, we defined the coordina-
tion number of an atom as the number of atoms within a
sphere of radiusRc centered on the atom. We takeRc
=1.9 Å, corresponding to a value which lies in a well-
defined minimum of the pair correlation functiongsrd situ-
ated just beyond the shell of the first neighbors. ForRc val-
ues varying from 1.8 to 2.0 Å, the coordination numbers of
all the generateda-C systems were stable. The pyramidaliza-
tion angles of all the three-coordinated atoms and the corre-
spondingd’s were calculated. Figure 4 illustrates the distri-
bution of the pyramidalization angle in four amorphous
carbon matrices of varying densities together with the depen-
dence of thesp3 fraction d of a three-coordinated atom on
the pyramidalization angleg.

The deviation from ideal tetrahedral structure of the four-
coordinated atoms entails somesp2 character that is evi-
denced from the nonvanishing ELNES intensity close to the
edge onset of thep* spectrum. We will show in Sec. V how
one must correct for this in thesp3 fraction analysis.

B. The ELNES spectra of the generateda-C structures

DFT calculations were performed on the eight generated
a-C samples and the carbon 1s electron-energy-loss spectra
(EELS) were calculated for all the 64 atoms. For each system
the average EEL spectrum was obtained as shown in Fig. 5.
All the spectra are shifted vertically for better visualization.

FIG. 3. The pyramidalization of a three-coordinated atom O.p
is the p-orbital axis which makes an equal angle with the three
bonds OA, OB, and OC.g=u−p /2 is the pyramidalization angle.

FIG. 4. The distribution of the pyramidalization angleg formed
by three coordinated atoms in four amorphous carbon matrices of
densities of 2.0, 2.8, 3.2, and 3.4 g/cm3 (upper panel) and the de-
pendence of thesp3 fraction d on g [Eq. (3)]. The lines are guides
to the eye. The arrow indicates the transition from puresp2 to sp3

configurations.
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The spectra are rescaled such that the intensities at the main
p* peak are equal to 1. Thes* intensity increases smoothly
with increasing density up to 3.5 g/cm3. A huge rise in this
intensity is recorded for the highest density case of
3.6 g/cm3 (not shown), which would correspond to a density
higher than that of diamond.

The 3.4, 3.5, and 3.6 g/cm3 samples are clearlysp3-rich
samples as, apart from the broads* edge(a consequence of
the disordered structure), new features similar to those of
diamond can be seen occuring between 300 and 310 eV.
Such features can only be faintly perceived in the lower den-
sity systems.

If a three-coordinated atom has a significant proportion of
sp3 character this must be translated into the ELNES spec-
trum as an increase of the intensity of thes* edge with
respect to thep* edge. Since this proportion should increase
as the pyramidalization angle increases, the dependence of
the relative intensity of thes* peak top* peak on this angle
should reflect this tendency. Figure 6 clearly confirms this
trend. This result reveals that the simple nearest neighbor
counting method of thesp3 fraction determination of gener-
ateda-C systems should yield the lower limit of the latter.
By limiting the definition of thesp3 hybridization state to
those atoms that are four coordinated, we can understand
why most of the reportedsp3 fractions of generateda-C are
often lower than experimental predictions even fora-C gen-
erated using first-principles techniques.32 By considering the
POAV1 analysis we shall show that the resultingsp3 fraction
is consistently higher than the proportion of four-coordinated
atoms in generateda-C systems for low and intermediate
density systems. For higher densities the coordination
method predicts the correctsp3 fraction.

The curvature enhanced hybridization of the three-
coordinated atoms can be understood as a consequence of the
introduction of partial radical character on thep-bonding
electron whose energy increases locally.31 This radicalization
results from reduced spatial overlap ofp orbitals that

contribute to conjugation in the system. The radical forma-
tion is the basis of the heightened reactivity of curved carbon
systems.

