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We present an ab initio study on the structural and electronic properties of {0001}-(1 × 1)
surfaces of 6H-SiC and of epitaxial graphene on top of the surfaces, respectively. The fully-relaxed
structure of the Si-terminated (0001) surface is found to be almost identical to the sp3 bonding
geometry of the bulk 6H-SiC while that of the C-terminated (0001̄) side is flattened to have mixed
characteristics of sp3 and sp2 bondings. Both surfaces have ferromagentically-ordered surface states
with indirect band gaps. When graphene is commensurately placed on top of the SiC{0001}-(1 × 1)
surfaces, it opens a wide energy gap at the Dirac point owing to strong covalent bondings to the
SiC surface and, thus, forms an insulating buffer layer. Graphene on top of the buffer layer is
shown to have linear energy bands and to exhibit a very small energy gap at the Dirac point due
to sublattice-symmetry-broken interactions between the buffer layer and graphene.
PACS numbers: 73.20.-r, 68.35.-p, 71.20.-b, 81.05.Uw
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I. INTRODUCTION

physical properties of reconstructed surfaces of H-SiC
had been studied extensively [16–25]. Without heating to very high temperature, unlike the case of epitaxial graphene, both the (0001) and the (0001̄) sides
of H-SiC were
reconstruc√ observed
√ to undergo various
√
√
tions, e.g., 3 ×
3, 3 × 3 and 3 ×
3R30◦
times
the
√
√ unit cell of the surfaces [16–18]. Notably, the
3 × 3R30◦ reconstructed 6H-SiC (0001) surface is
known to be a Mott-Hubbard insulator [22]. The unreconstructed surface is believed to be unstable because its
chemically active surface can be easily reconstructed by
additional atoms (including oxidiation). However, the
unreconstructed 1 × 1 surface of 6H-SiC was observed
recently, and its electronic structures was analyzed by using angle-resolved photoemission spectroscopy measurements [24,26]. The unreconstructed H-SiC surfaces have
unsaturated p-orbitals of Si or C so that there may be a
possible ferromagnetic ordering at the surface. We notice that various magnetic orderings can occur in other
organic materials without d- or f -orbitals [27–37].
In consideration of the aforementioned interests in
graphene and the magnetic ordering at the unreconstructed SiC surface, it is important to understand the
similarities and the differences in the physical properties between unreconstructed Si- and C-terminated surfaces of H-SiC{0001} directions. It is also necessary to
explore the atomic and the electronic structures of epi-

Recent successes in isolating graphene-a single layer
of graphite [1–3]- have attracted the notice of many
researchers from various disciplines due to its interesting physical properties and its potentials applications
[4, 5]. One approach to fabricating graphene on semiconductors is to heat hexagonal silicon carbide (H-SiC)
with specific surfaces up to very high temperatures [6–9].
Then, graphene can grow epitaxially on either the siliconterminated (0001) or the carbon-terminated (0001̄) surface of 4H-SiC and 6H-SiC, respectively [6, 7]. Lowenergy electrons in epitaxial graphene satisfy the relativistic energy-momentum dispersion described by the
Dirac Hamiltonian [6–9], being similar to those in mechanically exfoliated graphene [2, 3]. Interestingly, several works have shown that the physical properties of
epitaxial graphene and the underlying structures on the
(0001) surface are different from those on the (0001̄) surface [6–15]. Moreover, modifications of electronic structures occur at the Dirac point of graphene on the (0001)
surface [8,9,12].
On the other hand, long before graphene research, the
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Fig. 1. Top [(a) and (b)] and side [(c) and (d)] views of
the ground state atomic geometries and spin-polarized surface states of 6H-SiC(0001) [(a) and (c)] and (0001̄) [(b) and
(d)] directions, respectivley. Green and black balls indicate
carbon and silicon atoms, respectively. The squared amplitudes of the wavefunctions (isosurface of 0.1 Å−3 ) of the spinpolarized surface state on both sides are drawn. Insets in (a)
and (b) show the bonding angle of the surface atoms. In (c),
z1 = 0.62 Å, z2 = 1.89 Å, d1 = 1.88 Å and d2 = 1.88 Å. In
(d), z1 = 0.41 Å, z2 = 1.95 Å, d1 = 1.82 Å and d2 = 1.88 Å.

taxial graphene on top of both surfaces to understand
the experimental findings [6–9, 13–15]. In this paper,
we present first-principles calculation results on the electronic and the geometric structures of the 6H-SiC(0001)
and (0001̄)-(1 × 1) surfaces and on epitaxial graphene
on top of them. Specially, epitaxial graphene is placed
commensurately on top of the 6H-SiC{0001} surfaces to
reduce the computational complexity.
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Fig. 2. Band structures (left panels) and projected density
of states (right panels) on each layer of the (a) 6H-SiC(0001)
surface and the (b) (0001̄) surface. The Fermi energy (EF )
of each panel is set to zero.

the slab. The opposite side of a surface of interest was
passivated by using hydrogen atoms. Without adatoms
on the surfaces, we √
performed
√ relaxations of both surfaces with 2 × 2, 3 ×
3, and 3 × 3 times the
surface unit cell but did not find any reconstruction.

