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Abstract—In this paper, we present a thorough ab initio study of different forms of graphite. The
interplanar distance and the electronic properties of different stackings of graphene sheets (simple
hexagonal {AAA. . .}, hexagonal {ABAB. . .} and rhombohedral {ABC. . .} graphites) have been stud-
ied in the framework of the density functional theory. The valence charge densities and the densities
of states of these three graphitic structures are presented and compared, as well as their respective
band structures. As graphite possesses a semimetallic behavior, the overlap between conduction and
valence bands has been investigated in function of the stacking. Ab initio results are related to
experimental data obtained for natural graphite. Tight-binding Fermi surfaces are also presented in
order to discuss the sensitive electronic behavior of graphite near the Fermi level.
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theory.

1. INTRODUCTION

At ordinary temperatures and pressures, the stable
form of carbon is graphite, a semimetallic form with-
out any analog in the group IV series. Natural graph-
ite occurs in two crystal structures: the Bernal (1)
and the rhombohedral[2] structures. Samples usu-
ally contain no more than 5-15% of rhombohedral
structure intermixed with the Bernal form and disor-
dered graphite(2,3]. A third geometrical possibility
consists in simple hexagonal graphite, similar to the
arrangement of carbon atoms found in certain graph-
ite intercalation compounds (GICs) such as
(LiC,)[4]). Crystals of almost pure hexagonal graph-
ite, also called highly oriented pyrolitic graphite
(HOPG)[5] can be made by high temperature heat
treatment and quenching, but the pure rhombohe-
dral and simple hexagonal forms have never been
isolated. Moreover, disordered graphitic forms[6],
like pregraphitic carbon and turbostratic graphite
where random rotation and translation of the graph-
ene sheets appear, can also be found in the nature.

All of these forms of graphite consist of planes
of carbon atoms each forming a hexagonal net with
a well-established nearest-neighbor distance of 1.42
A, stacked with an interplanar spacing around 3.35
A. However, they differ in the stacking sequence
of the carbon planes. Simple hexagonal graphite has
an AAA-stacking with all carbon atoms in consecu-
tive layers located directly on top of each other.
The Bernal structure possesses an ABAB-stacking,
with half of the atoms directly above each other in
adjacent planes and the other half directly above the
center of the hexagonal ring in the adjacent plane.
Rhombohedral graphite has an ABC-stacking, with
half of the atoms directly below atoms in the adja-
cent plane and directly above hexagonal ring centers
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and the other half of the atoms directly above atoms
and below hexagonal ring centers (Fig. 1). The tran-
sition path between these structures can be obtained
by slipping one {AAA — ABAB} or two {AAA —
ABC; ABAB — ABC] entire graphene sheets by a
1.42 A or 2.84 A distance in the C-C bond direction,
as shown in Fig. 1.

Many calculations have been devoted to graph-
ite[7]. In 1947, P. R. Wallace[8] proposed a tight-
binding model for the electronic properties of 2D-
graphite. The graphene sheet was found to be a
zero-gap semiconductor. In 1955, extending the
two-dimensional model of Wallace for the graphite
lattice to the three-dimensional lattice by a -k.p-
perturbation calculation, J. C. Slonczewski and
P. R. Weiss[9] proposed a semimetallic behavior for
3D-graphite. They analysed some general features
of the structure of the 7 bands in the neighborhood
of the Brillouin zone edge and expressed them in
terms of interatomic parameters (y;). The same year,
using the de Haas—van Alphen effect in the magnetic
susceptibility of graphite, J. W. McClure[10] gath-
ered information concerning the 7 band structure
(total overlap, energy differences, vy, parameters
evaluation . . .) and constructed a first model of
Fermi surface for pure graphite composed of a cen-
tral hole pocket surrounded by two electron ones
(unlike modern studies[11]), submitted to an aniso-
tropic trigonal warping (y;). These two last works
form the well-known Slonczewski-Weiss-McClure
model [SWMcC).