V. AN ALTERNATIVE TECHNIQUE FOR THE sp3/sp2

CHARACTERIZATION OF CARBON MATERIALS

The technique of thesp3/sp2 characterization presented
here is based on the assumption that the ELNES of any car-
bon atom can be decomposed into two independent parts.
One of these ELNES components(the p* component) is
sought by performing theoretical calculations on graphite
which is a well-known system for which the two components
are well defined. Thep* spectrum is then assumed to be
transferable to other carbon systems given an appropriate
parametrization of the broadening. To illustrate this assump-
tion, we performed an orientation resolved ELNES calcula-
tion on a three-coordinated atom sitting in a Monte Carlo
generateda-C matrix in which all its three nearest neighbors
were also three coordinated so that a degree of conjugation is
guaranteed like in graphite. Figure 7 compares thep* spec-
trum of carbon in graphite and that of this atom. The two
spectra show similar features. The difference between the
two spectra evidenced between 5 and 15 eV is a conse-
quence of the large bond-angle fluctuation of 105° ±12° at
this atom.

To some extent, the method described here is comparable
to the experimental work of Ref. 33 in which the spectrum of
graphite is separated into two independent components with
the axis parallel and perpendicular to the beam direction. Our
sp3/sp2 quantification procedure is described as follows:

(i) We identify the energy positionEp of the mainp*
peak from the spectrum of the uncharacterized sample and
rescale the intensity to have a value of 1 at this peak. We
denote this new spectrum asIsEd whereE is the energy loss.

(ii ) We consider a normalized smoothing functiongss ,Ed
(which could be a Gaussian or a Lorentzian) of full width at
half-maximums.

FIG. 5. Average ELNES(in the sudden approximation) of eight
MC generated carbon structures of varying densities of
2.00–3.50 g/cm3. All the p* peak maxima are adjusted to lie at
284.6 eV. Along they axis, intensities are given in arbitrary units
and each spectrum is shifted for the purpose of clarity. In the inset
we show the ELNES spectrum of the 3.60 g/cm3 system.

FIG. 6. The ELNES of some three-coordinated atoms with py-
ramidalization anglesg=4.6°, 8.5°, and 11.2°, respectively. Remark
that asg increases the relative intensity of thes* to p* increases
indicating enhanced three dimensionality.
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(iii ) We define an energy scale shift parameters by which
the unbroadened calculated graphitep* spectrum should be
shifted to align the maximum of its mainp* peak to that of
the unknown sample. After the spectral shift thep* spectrum
is scaled to one atEp.

(iv) Using this new shifted graphitep* spectrum which
is convolved withgss ,Ed, and denoted asPss,s ,Ed, we
define the function

Fss,sd =E
Emin

Ep

sIsEd − Pss,s,Edd2 dE, s4d

whereEmin is the edge onset. In Eq.s4d it is implied that
the spectrum of thea-C is entirely ofp* character up to
the mainp* peak.

(v) F is minimized fors ands. The minimal values ofs
and s are used forPss,s ,Ed to deduce thep* spectrum
which best fits the lower energy part of the unknown spec-
trum. This shifted and convolvedp* spectrum is assumed to

be that of the unknowna-C system. Figure 8 illustrates this
procedure on ana-C sample. In this caseg is taken as a
Gaussian function and the minimals is found to be 1.0 eV
with a correspondings value of 284.2 eV.

(vi) An energy windowDE whose lower limit is fixed at
the edge onset is chosen and the integralsIpsDEd
=eEmin

Emin+DEPss,s ,EddE and ITotalsDEd=eEmin

Emin+DEIsEddE are
evaluated.

(vii ) The ratios, for various DE, RsDEd
= IpsDEd / ITotalsDEd are calculated.

(viii ) The ratioR0sDEd for a well-characterized sample,
whosesp2 fractionx0 is known, is also calculated and thesp2

fraction in the unknowna-C sample is deduced as

xsDEd =
RsDEd
R0sDEd

x0 s5d

and thesp3 fraction is 1−x.
To test and validate this method, we applied this tech-

nique to the ELNES spectra of the eight generateda-C sys-
tems described above. The ratioRsDEd for each system is
plotted as a function ofDE in Fig. 9. From this figure it is
seen that for each energy windowR decreases monotonically
as the density increases. It is also seen that for the wide range
of DE considereds15 eV,DE,55 eVd all the curves show-
ing the variation ofR with DE seem to be parallel to each
other. This means that if one of the spectra was a reference
spectrum then the ratio ofsp2 carbon in each spectrum with
respect to this reference will be fairly constant over this wide
energy range. This demonstrates that the method should yield
sp2 or sp3 fractions that are independent of the choice of the
energy window in contrast to other techniques. In those tech-
niques thesp3 fraction depends crucially on both the width
and position of the energy window.

