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Electronic properties of rhombohedral graphite
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Electronic properties of ABC-stacked graphite are studied by the first-principles method. There are linear
and parabolic bands with strong anisotropic dispersions; both non-degenerate and degenerate bands are
observed. The bandwidths of occupied π and σ bands are 8.41 eV and 16.65 eV, respectively. The
low valence and conduction bands only have slight overlapping near the Fermi level, mainly owing
to the interlayer atomic interactions. State degeneracy and energy dispersions are strongly affected by
such interactions. The band-edge states, with the high density of states, are located near or at the
high symmetry points. Some significant differences exist among ABC-, AB-, and AA-stacked graphites
in electronic properties.

© 2010 Elsevier B.V. All rights reserved.
1. Introduction

Few-layer graphenes, such as monolayer, bilayer, and trilayer,
have been produced by mechanical friction [1,2] and by thermal
decomposition [3,4] in the past few years. A lot of researches have
been performed for their unique two-dimensional physical proper-
ties, e.g., band structures [5,7–9], transport properties [10–12], op-
tical spectra [6,13], and Coulomb excitations [13–16]. A monolayer
graphene has two isotropic linear bands intersecting at the Fermi
level, mainly owing to the hexagonal symmetry. It is a zero-gap
two-dimensional semiconductor without free carriers. As for mul-
tilayer graphenes, the stacking configurations, such as AB- [5,6],
AA-, and ABC-stacking [7], affects the electronic properties differ-
ently.

Bulk graphite consists of graphene layers periodically stacked
along the ẑ direction. It is one of the most important layered
systems, and has been studied extensively both in experiments
[17–21] and in theories [22–28]. There are four kinds of layered
graphites: the rhombohedral graphite (the ABC-stacked graphite)
[23,25], the Bernal graphite (the AB-stacked graphite) [26–28],
the simple hexagonal graphite (the AA-stacked graphite) [27],
and the turbostratic graphite (without the periodical stacking se-
quence) [24]. All of them are semimetallic because the interlayer
atomic interactions induce the overlapping between the conduc-
tion and valence bands. Most natural graphite belongs to the AB-
stacking sequence, and recently the AA- [19] and ABC-stacked [20,
21] graphites have been produced in the lab. We study the elec-
tronic properties of the ABC-stacked graphite through the first-

* Corresponding authors.
E-mail addresses: brwu@mail.cgu.edu.tw (B.-R. Wu), mflin@mail.ncku.edu.tw

(M.-F. Lin).
0010-4655/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.cpc.2010.07.030
principles calculations. The low energy bands near the Fermi level
are discussed in detail. To further understand the importance
of stacking symmetry, a comparison with those of AB- and AA-
stacked graphites is also presented.

2. First-principles calculation method

In this work, the electronic structure of the rhombohedral
graphite is investigated by the density-functional theory (DFT)
within the local-density approximation (LDA) [33–35]. The ex-
change-correlation energy is in the Ceperley–Alder form [36]. The
ultrasoft pseudopotential is used for the carbon ions, as imple-
mented in Vienna Ab-initio Simulation Package (VASP) [37]. The
wave functions are expanded with the plane waves and the energy
cutoff of 700 eV is carried out. A 30 × 30 × 30 grid of k points
in Monkhorst–Pack scheme is adopted in the first Brillouin zone
sampling. All the atoms are relaxed until the Helmann–Feynman
force is less than 0.01 eV/Å. The Fermi energy is determined by
the use of the standard Gaussian smearing method with a broad-
ening width of 0.01 eV.

A monolayer graphene has a honeycomb crystal structure. The
rhombohedral graphite is built from the periodically ABC-stacked
graphene layers along the ẑ direction. Between adjacent layers,
half of the atoms in the upper layer have the same xy coordinates
with those in the lower one, while the other half fall on the cen-
ter of the lower hexagon. A primitive unit cell includes six carbon
atoms among three layers (Fig. 1(a)). To describe the rhombohe-
dral lattice, three translation vectors are needed: �a1 and �a2 lie on
the x–y plane with the magnitude of

√
3b, where b is the C–C

bond length; �a3 = 3cẑ. |�a1| = |�a2| and c is the interlayer distance.
The points of high symmetry in the first Brillouin zone are shown
in Fig. 1(b). The units of wave vector along k̂x and k̂z directions
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Fig. 1. (a) The rhombohedral graphite and (b) the first Brillouin zone. c is the inter-
layer distance.

are, respectively, 2π/
√

3b and π/3c. The calculated results of ge-
ometry optimization show that the bond length of rhombohedral
graphite is 1.409 Å, which is close to those of AB- and AA-stacked
graphites, 1.408 Å. The interlayer distances in ABC-, AB-, and AA-
stacked graphites are 3.29 Å, 3.31 Å, and 3.58 Å, respectively. The
total energy of ground state is −10.1617 eV/atom for the ABC-
stacked graphite, −10.1618 eV/atom for the AB-stacked graphite,
and −10.1523 eV/atom for the AA-stacked graphite. The former
two graphites have the almost same value.

