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First-principles study of electronic properties of hydrogenated graphite
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Progressive implantation of hydrogen atoms into graphite is modeled by first-principles density functional
theory. The maximum H/C ratio was found at 53%, which is in good agreement with experimental results. The
hydrogen trapping energy varies from —0.7 eV at very low concentrations to a limit of —1.9 eV at saturation.
Special attention is given to the electronic density of states at each step of the process; they are compared to
the experimental spectra from electron spectroscopy on graphite hydrogenated by energetic ions bombardment.
The density of states of the fully hydrogenated graphite is compared to that of diamond. Step-by-step study of
the 7" density of states starting from pure graphite (all sp? carbon) leads to a criterion of characterization of
graphitic materials amorphization. The calculated sp3/sp? ratio in hydrogenated graphite is proposed as a
model to quantify the rate of tetrahedral carbon atoms in amorphous and hydrogenated amorphous carbon

samples.
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I. INTRODUCTION

Carbon and carbon-based materials have been extensively
studied for plasma facing components (PFC) in magnetic
confinement fusion reactors (tokamaks).!” In this applica-
tion, hydrogen retention is an impediment whereas the great
propensity of these materials to store hydrogen is actively
sought after in other areas.®® This property is mainly due to
the unique ability of carbon atoms to organize into plane
trigonal structures, such as in graphite where they adopt the
sp? hybridization pattern, or to easily evolve towards tetra-
hedral structures typical of sp’ hybridization like in dia-
mond.

More or less perfect graphite has proven to be a good
model for quantum study of hydrogen interaction with car-
bonaceous materials in these areas of interest. Attention was
given to atomic hydrogen adsorption on bare (0001) graphite
surfaces,” on zigzag edges,'® or on atomic vacancies on the
basal plane.11 In these contributions, the quantum results
were validated through comparison with temperature-
programmed desorption spectroscopy (TPD), or with vibra-
tional spectroscopy, mainly high-resolution electron energy
loss spectroscopy (HREELS).!? These techniques are typical
of surface physics and are not applicable when the bulk of
the solid is concerned. Hydrogen implantation and carbon
hybridization characterization are more often studied using
the tools of electron spectroscopy techniques such as elec-
tron energy-loss spectroscopy (EELS)'3 or X-ray absorption
spectroscopy (XPS, Auger spectroscopy, C K VV...).14-17
The signal recorded by these techniques is directly related to
the electronic density of states (DOS) of the material under
study. Therefore, this paper is more specifically focused on
the quantum evaluation of the DOS. Special attention will
given to the relative positions of the c—¢" and 7— 7" bands
because of their crucial role in these spectroscopies and be-
cause it is important to obtain any possible information on
the evolution of the spectra with a view to quantifying hy-
drogen retention into graphitic materials. In the special do-
main of tokamak physics, the problem of hydrogen isotopes
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retention into graphitic PFC is of uppermost importance.
This retention can primarily be quantified by post-mortem
analysis of samples exposed to hydrogen plasma action.
Laboratory simulations are performed by ion beam bombard-
ment. In both cases, the analysis is carried out using the
above-mentioned spectroscopies. The hydrogen retention
transforms some carbon atom structures from sp” to sp® and
this is reflected in the DOS. Therefore, comparison of elec-
tronic spectra and quantum DOS is the best approach to
evaluate the hydrogen retention'® and references therein.

Since H retention induces a certain amorphization of the
material, the former domain can be naturally related to an-
other question that has attracted much research concerning
the structure of amorphous carbons, i.e., pure (a-C) or hy-
drogenated (a-C:H). Amorphous carbon is a very attractive
material since it can be almost as hard as diamond." It is
also chemically inert and features interesting properties for
semiconductor applications. Amorphous carbon a-C, as well
as a-C:H, characterization is very often performed through
sp*/sp? ratio estimation. Theoretically, the atomic structure
of these materials is difficult to model due to the wide variety
of configurations carbon atoms can support.”’ Therefore, al-
though amorphous carbon is not the first objective of this
paper, from the quantum modeling viewpoint this focus is
compatible with the first one insofar as electronic structure
and hybridization modes are concerned and the bulk-
hydrogenated graphite can be a useful reference since its
structure is simpler and well defined.

Based on the above considerations, the present paper is
organized as follows. Section II gives an overview of the
computation methods and also proposes a discussion on pure
graphite DOS. The main features are described and com-
pared to experimental DOS. This section is presented as a
validation of the method.