In order to illustrate the method described in this paper,
we take one of the Monte Carlo generated amorphous carbon
structures as a reference. Because thesp3 fraction deter-
mined by the POAV1 analysis coincides with that obtained
by the nearest neighbor counting method for high densities,

FIG. 7. Thep* ELNES components of the carbonK edge of
graphite and a three-coordinated atom of ana-C system. The three
nearest neighbors of this atom are in turn three coordinated.

FIG. 8. Matching graphite’s calculatedp* and measured spectra
of an a-C sample.

FIG. 9. The ratioR=Areasp* d /Areasp* + s* d for the eight
generated carbon structures. Remark that all the lines are approxi-
mately parallel to each other.
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the structure having a density of 3.6 g/cm3 with ansp3 frac-
tion of 90% is considered as the reference. The resulting
fractions for the other six systems are shown in Fig. 10. The
sp3 fraction is clearly seen to be independent of the size of
the energy window. The largest variation recorded did not
exceed 6%. The values obtained, reproduced in Table II were
in very good agreement with those obtained using the
POAV1 analysis.

Correcting for sp2 features in two- and four-coordinated
atoms: As pointed out earlier, a plot of the ELNES of some
four-coordinated atoms reveals a nonvanishing contribution
originating from the transitions into thep* band. This was
explained to be a consequence of the deviation from ideal
tetrahedral structure through large bond angle and/or bond-
length fluctuations. To correct for this bond-fluctuation-
induced sp2 character we apply the technique described
above as follows. Suppose thesp2 fraction in the system isx.
Using the ELNES spectrum of each four-coordinated atom,

we can isolate thep* component and calculate the average
ratio R (over all the four-coordinated atoms), denoted asR4,
using the technique. The mean distorsion-inducedsp2 frac-
tion in each of the four-coordinated atoms is thenxR4/Rs
where Rs is the R ratio for the entire structure. Using the
POAV1 analysis we calculate the meansp2 fraction xPOAV
over all the three-coordinated atoms. If we denote the frac-
tion of three-coordinated atoms in the structure asr3 and that
of four-coordinated atoms asr4 thenx is given by

x =
r3xPOAV

1 − r4R4/Rs
. s6d

Extension to systems containing two-coordinated atoms is
straightforward and reads

x =
r3xPOAV

1 − r2R2/Rs − r4R4/Rs
, s7d

whereR2 and r2 are the mean(over all two-coordinated at-
oms) fraction of the p* cross section and the total cross
section, and the fraction of two-coordinated atoms in the
system, respectively. If there were no two-coordinated atoms
on the one hand, and four-coordinated atoms with finitep*
ELNES on the other hand, thenR2=0 andR4=0, and thesp2

ratio is contributed entirely by three-coordinated atoms asx
=r3xPOAV. If in addition all three-coordinated atoms show
local planar structures thenxPOAV=1 and thesp2 fraction will
correspond to the result of the nearest neighbor counting
technique. We point out that for structures generated using
the Tersoff potential, systems with densities lower than
3.0 g/cm3 contained some two-coordinated atomss,10%d.
In Table II, the fourth column includes thesesp2 aspects of
the two- and four-coordinated atoms. These results are given
as intervals because of the standard deviations recorded over
the various averages.

Of course, the use of this technique is not restricted to
computer generated samples(in contrast to the POAV1
analysis) but can also be applied to experimental spectra. In
Fig. 11 we show theRsDEd values for five plasma deposited
a-C obtained from Ref. 16. Remark that all the curves are

TABLE II. The sp3 percentages of the eight generated amor-
phous carbon systems as obtained from our alternative method
(method I), the coordination method(method II) and the POAV1
analysis (method III), respectively. The 3.6 g/cm3 computer–
generated system is considered as reference and itssp2 ratio (0.103)
according to the POAV1 is adopted. The results obtained using
method I are given as intervals in order to demonstrate the spread
over the entire range of the energy window of 15–45 eV.