All of the above calculations assume that graphite
crystallizes in the Bernal[l] structure. In 1958,
R. R. Haering[3] investigated the band structure of
rhombohedral graphite using the nearest-neighbor
tight-binding approximation. An extension of Haer-
ing’s calculation including the interaction between
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Fig. 1. Comparison between three different graphitic
structures: simple hexagonal, hexagonal (Bernal), and
rhombohedral graphites. They differ in the shift imposed
on the middle plane in the ABAB-stacking, on all planes
in the ABC-stacking, while all the planes are directly above
cach other in the AAA-stacking. The unit cells which be-
longs to the hexagonal {AAA and ABAB} and rhombohe-
dral symmetries {ABC} are also shown in the different
structures with their respective number of incorporated
carbon atoms (grey). The interlayer distance is ¢, and the
distance between nearest-neighbors is a.

necarest neighboring planes was proposed 10 years
later by J. W. McClure[12]). The semimetallic behav-
ior was also found for this new allotropic form.

In 19685, in order to agree with more precise ex-
perimental data, G. Dresselhaus and M. S. Dressel-
haus[13) refined, using group theory, a new model
for Bernal graphite including spin orbit interaction,
which explained small departures from the usual
SWMcC model.

In 1967, F. Bassani and G. Pastori Parravicini[ 14)
applied a semi-empirical method using a tight-bind-
ing approach to compute an accurate graphite band
structure in agreement with the semimetallic behav-
ior of graphite, already proposed in the analytical
SWMcC model.

Since the 1970s, many ab initio studies, where
matrix ¢lements of the Hamiltonian are calculated
directly without any tight-binding approximations
(or any other a priori assumptions), have been de-
voted to graphite band structure calculation or/and
SWMcC interaction parameters evaluation[15). De-
tails of the band structures became more and more
accurate as a function of the year of the publication
of the study. In these simulations, graphite has often
been investigated cither as the archetypal two-di-
mensional solid due to its strongly anisotropic lay-
ered structure, or in order to consider the efficiency
of a new calculation method.

Since then, some ab initio studics have also in-
cluded the structural properties of 2D-graphite[16)
and 3D-graphite[17] by evaluating lattice param-
cters (in-plane constant and interlayer spacing),
cohesive energy, bulk modulus, force constants,
compressibility. . . .

In 1986-87, S. Fahy et al. proposed two interest-
ing studies dedicated to the transition between
rhombohedral graphite and diamond[18] and be-
tween simple hexagonal graphite and hexagonal di-
amond[19]).

Even today, the electronic structure of graph-
ite(s) presents a challenge for solid-state theory be-
cause of the presence of the two distinct types of
interatomic bonding[20-22]. We aim at presenting
state-of-the-art ab initio calculations of a whole set
of electronic properties—valence charge densities,
band structures, densities of states (DOS) for these
three graphitic structures—and to examine more
precisely the effect of the stacking on such prop-
erties.

The paper starts with a critical discussion of the
ab initio theoretical method (Sec. 2), a self-consis-
tent density-functional approach, using ab initio
nonlocal pseudopotentials and a local-density ap-
proximation for exchange and correlation. It is fol-
lowed by a presentation of the ab initio graphitic
structures (Sec. 3). Numerical results for the elec-
tronic properties of the three structures of graphite
are presented and discussed in sections 4 and 5.
Finally, we summarize this study.

We hope that our comparative study of the three
allotropic forms of graphite can lead to a first step
for the qualitative resolution of the electronic prop-
erties of the wrbostratic graphite (pregraphitic car-
bon)[23], which is another modification of graphite
without any periodicity in the direction perpendicu-
lar to the planes of hexagonally arranged carbon
atoms. This work can also stimulate future experi-
mental work relative to the electronic properties of
GIC where rigid band models are often used. Last,
the understanding of the physical properties of dif-
ferent types of graphites has been found relevant
for the study of the multilayered versions of the
recently discovered cylindrical forms of carbon
(multilayered nanotubes)[24).

2. THEORETICAL METHOD

The theoretical method used in the present note
is similar to the method used in our previous pub-
lished studies[20,21). We performed a quite stan-
dard Hohenberg-Kohn-Sham density-functional
calculation (DFT)[25] with the Ceperley-Alder ex-
change-correlation energy (LDA) as parametrized
by Perdew and Zunger{26]. The ionic-core potential
of carbon nucleus which is surrounded by two core
electrons and four valence electrons, (Is%) (2s% 2p?),
has been replaced by an ab initio norm-conserving
pseudopotential, which was constructed using the
same procedure as in the work of Bachelet, Ha-
mann, and Schliter{27], but with different **ccl pa-
rameters’™: 1.8 (1 = 0),2.0(1 = 1), and 3.5( = 2).
The transferability of this pseudopotential has also
been tested.