In Sec. III, the graphite crystal cell is gradually saturated
with hydrogen atoms trapped into the bulk. The most char-
acteristic steps of this process are described together with the
associated DOS which evolves from a structure similar to
graphite to an increasingly perturbed structure.
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FIG. 1. (Color online) Pure graphite DOS
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In the discussion, the results gathered in Sec. III are ana-
lyzed and compared to experimental results derived from hy-
drogen bombardment of the graphite surface or amorphous
carbon and hydrogenated amorphous carbons.

II. COMPUTATIONAL SECTION AND ELECTRONIC
STRUCTURE OF THE GRAPHITE SUBSTRATE

The calculations were performed within the framework of
the spin-polarized gradient-corrected density functional
theory (DFT). The exchange, as well as the correlation, func-
tionals are Perdew-Burke-Ernzerhof (PBE).2! A plane-wave
basis set was used with an energy cutoff of 32 Rydberg
(435 eV); the ionic core potential was modeled using the
Vanderbilt ultrasoft pseudopotentials.?? Integration in the
first Brillouin zone was performed using the 6 X 6 X 6 points
Monkhorst-Pack?® sampling.

The dimensions of the primitive hexagonal unit cell were
optimized while keeping unchanged the experimental ratio
c/a=2.72. This yielded the following cell parameters a
=2.466 A, c=6.721 A, which corresponds to a C-C bond
length of 1.424 A. Hydrogen trapping in the interlayer space
was modeled using the 3 X3 X1 supercell with parameter
a=7.398 A, containing 36 carbon atoms distributed across
two layers. Considering that first-principles DFT yields very
poor results in the case of weak or van der Waals interactions
and considering that the interplane cohesion in graphite is
insured by this kind of forces, it seems very unreliable to
optimize the cell parameters (specially the ¢ one) along the
hydrogen trapping modeling. Therefore, the cell parameters
were kept unchanged during the whole calculation.

Also, the case of molecular hydrogen trapping is not con-
sidered because a preliminary calculation within the same
framework showed that the trapping of even a single H,
molecule is highly unstable [total reaction energy
E(H, in bulk)—E(H,)—E(bulk)=+3.7 eV].

The stationary state structures of hydrogen inclusion were
determined by placing H above any candidate adsorbent C
and optimizing the geometry using the quasi-Newton
Broyden-Fletcher-Goldfarb-Shanno generalized algorithm.
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All the atoms were included in the optimization procedure,
without any geometrical limitation. All the energy calcula-
tions were made using the Quantum-Espresso package.”*

The procedure for step-by-step optimization of the hydro-
genated systems has been described in a previous
publication.” During this process the crystal parameters are
kept unchanged. The hydrogen—graphite bulk binding energy
was calculated using two definitions:

(i) The successive energies were calculated using Eq. (1)

AE"=(E"-E"' - EM), (1)

where E" is the total energy of the system after incorporation
of n hydrogen atoms, E is the isolated hydrogen atom en-
ergy.

(ii) The average binding energy is calculated using the
following equation:

AE = (E" - nE™)/n. (2)

The density of states (DOS) was calculated using a
smoothing of 0.03 Rydberg (0.4 e€V); a similar smoothing
(0.5 eV) had been applied in Ref. 25. In the high-energy
domain within the conduction band, the DOS is especially
dependent on the total number of electronic bands calculated
for each k point. Moreover, since the goal is to compare the
DOS of various physical systems, the number of electronic
bands was set to 200 for all DOS calculations and all sys-
tems, whether pure or hydrogenated. In all cases, this num-
ber of bands is large enough to describe the DOS up to a
cutoff value of 20 eV above the Fermi level. For the pure
graphite working cell, this number of bands fairly accurately
reproduces the DOS calculated on the primitive crystal unit
cell using a much larger number of k point (36 X 36 X 36).
The DOS zero is always placed at the Fermi energy of each
considered system.

The pure graphite DOS is displayed in Fig. 1. In this
section and the following, we denoted as o contribution the
sum of the projections on 2s, 2p,, and 2py carbon orbitals,
and 7 indicates the projection on the C(2p,). This conven-
tion is also applied to the hydrogenated systems. This rather
rough definition is imposed by the plane-wave expansion of
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TABLE I. Main features of the pure graphite DOS (in eV) compared to electronic spectroscopy and to
other theoretical results. The peak designation (also shown in Fig. 1) and the numerical values are taken from

Lascovich et al. (Ref. 14).