III. RESULTS
1. Unreconstructed 6H-SiC{0001} Surfaces

II. SIMULATION METHOD
We carried out first-principles calculations using localized pseudo-atomic orbital (PAO) basis sets [38]
based on the density functional theory within the local spin density approximation (LSDA) by employing the Perdew-Zunger parametrization [39] of the
Ceperley-Alder exchange-correlation energy functional
[40]. Norm-conserving pseudopotentials [41] were used
with the Kleinman-Bylander’s fully separable nonlocal
projectors [42]. The double-ζ plus polarization PAO basis set [38] was used for all atoms in the calculations.
A uniform k-point sampling of 12 × 12 points was employed for all configurations considered in the paper. The
energy cutoff for a real space mesh size was 300 Rydberg. All geometries were fully relaxed until the forces
on each atom were less than 0.01 eV/Å. We adopted
a slab geometry to explore surface states and epitaxial
graphene and found that 6 layers of Si and C atoms were
enough to avoid interactions between opposite sides of

The fully relaxed ground state configuration of the
(0001) surface (Figs. 1(a) and (c)) has an atomic structure very similar to that of the truncated bulk without
reconstructions. The angle between covalent bonds of
Si and C at the surface is 109.8◦ (inset in Fig. 1(a)),
which is almost identical to the case of ideal sp3 covalent bonding (109.5◦ ). Likewise, the bonding length of
the Si-C covalent bond at the surface (d1 in Fig. 1(c))
and of that in the second layer (d2 in Fig. 1(c)) are
the same as the bulk value (1.88Å). All other geometrical parameters (z1 and z2 in Fig. 1(c)) also indicate
that the atomic structure of the 6H-SiC(0001) surface
remains the same with respect to the bulk structure if
the surface maintains 1 × 1 periodicity. The optimized
geometry of the (0001̄) direction, however, is quite different from the atomic structure of the (0001) surface and
the bulk. When the carbon-terminated (0001̄) surface is
exposed to vacuum, the foremost layer of carbons is flattened and has the mixed bonding characteristics of sp2
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Fig. 3. Top [(a) and (b)] and side [(c) and √
(d)] views
ground state atomic geometries of the buffer layer [(a) and (c)]
√ of the
and of epitaxial graphene [(b) and (d)] with 3 ×
3R30◦ periodicity, respectivley. Green
balls indicate carbon
√ and black
√
and silicon atoms, respectively. The dotted blue lines in (a) and (b) denote an unit cell of 3 × 3R30◦ periodicity. Gray
and orange balls indicate carbon atoms in the buffer layer and graphene with and without covalent bonding to silicon atoms
underneath them, respectively.

and sp3 hybridizations of 2s- and 2p-orbitals. The angle
between the covalent bonds of C and Si at the (0001̄)
surface is 115.0◦ (inset in Fig. 1(b)), which is almost an
average value between the 120◦ of sp2 bonding and the
109.5◦ of sp3 bonding.
We find that, for both surface directions, the ferromagnetic surface state is favored over other possible magnetic orderings and over the paramagnetic state. The
unsaturated dangling bonds of silicon (carbon) atoms on
the (0001) [(0001̄)] surface are weakly interacting with
each other due to large spacing (3.08 Å) between them,
so without consideration of the spin degree of freedom
in electrons, they form a half-filled surface band with a
narrow band width, which can be spin-polarized eventually. The total energy difference between the semiconducting ground state and the paramagnetic metallic state is 0.11 eV (0.22 eV) per unit cell for the case
of the 6H-SiC(0001) [(0001̄)] surface. We find that the
spin-polarized states are located at the topmost layer of
the systems (Figs. 1(c) and (d)) and that the projected
spin-polarized density of states rapidly decreases to zero
as getting into the bulk (Figs. 2(a) and (b)), implying
non-spin-polarized bulk states.
We also find that, for the (0001) [(0001̄)] side, an
antiferromagnetic ordering of the surface states have a
slightly higher total energy of 20 meV (30 meV) per unit
cell compared with the ground ferromagnetic states. The
antiferromagnetic states for both surfaces are also semiconducting with similar gap sizes, but with reduced band
widths for conduction and valence surface bands, compared with those of the ferromagnetic states (not shown
here).