3. Electronic structures

Energy bands caused by the sp2 and 2pz orbitals are shown
in Fig. 2. The occupied and unoccupied bands are not symmet-
ric about the Fermi level E F = 0. In the valence bands, there are
18σ subbands, and 9 subbands when spin degeneracy is not taken
into account. There exists non-degenerate energy bands as well as
double-, triple-, and six-fold degenerate ones. The highest and low-
est energies in the σ bands are −3.07 eV and −19.72 eV at the Γ

point, which defines the bandwidth of the σ bands, 16.65 eV. As
for the π bands, 3 subbands exist near the Fermi level with the
highest energy of ∼ 0 eV and the lowest of −8.41 eV, also giving
the bandwidth. The calculated σ and π bandwidths can be ver-
ified by the photoelectron emission spectroscopy [29–31]. The π
and π∗ bands formed by the 2pz orbitals only have slightly over-
laps near E F = 0; that is, the ABC-stacked graphite owns only a
Fig. 2. The band structure of rhombohedral graphite along points of high symmetry.

few free carriers. The unoccupied σ ∗ bands start at 3.91 eV at
the Γ point. All the energy bands show strong energy dispersions
on the kx–ky plane, however they have weaker dependence on kz .
Each energy band owns a lot of band-edge states at or near the
high symmetry points. The corresponding large density of states
will have great influence on the essential physical properties. For
example, the optical excitations from the π to the π∗ bands near
the M and L points are expected to exhibit pronounced peaks at
absorption frequency ∼5–6 eV. Such peaks exist in the sp2-related
systems [32], e.g., carbon nanotubes, graphene nanoribbons, and
carbon fullerenes. Two important differences in the low-energy
bands can be seen when comparing this work to Refs. [23–25].
Fig. 2 illustrates that the linear crossing bands take place along
K → Γ and H → A. Nevertheless, gaps are opened in the figures
of Refs. [23–25]. Moreover, the conduction and valence bands ap-
proach the Fermi level along M → K , but the opposite is true in
Ref. [23].

The low energy bands are drastically changed by the inter-
layer atomic interactions. A discussion for the kz = 0 case is given
first (the blue line in Fig. 3(a)). Three pairs of valence and con-
duction bands are located near E F = 0; furthermore, the π and
π∗ bands are threefold degenerate at the K point. One of them
(the first pair) are linear bands with no degeneracy and have
an intersection (denoted as 00A) just above the Fermi level with
wave vector of [0.319,−0.319,0]. The other two pairs are double-
degenerate parabolic bands. The maximum and minimum energies
of parabolic bands are 0.29 eV and −0.38 eV along M → K with
wave vectors of [0.325,−0.338,0] (00B) and [0.322,−0.339,0]
(00C), respectively. When kz grows from zero to one (Figs. 3(a)–
(d)), the linear bands become parabolic ones with a subband gap,
and the double degeneracy of the original parabolic bands is bro-
ken: One pair of the degeneracy-broken bands (the second one)
becomes closer to the Fermi level, while the other pair (the third
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Fig. 3. The low energy bands for (a) kz = 0 and kz = 1, (b) kz = 0.25, (c) kz = 0.5;
(d) kz = 0.75 along M → K → Γ . The number inside an open circle represents the
ith pair of valence and conduction bands. The wave vector between two ticks are
0.017 (2π/

√
3b). (For interpretation of the references to color in this figure, the

reader is referred to the web version of this article.)