Density
sg/cm3d

Method
I (%)

Method
II (%)

Method
III (%)

2.00 32–38 16 28–32

2.60 39–40 20 35–37

2.80 48–52 34 46–50

3.00 56–58 55 54–56

3.20 61–62 60 60–65

3.40 69–70 72 68–74

3.50 79–81 84 81–87

3.60 90 90 90

FIG. 10. Thesp3 percentage for the eight generated carbon
structures. Ther=3.6 g/cm3 sample made of 10.3%sp2 atoms(ac-
cording to the POAV1 approach) is used as the reference system.

FIG. 11. The ratioR=Areasp* d /Areasp* + s* d for five a-C
samples. Remark that all the lines are approximately parallel to
each other except for sample I.
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approximately parallel except for sample I. A possible expla-
nation for this deviation could be a poor spectral treatment
(correcting for multiple scattering and background subtrac-
tion). This is confirmed from the plot of the rescaled spectra
of samples I and II in Fig. 12 where it is clearly seen that
sample I is not flat before the edge onset which is an indica-
tion of poor background subtraction which could be worse
for higher energies. In this way, this technique can also be
used to test for the correctness of spectral treatment before
quantification. Poor spectral treatment can lead tosp3 frac-
tions that are off their true values by more than 15% of the
correct values. As a reference we still retain the MC gener-
ated structure of 3.6 g/cm3. The results for thesp3 fraction
are shown in Fig. 13 and in Table III. In this table we also
listed the values obtained in Ref. 16 using the functional
fitting method with three Gaussians.

VI. SUMMARY

We have developed a method to quantify thesp3 fraction
of an amorphous carbon sample based on the theoretical
separation of thep* and s* components of the carbon 1s
electron-energy-loss spectra.

Momentum transfer orientation resolved energy-loss near-
edge structure calculations have permitted the isolation of
the p* components of the carbonK edge in graphite and of
an atom of an amorphous carbon system. Thep* spectrum
of the three-coordinated atom bonded to three other three-
coordinated atoms in the amorphous matrix is shown to have
similar features as that of graphite.

Thesp3 fraction of an amorphous carbon sample is deter-
mined from its energy-loss near-edge structure by using the
first-principles electronic structure calculation of the energy-
loss near-edge structure of graphite. Thep* spectrum of
graphite is adopted and assumed to be transferable to other
carbon systems given an appropriate parametrization of the
broadening. This has enabled the isolation of thep* spec-
trum of the carbon systems and a subsequent characterization
of their sp3 contents.

We have applied the method to some Monte Carlo gener-
ated amorphous carbon structures and shown that the method
gives stable results over a wide range of the energy window
used for spectral integration and that theirsp3 fractions ob-
tained using this method agree with values obtained using
the p-orbital axis vector analysis. The method has also been
applied to five amorphous carbon samples and found that this
method yields results that compare well with the functional
fitting method. In sharp contrast with conventional tech-
niques, we have demonstrated that the proposed method is
independent of the choice of the energy window used for the
spectral integration.

Also, we have shown that the POAV1 analysis can be
applied to generated amorphous carbon systems to predict
the correct bonding structures. This can lead to an up-grade
of the sp3-bonding fraction of low and intermediate density
carbon as compared to the prediction of the simple coordi-
nation number. We have, therefore, found that for low and
moderate density generated amorphous carbon, the inter-
changeable use of coordination number and hybridization
state can lead to an underestimation of thesp3 fraction of
generated amorphous carbon. It emerges from this study that
computer-generated amorphous carbon structures can be
used to quantify real carbon materials, on the condition that
the bonding structure of the former is well characterized.

TABLE III. The sp3 percentages of the fivea-C samples ob-
tained using our technique(method I) and the functional fitting
technique. The 3.6 g/cm3 system is considered as reference and its
sp2 ratio (0.103) according to the POAV1 is adopted. Apart from
sample I, all samples show excellently stable results within the 30
window. The results obtained using method I are given as intervals
in order to demonstrate the spread over the entire range of the
energy window.

Sample
No.

Method
I (%)

Fitting
technique(%)

I 58–68 67–68

II 60–63 61

III 56–57 56

IV 54–55 51–53

V 52–55 53
FIG. 12. The rescaled(rescaled to 1 at the mainp* peak) spec-

tra of samples I and II showing possible background subtraction
problem in sample I.

FIG. 13. Thesp3 percentage for the fivea-C samples.
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