We used a plane wave basis set (up to 1700 plane
waves, depending on the required accuracy) within
the framework fo the momentum-space formal-
ism|[28) and solved the self-consistent Schrodinger
equation for the band structure, using the algorithm
of Wood and Zunger[29] and a modified **simple-
mixing"" scheme[30] for the density self-consis-
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tency. Special k points[31] were used to sample of
the Brillouin zone. For each graphite study, we care-
fully checked the Brillouin zone sampling and the
number of plane waves, in order to get maximum
truncation error on energies on the order of S meV.

3. AB INITIO GRAPHITES

The unit cells of the simple hexagonal, hexago-
nal, and rhombohedral graphites belong, respec-
tively, to the P6/mmm space group (Dj,), P6/mmc
space group (D), and R3m (D3,) and contain two,
four, and two atoms (Fig. 1).

In graphite, the spacing between layers is large
compared with the C-C bond-length distance in the
layers. At zero Kelvin, the distance between near-
est-neighbors a is 1.42 A. The interlayer separations
¢, calculated by minimizing the total energy ob-
tained by the theoretical method, are 3.335 A
{AAA ...}, 335 A (ABAB ...}, and 3.34 A
{ABC . . .}, respectively. These calculated values
for equilibrium c¢-axis lattice constant are in good
agreement with the experimental 4.2 K value (3.337
A) obtained for natural graphite[32). The most sta-
ble phase (minimum of total energies) is hexagonal
graphite. The total energies of the two other forms
are respectively greater, by 0.11 meV/atom for
rhombohedral graphite and by 17.31 meV/atom for
simple hexagonal graphite.This difference explains
the presence of rhombohedral phase mixed with
hexagonal one in natural graphite and the absence of
simple hexagonal phase in unconstrained graphite.

These ab initio results confirm that the interpla-
nar binding in graphite is well described by calcula-
tions relying on the LDA (Sect. 2), which does not
describe properly the long-range behavior of the
exchange-correlation potential (image charge and
dynamical dipole-dipole interaction). The interpla-
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nar forces, which are commonly attributed to van
der Waals interactions, actually arise, at least par-
tially, from the overlap of semifilled occupied p,
orbitals (m) perpendicular to the three hybridized o
orbitals[22]. A careful analysis of the interplanar
interaction in graphite using the LDA approximation
will be published in a forthcoming paper{33].

4. ELECTRONIC PROPERTIES

4.1 Ab initio valence charge densities

The valence charge densities of the three crystal-
line graphites have been calculated using the ab
initio technique described in the theoretical section,
with ab initio crystalline parameters for the inter-
planar distance ¢. In these investigations, a maxi-
mum Kinetic energy of 64 Ry {AAA: 989 plane
waves, ABAB: 2°995 plane waves, ABC: 993 plane
waves} and 28 special k points have been used to
obtain the respective self-consistent density.

The isodensity lines are presented in Fig. 2. They
display the main features of binding: the quite weak
bonds in the plane (110) perpendicular to the gra-
phitic layers (upper part) relative to the covalent
ones between carbon atoms in the plane (001) (lower
part). The hexagonal symmetry is shown up in the
in-plane density, while the c-axis density exhibits
the absence {AAA} or the presence {ABAB & ABC}
of shift between neighboring planes in the stacking.
The anisotropy of these crystals is obvious, and
these stackings of carbon planes explain the easy
cleavage of these materials.

4.2 Ab initio band structures

The self-consistent calculations of the densities
of charge allows us to construct the respective
Kohn-Sham band structures using a set of plane
waves leading to a Kinetic energy of 72 Rydbergs.
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Fig. 2. Sclf-consistent valence electron pseudocharge densities of simple hexagonal, Bernal, and

rhombohedral graphites. The density (up) perpendicular to graphitic planes (110) is directly connected

to the density (down) in the graphitic plane (001). The contour interval is in units of 0.1 electrons/
(A) with a difference of 0.2 clectrons/A)’ between curves,



292 J.-C. CHARLIER ef al.

20
2D-Graphite | \\ 1y, Brillouin zone
i B ~d

1"ee
190

300
)MJ

S
\T{’
2 )
>

2!
JZ 3
==
/

“1%0 4

A VEES

e

S
A\
7

S

X

arse

L r
100 C
1%
LR

RELE

500

%

“1600 0
“1150 4

“1300 4

11304 0
R

o
o

.:::: 2 -

s b& 509 b

1080 l T '
K

Energy (eV)

i
»i

il

8
)
:

) h P b
Ao, i

\

r M K H A L HI' AM L

Fig. 3. Ab initio band structures of simple hexagonal, Bernal, and rhombohedral graphites along
different lines in the hexagonal Brillouin zone. For the sake of comparison, this Brillouin zone has
been imposed on the rhombohedral structures using a 6-atom unit cell. The length scales of the three
band structures have not been respected in order to make the comparison easier. The 2D graphite
band structure (data extracted from Zunger{16]) and the hexagonal Brillouin zone showing several
high symmetry points are also presented (top). Each symetrical point is labeled with the usual Bouck-
aert-Smoluchowski-Wigner notation[42] (I',A,H,K,L.M). The o and = bands and the Fermi level &¢
are labeled in the different band structures.
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Table 1. Characteristic electronic energies (in eV) of simple hexagonal, Bernal,

and rhombohedral graphites evaluated from the Fermi level at the I point. The

first three columns are our theoretical results. The last column is a collection of
experimental data relative to natural graphite

AAA ABAB ABC Experiment
Bottom o ~19.5 -19.8 -19.8
~20.1 -19.8 - 20.6*
-~ 20.1
Bottom = ~6.6 -6.8 -7.2 ~7.2", ~6.6% =57
-89 ~8.8 ~8.1°, 8.5
-8.8
Top o -3 -3.5 ~3.6 ~4.6°, ~-5.8"
-34 -3.7
-3.7
Unoccupied o* 39 3.7 33
8.2 7.9 7.6 6.9
7.9 7.6

*W. Eberhardt, J. T. McGovern, E. W. Plummer, and J. E. Fischer, Phys.

Rev. Lett. 44, 200 (1980).

*A. R. Law, J. J. Barry, and H. P. Hughes, Phys. Rev. B 28, 5332 (1983).
‘A. Bianconi, S. B. M. Hagstrom, and R. Z. Bachrach, Phys. Rev. B 16,

5543 (1977).

Fig. 3 shows the band structures of the three gra-
phitic stackings in different special directions of the
Brillouin zone shown in the insert. For the sake of
comparison, we have chosen to work with a hexago-
nal Brillouin zone for every form, thus using a 6-
atom unit cell for rhombohedral graphite. As the
three allotropic forms of graphite possess a different
number of carbon atoms (simple hexagonal: 2, hex-
agonal: 4, rhombohedral: 6) in the hexagonal unit
cell, the numbers of valence bands are respectively
4 {AAA}, 8 {ABAB}, and 12 {ABC}.

In graphite, the strong bonding (angles of 120°
between the segments connecting nearest-neighbor
atoms) within the layers (intralayer) is described by
sp® hybridized 2s, 2p,, and 2p, atomic orbitals (o
states), and the weak interlayer bonding is derived
from the overlap between 2p, orbitals (7 states)
perpendicular to the graphitic planes. The resulting
band structure consists of bonding 7 and o states
and antibonding 7* and ¢* states forming the va-
lence and conduction bands, respectively. The weak
interactions between graphitic planes modify the
2D-situation (which leads to a zero-gap semiconduc-
tor{8]) and create a small or wide overlap semimetal,
depending on the allotropic structure.

The band structures of these three forms of
graphite, dominated by these two-dimensional in-
plane interactions, are expected to be nearly identi-
cal. The main features of the energy bands of graph-
ite are directly obtained with a good accuracy using
atwo-dimensional calculation, except for the energy
range close to the Fermi energy (gg). The electronic
and transport properties arc governed by this region
where the three structures differ significantly from
each other. The aim of the next section is to find
these important differences in the m-bands close to
the Fermi energy.

Our ab initio calculations demonstrate the essen-
tially two-dimensional (2D) character of the three
structures by predicting little or no dispersion of the
o bands perpendicular to the basal planes, although
the o bands show some c-axis dispersion. In the
AHL plane of the Brillouin zone of the AAA and
ABAB forms, the tridimensional structure is very
similar to the monolayer band structure also pre-
sented in Fig. 3. The crystallographic structures pos-
sess a twofold screw axis normal to the zone bound-
ary plane[34), imposing a degeneracy not to be lifted
to any order over the entire plane. By contrast, the
middle plane I'MK of the Brillouin zone does not
possess such a particular reversal element, and
some degeneracies are lifted. This lift of the degener-
acy is nearly invisible in Fig. 3, but lines KH, TA,
and ML show some more strongly lifted degenerac-
ies. At the I' point, the dispersions of the # bands
are also very strong.