one) departs from it along the K → M direction. However, the op-
posite is true for K → Γ . The band-edge states in the first and sec-
ond pairs (the third pair) move along the symmetry points, Γ →
K → M (M → K → Γ ). At kz = 1 (the red line in Fig. 3(a)) the
first and third pairs combine and become parabolic bands with the
original double degeneracy. The maximum and minimum energies
of parabolic bands are 0.28 eV and −0.35 eV along K → Γ with
wave vectors of [0.326,−0.326,1] (10B) and [0.325,−0.325,1]
(10C), respectively. Moreover, the second pair changes into the
linear bands with an intersection at [0.308,−0.346,1] (10A). In
short, the low energy bands at kz = 0 are virtually symmetric to
those at kz = 1 about the K point. The difference is that the inter-
section for kz = 1 is right below the Fermi level (∼6 meV), while
the one for kz = 0 lies above (∼3 meV). The ABC-stacked graphite
is a semimetal owing to the fact that a small amount of free car-
riers exists near the H (electrons) and the K (holes) points. It is
worth noting that the four band-edge states (00B, 00C, 10B, 10C)
makes certain distribution to the density of states. Their energies
could be verified by scanning tunneling spectroscopy [38] directly,
or by optical absorption spectroscopy indirectly [39].

The low energy bands are worthy of further investigation, and
the kz dependence owes to the interlayer atomic interactions. The
special band-edge states in Figs. 3(a) and (c) are illustrated explic-
itly in Fig. 4. The energy bands, including linear and parabolic ones,
are depicted along k̂z . The range of energy dispersions along k̂z ,
much weaker compared with those on kx–ky plane, is around
0.01–0.42 eV. The largest one (the second pair) takes place at 10A
Fig. 4. The kz-dependent energy dispersions near E F = 0 for the special band-edge
states.

as shown in Fig. 4(b), while Figs. 4(b), (c), (h), and (j) all show a
range of around 0.01 eV, which corresponds to the first pair. In
terms of states degeneracy, it might happen at kz = 0 and kz = 1.
The non-degenerate bands at kz = 0 become double-degenerate
ones at kz = 1, and vice versa. No gap is seen at 00A and 10A,
as shown in Figs. 4(a) and (b). The rest all exhibit a subband gap.

There are certain important differences among three kinds of
graphites, as shown in Fig. 5 at kz = 0. For ABC-stacked graphite,
three pairs of valence (π ) and conduction (π∗) bands are located
near the K point; two of them are degenerate parabolic bands,
and the other is non-degenerate linear ones. Two pairs of non-
degenerate parabolic bands exist in AB-stacked graphite. One of
them has two intersections below the Fermi level with one at the
K point, and the other near it. As for AA-stacked graphite, there is
only one pair of non-degenerate linear bands intersecting at the K
point above E F = 0. The three systems have the band-edge states
of different positions. For example, at kz = 0, the band-edge states
of AA-stacked graphite are located at the K point, while those of
AB- and ABC-stacked ones lie near it. AA-stacked graphite has the
largest band overlap, while ABC-stacked graphite has the small-
est one, which means that it has the least number of free carriers
due to the complex stacking configuration. The main differences
among three systems are caused by the stacking symmetry and
the interlayer atomic interactions. Since AA-stacked graphite has
the highest symmetric configuration, it shows the strongest en-
ergy dispersions along k̂z , the largest overlapping of energy bands,
and the greatest free carrier density. Nevertheless, the ABC-stacked
graphite exhibits the opposite behavior.
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Fig. 5. The π and π∗ energy bands for ABC-, AB-, AA-stacked graphites. The wave
vector between two ticks are 0.029 (2π/

√
3b).

4. Concluding remarks

The ABC-stacked graphite owns linear and parabolic energy
bands with strong anisotropy. Energy bands may be non-degen-
erate as well as double, triple, and six-fold. Each band has many
band-edge states contributing to the high density of states. Such
states are located near or at the high symmetry points. The band-
widths of occupied π and σ bands are 8.41 eV and 16.65 eV, re-
spectively. For the low energy bands, there exist double-degenerate
parabolic bands and non-degenerate linear bands with one inter-
section above the Fermi level near the K point, and the other
below it near the H point. The weak overlapping between the π
and π∗ bands results in the semimetallic properties. When viewed
along k̂z , the linear bands become parabolic ones with a subband
gap, and the double degeneracy of the original parabolic bands is
broken. At the linear intersections, as well as the local maxima and
minima, the range of energy dispersion is ∼0.01–0.42 eV along k̂z .
The kz dependence is much weaker than those on the kx–ky plane.
Among these three systems, AA-stacked graphite has the largest
band overlap, while ABC-stacked graphite has the smallest. As a
consequence, ABC-stacked graphite exhibits the weakest energy
dispersion, which is the results of stacking symmetry. The pre-
dicted electronic properties could be verified by the experimen-
tal measurements on scanning tunneling currents, photoelectron
emission spectra, and optical absorption spectra.
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