Vo Vi Vs Vs | Vs
Ugolini et al. (Ref. 13) UPS 2.8 4.8 8.2 12.8
Lascovich et al. (Ref. 14) XPS ~2.5 4 ~7-8
Lascovich et al. (Ref. 14) XAES 0.9/2 4.4 7.6 8.9 13.2 14.7
Willis et al. (Ref. 32) Theory: High energy 2.3 4.5 7.8 9.2 12.5 15.4
band-structure calculation
Charlieret al. (Ref. 24) Theory: First-principles 2.3 3.6 6.9 9 13.1 15.1
DFT (Ref. 24)
Experimental mean values given in Ref. 14 2.8 4.7 8.0 13.6 15.6
Theoretical mean values given in Ref. 14 2.3 4.2 7.0 8.8 12.4 14.9

This work

23 39 6.4 8.9 123 14.2

the crystal orbitals which makes it very difficult to build
localized hybrid orbitals.

In the valence band, the pure o band extends from —20 to
-9 eV, the Fermi level being taken as the reference of en-
ergy. The peaks below —14 eV correspond to almost pure
C(2s) components.

The pure 7 band overlaps with the o band from -9 to
—2.4 eV. The larger o peak is at —6.4 eV and the 7 peak at
—2.3 ¢eV. In the conduction band, the main 7 peak is at
1.9 eV and the o one at 8.6 eV. The 7" peaks extend up to
12 eV and overlap with the o band from 7 to 12 eV.

These features are in good agreement with experimental
and theoretical results exposed by Titantah et al.'® The C K
ELNES energy difference between the main 77" and o peaks
is —6.4 eV, the HEELS experimental value is 6<<7 eV and
as per the present results is 6.8 eV. The carbon K near-edge
X-ray-absorption spectra®® also yield a distance of 7 eV.

In Table I, a comparison is made with electron spectros-
copy and other theoretical works mentioned in Lascovich et
al.'* The features data given by these authors are tentatively
assigned in Fig. 1. The general agreement is very good with
both series of data, experimental and theoretical mean val-
ues, collected in Table I. The only noticeable discrepancy
concerns the V, signal, which is undervalued by 0.6 eV ver-
sus the calculated mean value.

The parts of the DOSs that cannot be projected on C(2s)
or C(2p) should be projected on higher angular momentum
localized orbitals. Therefore, these electronic states are asso-
ciated to polarization and diffuse contributions, they are gen-
erally ascribed to the interlayer electron density. This is the
case in the 4.3 to 7 eV zone, the major contribution included
in the surface delimited by the total DOS and the 7 projec-
tion is neither 7" nor o". Fisher et al.?® assigned to the in-
terlayer states those peaks situated approximately 4 eV
above the 7" peak in the C K NEXAFS spectra of polycrys-
talline graphite and they likened these peaks to those in the
same domain of the theoretical DOS they had taken as a
reference. Therefore, the two structures at 3.3 and 4.5 eV in
Fig. 1 can be ascribed to interlayer states.

III. HYDROGEN ATOMS INSERTION IN THE
INTERLAYER REGION

The successive absorption energies displayed in Fig. 2 are
similar to the adsorption energy pattern previously published
on graphite step edges.!” The first hydrogen that is inserted
breaks the delocalized 7 electrons system. The bare graphite
plane is not very reactive and the binding energy is low, i.e.,
—0.68 eV, similar to the adsorption energy on the bare graph-
ite surface.?’-3° But the next three implanted hydrogens take
advantage of the induced perturbation of the graphene elec-
tronic structure and their interaction energies are larger. In
this process, the odd-numbered H atoms interact with a
closed shell system and leave a radical-type configuration
with an unpaired 7 electron, therefore a more reactive con-
figuration. This explains the serrated aspect of the successive
absorption energies in Fig. 2 and already discussed in Ref.
10. For all the situations described in this work, the total spin
polarization of these systems is 0 when the number of hy-
drogens is even, and 1.0 dispersed across several carbon at-
oms when the number of hydrogens is odd.

The same tendency to adsorb in cluster pattern reported in
Ref. 12 is again noted here: the first six atoms are bonded to
the same hexagonal cycle, but now equally distributed across
the two sides of the original plane, eventually forming a
boat-shaped structure after binding of the first six hydrogens.
Special attention must be given to hydrogens numbers 5 and
6. H#5 interacts with the last double bond of the cycle, so its
individual interaction energy is lower than the preceding
ones, but H#6 meets the last unpaired electron, hence the
corresponding energy is quite high.