Table 1 focuses on AAA, ABAB, and ABC elec-
tronic energies and compares them to experimental
values for natural graphite.

In general, the present results are consistent with
experimental data. The effect of the stacking on the
main features of the band structures is very weak.
The total valence band width {AAA: 19.5 eV,
ABAB: 20.1 ¢V, ABC: 20.1 ¢V}, the o-band width
{AAA: 164 ¢V, ABAB: 16.7 ¢V, ABC: 16.5 ¢V},
and the o-m band scparations {AAA: 12.9 eV (bot-
tom) and 3.5 ¢V (top), ABAB: 10.9 ¢V (bottom) and
3.3 eV (top), ABC: 11.3 ¢V (bottom) and 3.6 ¢V
(top)} are very close to cach other. A large difference
between theoretical and experimental results ap-
pears for the eigenvalues at the top of the o band,
but this is in agreement with recent pseudopotential
calculations[22]. As the o orbitals are more compact
than the = orbitals, incomplete cancellation of the
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Hartree self-interaction in the LDA will raise the
energy of the o bands with respect to the = bands
as proposed by Schabel er al.

Although the band structure of rhombohedral
graphite calculated along different special lines of
the hexagonal Brillouin zone would lead to an insu-
lating behavior for this material (Fig. 3), a crossing
point coming from a degeneracy line appears along
the L-W line of the rhombohedral Brillouin zone
(Fig. 4). In fact, this degeneracy line is so localized
that the associated semimetallic behavior (easily ob-
tained for the two other allotropic forms) only ap-
pears, in this case, when using a localized set of k-
points.

4.3 Ab initio densities of states

The clectronic densities of states (DOS) have
been calculated with the tetrahedron method(3S),
using, respectively, 198 k points for the AAA and
ABAB-stackings in the hexagonal Brillouin zone
and 946 k points for the ABC-stacking in the rhom-
bohedral Brillouin zone and a Kinctic encrgy of 72
Rydbergs associated to the set of plane waves

(£1700). The calculated DOS for the valence states
of these three graphites are presented in the Fig. 5.

The bidimensional characteristic of the first o
bands, which had already been seen in the lack of
dispersion along the K-H, I'“A, and M-L lines in
the band structure, is confirmed by the charac(ens-
tic step function that appears in the DOS form of
cach graphite. The nearly constant value, displaying
a 2D-behavior, stands between =20 ¢V and — 13
¢V. The small oscillations around this constant
value should be ascribed to the tetrahedron
method[36). In the energy interval [~ 13; 0] eV, the
other o bands and the = bands, which overlap near
the I' point, are responsible for the main features.
The comparison of the three graphitic cases reflects
the quite good reproduction of the peak locations.

As the clectronic nature of a structure (semicon-
ducting, semimetallic, or metallic) depends on the
density of states in the region of the Fermi level(23]),
the theoretical overlap value is presented in each
respective DOS of the Fig. 5. Simple hexagonal and
Bernal graphites possess overlaps of 1.6 ¢V and
28 meV, respectively. Although the rhombohedral
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Fig. 5. Densities of states (DOS) of simple hexagonal, Bernal, and rhombohedral graphites. The ab
initio value of the overlap is presented in the respective DOS.

graphite DOS shown in Fig. 5 presents a small direct
gap (0.29 eV) using the 946 k points sampling, a
careful examination of the band structure near the
conduction-band minimum and the valence-band
maximum, using a very fine mesh of k points local-
ized in a region that lies close to the HKH hexagonal
Brillouin zone boundary, leads to the conclusion
that ABC graphite is actually a semimetal with a
very small overlap of 8.1 meV. With the 946 k points
sampling (already larger than for the two other
forms), it is not possible to distinguish reliably be-
tween a semimetal with a small overlap and a semi-
conductor with a small gap due to the locality of
this weak effect, which will be extensively explained
in the next section.

5. DISCUSSION

As already mentioned, a single isolated graphene
sheet is a zero-gap semiconductor (or zero-overlap
semimetal) due to the phase relations of the Bloch
state at the K-point of the 2D Brillouin zone (Cfr.
Fig. 3). The states near the overlap in any of the
stackings {AAA, ABAB, or ABC} of graphite are
made up from these Bloch states.