2. Commensurate Epitaxial Graphene

To calculate the atomic and the electronic structures,
we place a single layer of graphene on the unreconstructed 6H-SiC{0001} surface commensurately. In order to maintain the minimal size of the common unit
cell between graphene and the SiC surface, we elongate
the lattice constant of graphene by ∼8% (Figs. 3(a) and
(c)). The final
common unit cell for cal√ commensurate
√
culations is 3 ×
3R30◦ times the surface unit cell
of the 6H-SiC{0001} surface. The same atomic geometry was also used in previous studies [10, 11]. We note
that the actual minimal commensurate common cell between graphene and the 6H-SiC{0001} surface is much
larger than the one adopted in the present study. It corresponds
√
√to 13 × 13 times the unit cell of graphene and
6 3 × 6 3R30◦ times the unit cell of the 6H-SiC{0001}
surface [9–13].
When graphene is on the silicon-terminated
6H√
√
SiC{0001}-(1 × 1) surface with 3 × 3R30◦ periodicity, some of carbon atoms in graphene (denoted by orange in Fig. 3(c)) have strong covalents bonds to the surface. The bond length between carbon in graphene and
silicon on the surface is 2.00 Å. The surface silicon atoms
with covalent bondings to carbon atoms in graphene have
sp3 bonding configurations (see Fig. 3(c)) while ones
without covalent bondings have the mixed characteristics of sp3 and sp2 bondings (Fig. 3(c)). When we put
another layer of graphene on top of the previous structure (the unit cell of graphene here is also elongated as
much as the one before), the resulting graphene does
not show any vertical corrugations, and the interlayer
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alternating surface corrugations and covalent bondings
of the buffer layer, each sublattice of graphene experiences a small difference in interactions with the underlying buffer layer. The resulting broken symmetry between the two sublattices of graphene can induce a gap
at the ED of each system [4,9,12]. The size of the gap
for graphene on the (0001)[(0001̄)] side is 30 (10) meV,
which is quite small compared with values (200 ∼ 240
meV) from experiments [9] and from the full-scale firstprinciple calculation [12].
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Fig. 4. Band structures of (a) a buffer layer on 6HSiC(0001) [atomic geometry shown in Fig. 3(c)] and of (b)
graphene on top of the buffer [Fig. 3(d)]. Corresponding
band structures for the 6H-SiC(0001̄) direction are in (c) and
(d). The Fermi energy (EF ) of each panel is set to zero. The
insets in (b) and (d) are enlarged band structures near the
Dirac point at K̄. The energy of the Dirac point (ED ) is
assumed to be the center of the small gap and is set to zero.

distance between two graphenes is 3.34 Å (Fig. 3(d)).
Similar calculation results
for the model
√ are obtained
√
epitaxial graphene with 3 ×
3R30◦ periodicity on
the carbon-terminated 6H-SiC(0001̄)-(1 × 1) surface
(not shown here).
When graphene has selective covalent bonds to the surface, the hexagonal network of π-electrons of graphene is
broken so that the characteristic linear band disappears
(Fig. 4(a)). Instead, we find the almost flat bands near
the Fermi energy (EF ) with a large energy gap (∼2 eV).
We also find that the states are slightly spin-polarized
due to aformentioned surface spin-polarizations, so the
semiconducting graphene on the surface indicates that
the first graphene layer on the SiC surface forms a buffer
layer [6–13]. The buffer layer on the (0001̄) surface shows
a similar semiconducting behavior, but the energy gap
(∼1 eV) is smaller than one on the (0001) side (Fig.
4(c)). We note that similar calculation results were obtained in previous studies [10,11]. It is notable that the
buffer layer on this side is completely spin-polarzied, as
shown in Fig. 4(c).
When graphene is commensurately placed on top of
both buffer layers, it maintains the characteristic linear
energy bands near the Dirac point (ED ) and is shown
to be electron doped (Figs. 4(b) and (d)). Detailed
electronic structures near the ED , however, show minute
gaps at the ED of the linear energy bands, as shown in
the insets of Figs. 4(b) and (d), respectively. Due to

By performing first-principles calculations on the 6HSiC surface, we have shown that the atomic structures of
the unreconstructed (0001) surface have different bonding characteristics from those of the (0001̄) side. The
electronic structures for both surfaces share a similarity
in that the ground states are ferromagnetically-ordered
states with energy gaps.
electronic structures of epi√ The √
taxial graphene with 3 × 3R30◦ periodicity on the
(0001) surface also differ from those on the (0001̄) surface. From the calculations so far, there are indeed differences in the atomic and the electronic structures between
the systems on different sides of 6H-SiC{0001}. However, to understand quantitatively existing experiments
[6–9] on the physical properties of epitaxial graphene on
both sides of 6H-SiC{0001}, a calculation of the electronic structures of systems with full-scale experimental
reconstructions,
as was done for epitaxial graphene with
√
√
6 3 × 6 3R30◦ periodicity on the 4H-SiC(0001) surface [12], is important
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