Hydrogen #7 is absorbed on the upper side of the other
graphene plane. Since it interacts with a bare surface, the
binding energy is again very low, —0.83 eV, but larger than
for H#1. This can be explained by the upper layer geometry
which is slightly perturbed by the adsorption of the first
6 Hs, therefore the layer is no more exactly plane and the
carbon atoms are not strictly sp>.

With H#8, the average binding energy reaches a limit
around —1.8 eV, it is bonded also on the upper plane, besides
H#7 and in trans position, H#9 forms a triplet structure with
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FIG. 2. (Color online) Hydrogen—graphite in-
teraction energy (eV) vs the H/C ratio; “mean

value” is calculated using Eq. (2), “succ™ using
Eq. (1).
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the other two atoms. Because of the steric constraints, H#10
cannot absorb contiguously but instead is rejected towards
the limit of the crystal cell, on the lower graphene layer.

The other hydrogen atoms are unevenly distributed across
the two planes as shown in Fig. 3: out of a total number of
19, only 7 are on the upper plane. This total number corre-
sponds to an H/C ratio of 53% at. All the C-H bonds are
more or less parallel to the ¢ axis direction. In spite of the
steric constraints, the carbon atoms’ stacking is maintained
much like ABAB stacking in pure graphite: half the carbon
atoms of a layer are above a carbon of the layer below, and
half above the center of a cycle.

The effect of inserting a single hydrogen atom in the total
DOS of the system is shown in Fig. 4 (the projection on the
hydrogen atom is magnified by a factor of 10). Comparison
with Fig. 1 shows a slight perturbation around —9 eV due to
the H(1s) energy level that combines almost only with the
C(m) bands. This observation explains why here the C-H
bonds are less energetic than standard chemical C-H bonds
in hydrocarbon compounds: H is bonded through a

_/ _c/
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FIG. 3. (Color online) 3 X 3 X 1 Crystal working supercell at the
end of the hydrogenation process. The number of implanted hydro-
gen atoms is 19, which corresponds to an H/C ratio of 53%.

C(m)-H(1s) combination, the weight of the C(2s) orbitals is
negligible while a usual chemical bond is achieved through a
C(sp?)-H(1s) or C(sp*)—H(1s) combination where the C(2s)
orbital weight is similar to the C(2p) ones.

The other noticeable information derived from Fig. 4 con-
cerns the region around the Fermi energy level. Since pure
graphite is a nonmetal, its electronic zero gap is located be-
tween the valence 7r and conduction 7 bands. The H(1s)
electron being paired with an originally 7 electron to form
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FIG. 4. (Color online) Modification of the graphite DOS after a
single hydrogen atom implantation. The projection on the hydrogen
atom is magnified by a factor of 10.

235426-4



FIRST-PRINCIPLES STUDY OF ELECTRONIC...

-18 -16 -14 -12 -10 8 6 4 2 0 2 4 6 & 10 12 14

eV

the C-H bond, the resulting occupied and virtual CH elec-
tronic states are located on each part of the Fermi level,
forming the peak visible on the DOS canceling out the gap.
This will be the case any time there is an odd number of
absorbed hydrogens. H also takes part in this band, if only in
the single hydrogen absorption case. In the case of an even
number of hydrogen atoms, this band is split into a small
feature below the Fermi level and another one above it. Con-
cerning the Fermi level itself, the calculation shows that it
increases linearly from 6.9 eV for pure graphite to 8.3 eV for
the hydrogen saturated system.

Comparing the total and projected DOSs in the o valence
band (Fig. 4), it must be noted that the area between the two
curves was negligible in the case of pure graphite whereas it
was noticeable below —10 eV in the hydrogenated structure,
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FIG. 5. (Color online) Evolution of the DOS
with the hydrogenation ratio from O (pure graph-
ite) to saturation. Figure 2 can be referred to in
converting the number of absorbed H atoms into
the H/C ratio.

although the hydrogen contribution was zero in this area.
This indicates that even at low hydrogen content, the elec-
tronic density in the interlayer region increases.