To a first approximation, the z-bands near K in
Bernal graphite contain two distinct types of state:
(a) those made up from p,-states of carbon atoms
that have atoms directly above and below them in
the neighboring graphite layers, and (b) those made
from p,-states of atoms with centers of hexagonal
rings above and below them. Because of the phase
relations of Bloch states at K of type (b), there is no
interaction between these states and the neighboring
graphite layers; the interaction that causes the 28
meV dispersion (40 meV in exp.[37]) along the c-
axis (K-H line) is a second-nearest-layer interac-
tion, giving that very flat band, presented in Fig. 6,
which determines the Fermi surface of hexagonal

graphite in a very delicate way as presented in Fig. 7.
This tight-binding Fermi surface that is in agreement
with ab initio Fermi surface[20] is composed of two
pockets of holes surrounding one pocket of elec-
trons centered in K and possesses a trigonal axis
along the HKH edge of the Brillouin zone due to the
vy parameter of the Slonczewski-Weiss—McClure
(SWMcC) model[9.10].

The 28 meV (2}y,)) overlap is basically governed
by a = 14 meV matrix element y, between states on
second-nearest-layers of graphite of the SWMcC
model (Cfr. Fig. 6). The matrix-element y, for
nearest-layer states is on the order of 0.36 eV, and
it is only the special symmetry of the K state that
prevents this matrix element from coming into
play[38]. The states of type (1) show a dispersion
of about 1.6 ¢V (4y,) along the K-H line (Cfr. Fig.
6), as expected, because the symmetry of the K
state does not remove the nearest-layer interaction
for them.

In simple hexagonal graphite, there are only
states of type (1), so the dispersion in the c-direction
of about 1.6 ¢V (4a, where a; = v¥,)[39] gives the
calculated overlap for AAA-stacking graphite[21]
(Cfr. Fig. 6). The corresponding tight-binding Fermi
surface (Fig. 7) is also in good agreement with the
ab initio one. However, in contrast to the Bernal
surface, an inversion in the nature of the carriers is
found, and the Fermi surface is now composed of a
hole pocket centered at the K point and one electron
pocket centered at the H point of the Brillouin zone
and does not possess trigonal symmetry any more
(no corresponding to the y; parameter in this model).

In rhombohedral graphite, the situation is a little
different. Each atom has either one atom directly
above it and no atom directly below it (in the neigh-
boring layers), or vice versa.

Considering the two atoms directly above and
below each other in neighboring layers, if these two
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Fig. 6. Band structure of simple hexagonal, Bernal, and rhombohedral graphites detailed around the

Fermi level in the interval [~1.0;1.0] eV along K-H line of the hexagonal Brillouin zone for the two

first allotropic forms and along k, axis for the last one. These band structures show the different

graphitic overlaps and certain interaction parameters (y,,ys,a;) coming from the respective tight-

binding models [39],(9,10),[3,12). Note that the abscissae axes are in arbitrary units, and the scales
do not correspond.

layers were completely isolated, there would be a
bonding and antibonding combination, split by
about 1-1.6 eV. As we move away from the K point
(in the 2D Brillouin zone) cach of these combina-
tions splits (by interaction with nearest-neighbor in

the same layer), giving the bonding and antibonding
w-bands. The bonding and antibonding 7-bands will
cross at some distance (in k-space) from the K point,
to give a zero-gap semiconductor (as in ABAB
stacking). As predicted by group theory, this cross-
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ABC

AAA

ABAB

Fig. 7. Tridimensional tight-binding Fermi surface of simple hexagonal, Bernal, and rhombohedral

graphites in agreement with the three respective tight-binding models [39),09.10),13,12]. All of the

three Fermi surfaces are centered on one of the six vertical edges HKH of the hexagonal Brillouin

zone. To be comparable, the length of this edge has been adjusted to the same value for cach graphite.

The clectron and hole pockets are labeled by ¢” and h* respectively. The widths of the surfaces of

hexagonal and rhombohedral graphites have been magnified by several orders of magnitude (in arbitrary
units).

ing of bands is dictated by symmetry. The degener-
acy line is presented in Fig. 6, showing the little
overlap (8.1 meV) due to the dispersion along the
k.-direction of the degencrated conduction-valence
bands produced by the second-layer interaction.
This c-axis dispersion along the degencracy line,
which gives a very small overlap semimetal, has
been discussed in the Hacring-McClure
model[3,12) where the two 7 bands still touch, as
they do in 2D-graphite, but this touching does not
occur at points of special symmetry of the zone,
but lies on cylinders whose axes are the edges.