The DOS evolution when the H/C ratio is increasing
shows that the C(m)—H(1s) bonding combination slowly
shifts towards the o C-C band (Fig. 5) until it finally com-
pletely merges with it and broadens the o band. At the end of
the process, this band is quite similar to the diamond valence
band displayed for comparison in Fig. 6; but its center is
5.9 eV below the Fermi level versus —8.3 eV for diamond,
the upper limit being around -2 eV in both cases.

The 7 band originally situated at —2.3 eV shifts to
—-1.0 eV. The main 7 peak in the graphite’s conduction
band tends to decompose progressively. At completion, there
remain three very small peaks above the Fermi level corre-
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FIG. 6. (Color online) Fully hydrogenated
graphite DOS with projection on the o and 7
carbon orbitals and on the H(1s). The DOS of
diamond is given as a comparison and identifica-
tion of the main features is pointed to by the
arrows.
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sponding to the unoccupied energy levels remaining free,
and the virtual C(7r)-H(1s) energy levels are merged with the
o structure. Compared to pure graphite, the structure be-
comes simpler as the hydrogen rate increases, the four minor
peaks in the region 10—18 eV are less and less marked until
they almost disappear in the case of the fully hydrogenated
system.

Even if only one carbon atom out of two holds a hydrogen
atom, most of the carbons are in an sp*(x>2) hybridization
state, except for some atoms on the left part of the upper
layer in Fig. 3. As a consequence, the fully hydrogenated
structure gives rise to a DOS structure similar in many ways
to that of the diamond as can be observed in Fig. 6. The
diamond DOS is narrower in the o conduction band, the
C(2s) peak is at —13.9 eV whereas it lies at —14.7 eV for the
hydrogenated structure. Also, the diamond’s gap between o
and o is occupied by the free 7 and 7" contributions in the
other case. Incidentally, it should be mentioned that, because
of the local curvature of the graphene plans, the remaining =
orbitals are not necessarily pure C(p,) orbital but rather a
combination of the three p components also with a small s
contribution that is not noticeable on the DOSs."

Compared to diamond, the two o features at —13.9 and
—8.3 and the shoulder at —10.8 eV must be likened to the
peaks at —14.6, —12.2, and -5.9 eV in the hydrogenated
DOS, whereas the peak at —10.8 eV in the same DOS is due
to combination with H(ls) projection. In the conduction
band also, the diamond & components are shifted to the low
energies compared to the fully hydrogenated graphite. Nev-
ertheless, a one-to-one identification of the peaks can be sug-
gested: 6.0, 11.1, and 12.0 eV in the diamond DOS corre-
spond to 7.9, 12.3, and 13.7 eV in the other one (Fig. 6).

An important issue concerning the characterization of
more or less graphitic carbons is the evaluation of the ratio
p=C(sp?)/C(sp?). Considering that the carbon atoms in pure
perfect graphite are all sp?, p is indicative of the level of
amorphization of any carbon sample. Since the hydrogen in-
sertion process implies the transformation of the absorbent
carbon hybridization, the present model can be used to pro-
pose a tentative criterion.

In the graphite DOS (Fig. 1), the pure 7" band, excluding
the interlayer contribution zone extends approximately from
0 to 4 eV. This is also the case for the fully hydrogenated
system (Fig. 6). Therefore, the ratio of the DOS area 2 in
this zone must be related to p. Figure 7 shows the ratio
2, (graphite+nH)/2(graphite). The function is not strictly lin-
ear because of a certain amount of interlayer contribution
and the approximate 7 orbital definition, but the linear ap-
proximation is quite convincing, with a slope of —0.8.

IV. DISCUSSION AND CONCLUSION

The main goal of this work was to propose a quantum
model for hydrogen implantation into the first layers below
the surface of a graphite sample under nuclear fusion device
conditions. This model would also apply to hydrogen inser-
tion into the bulk during diffusion in an ion beam bombarded
graphite. The corresponding calculated DOS could then be
compared to experimental results.
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FIG. 7. (Color online) 7" surface area calculated from 0 to 4 eV
on the spectra displayed in Fig. 5, relative to pure graphite and as a
function of the implantation ratio.

The working crystal cell chosen for this purpose is of
course small in regard of the samples used during the spec-
troscopic experiments but it nevertheless provides reliable
information.

For example, the larger number of atomic hydrogens this
cell can incorporate is 19, which represents an H/C ratio of
53%. This ratio is not very different from experimental re-
sults. It also a posteriori and empirically validates our
method which keeps the graphite lattice parameters un-
changed.