In Bernal graphite, the crystal symmetry forces
a degeneracy of the valence and conduction bands
at special points on the six vertical edges of the
Brillouin zone, and the dispersion of these bands
along these edges gives rise to the Fermi surface.
In this particular case, the zero-gap is dictated by
high symmetry in the absence of second-layer inter-
actions. In rhombohedral graphite, the symmetry,
which forces the existence of a Fermi surface and
causes degeneracy to occur in the two-band model,
does not localize these effects on special symmetry
points. The small overlap in ABC graphite spirals
around the HKH edge of the Brillouin zone at a
very short distance away, the tight-binding Fermi
surface shown in Fig. 7 is composed of three-hole
and three-electron pockets also spiraling around this
boundary line. The comparison between our result
and the touching bands model of McClure is in total
agreement, in spite of the approximations in Mc-
Clure’s description[12].

Before the present calculation, S. Fahy et al .[18],
in their own LDA calculation, had obtained a direct
band gap of 0.05 ¢V. Although they calculated the
band structure on a very fine mesh in the region
of the valence-band maximum and the conduction-
band minimum, they missed the overlap. This could
be explained[40] by the usc of a set of localized

orbitals, which cannot demonstrate the very delicate
interplay between the in-layer matrix ¢lements and
the second-nearest-layer matrix clements. The
width of the Fermi surface (number of carriers) is
very sensitive to the stacking of the graphene sheets.
This point is of general significance for pure graphite
because it is experimentally observed that in pregra-
phitic carbon (turbostratic graphite), where the lay-
ers are well formed but their stacking is poorly char-
acterized, graphite still behaves as a semimetal(41].
This result could be explained by a combination of
the electronic nature of the different ordered stack-
ings as already discussed in a previous work[23].

6. CONCLUSION

A self-consistent total energy study has been per-
formed for the interlayer spacing of the different
allotropic forms of graphite. These calculations are
found to be in good agreement with experimental
data relative to natural graphite and confirm that
the bonding between graphene sheets is not uniquely
dominated by van der Waals dispersive interactions.
The overlap between the p. orbitals perpendicular
to the graphene sheets is accurately simulated by
the DFT+LDA method[33).

The c¢lectronic properties of simple hexagonal,
Bernal, and rhombohedral graphites have been com-
pared, leading to a theoretical understanding of the
effect of the stacking. The band structures of graph-
ites have been analyzed and compared to the bidi-
mensional case. The DOS have also been investi-
gated, and a comparison of DOS has revealed similar
2D-character for the first o bands at the I' point,
which entails a step function in a part of each DOS.
In the three allotropic forms, band structure and
DOS confirm that graphite possesses a semimetallic
behavior and that the overlap value depends on the
stacking position of its graphene sheets. The Fermi
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surfaces in the three structures have been discussed
and explained in terms of atomic interactions rela-
tive to the respective right-binding models estab-
lished for the different graphitic forms.

The main result of this work is that cach ordered
form of graphite possesses a semimetallic behavior,
and modifications of the stacking sequence intro-
duce a variation of the Fermi surface volume and
in turn significantly affect the electrical conductivity
due to the different number of carriers. At room
temperature, observations(41] on pyrolitic graphite
display a conductivity ~3 times smaller than in
single-crystal hexagonal graphite. The refinement of
the Fermi surface that appears in the transition path
between AAA — ABAB — ABC, leading to a lower
carrier concentration in the pyrolitic form added to
the shorter mean free path due to a higher concentra-
tion of scattering defects in such crystal, are possible
explanations for this phenomenon.

At last, this study displays that the present
method (DFT+LDA) of band structure calculation
is a powerful tool in a theoretical investigation of
many physical properties of layered-type crystals
with well pronounced anisotropic charge distribu-
tion, requiring accurate resolution of meV energy
differences.

Note added in proof. By increasing the number
of k-points from 28 to 40 in the irreductible part of
the Brillouin zone (see section 4.1), we have ob-
served that the ¢ optimal value of simple hexagonal
graphite was changed from 3.335 A 10 3.66 A,

This more accurate sampling does not affect the
c-axis lattice parameter of the two other forms of
graphite as well as the electronic properties of sim-
ple hexagonal graphite at the ¢ = 3.335 A lattice
parameter value.
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