Under tokamak discharge conditions, it has been deter-
mined that at room temperature the upper limit of the im-
planted hydrogen content was 45% at. in the near surface
region.!>3! Another source indicates about 40% H/C (Ref.
32) in laboratory simulation by hydrogen ions bombardment
at room temperature.

Nevertheless, the H/C 40% ratio corresponds to implan-
tation of 14 Hs in the working cell and it can be seen that the
two upper spectra in Fig. 5 (H/C 53 and 40 %) are not quali-
tatively different, but the 7 peak in the saturated system is
split into —1.0 and 0.6 eV in the 14 H system. Therefore, the
discussion can revolve around the fully hydrogenated sys-
tem.

Ugolini et al.'® have studied the effect of bombardment of
HOPG and polycrystalline graphite by energetic hydrogen
ions using UPS (He I and He II) techniques. On both systems
they observed a fairly structureless valence band at about
7.5 eV and a shoulder near 4 eV. This corresponds fairly
well with the broad ¢ band in Fig. 6 whose maximum is at
—5.9 eV (the inversion of sign — to + is due to experimental
conventions) and the shoulder at —2.8 eV corresponding to a
distance between the two features of 3.2 eV versus 3.5 eV in
UPS (He 1I).

In the same study, the EELS spectrum for the original
graphite shows an energy loss of 6.6 eV from the m—m"
transition. This signal strongly decreases in intensity, be-
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comes broader and shifts to a lower energy loss of 4.6 eV
after bombardment. It is difficult to make an exact compari-
son but the quantum DOS shows the same tendency. The
quantum 7—7 transition energy between the two main
peaks is nevertheless smaller, 3 eV. This could be due to the
potential the C(ls) electron system exerts on the valence
electrons: the calculations are performed using a standard
pseudo-potential generated by a complete 1s> C electron
core whereas the EELS techniques creates a hole in this
shell.

The same problem arises during comparison with X-ray
electron spectroscopy. This kind of technique is often used to
investigate the 7 electronic structure of hydrogenated car-
bons (graphite or amorphous) at different hydrogen contents.
More generally, the evolution of the m-type signals is indica-
tive of the level of disorder in a poorly organized carbon-
aceous material, whether hydrogenated or not. For example,
Lascovich et al.'"* compared the Auger experimental DOS
with the ab initio MD of a-C. Both techniques show a broad-
ening of the structures in the binding region from Er to
—10 eV. This is also the case in our Figs. 5 and 6. Moreover,
the Auger C KVV spectrum shows a strong peak at 1.2 eV.
The MD derived DOS shows only a shoulder at this energy
level but our Fig. 5 indicates that at H/C=28% there appears
a strong peak at —1.4 eV growing towards —0.7 eV for
H/C=40%. The same paper indicated that the sample den-
sity is 2.2 g/cm? and that the numerical simulations assign
this density an sp? ratio of 19% whereas this ratio would be
of 38% for a density not much different from 2.4 g/cm?;
therefore the agreement with the quantum results is more
than purely qualitative taking into account that the sp? con-
tent is not measured but only indirectly estimated. The Auger

PHYSICAL REVIEW B 74, 235426 (2006)

spectra also show strong structures at —4.3 and —5.5 eV, they
correspond to the strong shoulders at —3.5 and —4.5 eV in
Fig. 5, growing with the hydrogenation ratio.

In the same domain of X-absorption spectroscopy, Diaz et
al., in their NEXAFS study,'” used the area of the 7" reso-
nance as a measure of the total density of the 77" unoccupied
states of a-C films, which is equivalent to our Fig. 7. They
reported that 77 states with non-negligible density extend up
to 10 eV in pure graphite, as opposed to only up to 5 eV in
highly sp? bonded a-C films. The present value for the fully
hydrogenated system is very close: 5.6 eV.

As a conclusion, without claiming that amorphous carbon
can be likened to hydrogenated graphite, the present study
contributes to emphasizing their similarities at least concern-
ing the sp?/sp? relative proportions. Therefore, bulk hydro-
genated graphite can be proposed as a model and a tool in
quantifying this ratio in carbonaceous materials. This is also
a consequence of the similitude between the CH and CC
chemical bonds with respect to their electronic structure. Be-
cause of this similitude, the electronic density of states con-
tinuously evolves from the DOS of pure graphite to a DOS
rather similar to that of diamond’s as the H/C ratio grows
from zero to its upper limit, which should be 1, as clearly
substantiated by Figs. 5 and 6.
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