
e-Journal of Surface Science and Nanotechnology 23 May 2015

e-J. Surf. Sci. Nanotech. Vol. 13 (2015) 231-234 Conference - ISSS-7 -

Origin of Repulsive Interactions between Bunched Steps on Vicinal Solid Surfaces∗
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We investigate the origin of repulsive interactions between atomic steps on vicinal solid surfaces using a first-
principles approach. Peculiar electronic states localized near step edges are found in (112̄n) nanofacets formed on
the 4H-SiC(0001) vicinal surface. The localized states are gradually overlapped between the steps with shrinking the
distance between atomic steps. From a viewpoint of energetics for (112̄n) nanofacets, the presence of the repulsive
interaction between atomic steps is expected. We then suggest that the overlap between electrons distributed
around step edges is a possible origin of the step-step repulsive interaction. [DOI: 10.1380/ejssnt.2015.231]
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I. INTRODUCTION

Surfaces of crystals show different behaviors from the
inside of crystals, such as surface reconstruction and sur-
face relaxation [1, 2]. These phenomena induce novel
nanostructures on surfaces. One of such surface nanos-
tructures is the nanofacet which is the unexpected and
spontaneous appearance of the small-area surface with
the high Miller index on the low Miller index substrate
surface. The nanofacet is often formed by step bunching
during the epitaxial growth of substrates [3–7]. According
to the classical elastic theory [8–10] and phenomenolog-
ical theory [11–13], the step bunching is caused by the
competition between the difference of growth kinetics of
each atomic step and repulsive interactions between the
steps. The step-step repulsive interaction is an important
origin for the emergence of step bunching. Therefore, it
is crucial to understand the microscopic details of atomic
steps by considering the quantum mechanical effects be-
yond the elastic theories [10].
The electronic-structure calculations based on the first-

principles methods include quantum effects beyond the
elastic theory and have been applied successfully to clar-
ify the microscopic details of atomic steps. For example,
for the {311} facet observed in the epitaxial growth on
the Si(100) surface [7], a density-functional-theory (DFT)
calculation has revealed that the anisotropic diffusivity of
the Si adatom near the double-layer steps leads to the
{311} facet formation [14]. For the (112̄n) nanofacets
formed on the vicinal SiC(0001) surface [15, 16], the DFT
calculation has also clarified that a competition between
the step-step repulsive interaction and the surface-energy
variation, which comes from the different bilayer atomic
sequence near the SiC(0001) surface, is the reason for the
faceting [17]. Although the step-step repulsive interac-
tion has been discussed for the formation of the (112̄n)
nanofacets, the electronic structures around atomic steps
have not been investigated yet.
In this paper, we perform the first-principles electronic-

structure calculations on the (112̄n) nanofacet formed on
the vicinal 4H-SiC(0001) surface and clarify a relation
between the repulsive interactions and electron states of
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FIG. 1. Side view of the calculational model for the (112̄n)
nanofacet formed on the 4H-SiC(0001) vicinal surface. The
large blue, middle brown, and small pink balls denote the Si,
C and H atoms, respectively. The rectangle indicates the unit
cell and 968 atoms are included. The sequence of the biatomic
layers is ABCB from the top most surface at the longest ter-
race. The (112̄n) (n = 12) nanofacet with the facet angle φ =
15.3◦ is displayed in this figure.

atomic steps. First, we find localized electron states near
the step edges. The energy bands of these states are en-
ergetically separated from the energy bands of dangling
bonds on terrace surfaces and covalent bonds inside bulk.
By comparing the characters of the Kohn-Sham (KS) or-
bitals of the edge states in the (112̄n) nanofacets in the
range of n from 32 to 4, we exemplify the existence of the
step-step repulsive interaction.

II. COMPUTATIONAL METHOD

All calculations are based on the DFT in conjunction
with a local density approximation [18]. We have adopted
a real-space scheme [19, 20] in the DFT and have de-
veloped a highly efficient computation code named RS-
DFT [21]. The three-dimensional discrete-grid points are
introduced in the real space and differential operators for
kinetic energy are replaced by finite-difference operators
with sufficiently high orders. The RSDFT shows good
scalability even with 80,000 compute nodes at K computer
at Kobe, Japan [22, 23]. Hence, our real-space scheme
is very suitable as large-scale DFT calculations on mas-
sively parallel computers [21–23]. The norm-conserving
pseudopotential method is employed to describe the ion-
electron interactions [24]. The grid spacing in the real
space is taken to be 0.22 Å corresponding to a cutoff en-
ergy of 57 Ry in the plane-wave-basis-set calculations. We
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FIG. 2. Electronic structures on the (112̄n) (n = 12) nanofacet with the facet angle φ = 15.3◦ formed on the vicinal 4H-
SiC(0001) surface. (a) denotes band dispersions along the Γ-X direction which corresponds to the step-edge direction. The
Fermi level is set to zero. The energy bands originated from the localized-step-edge (LSE) states are lying at −1 eV and −1.5
eV (see text). They are marked by red lines and labeled as LSE1, LSE2, LSE3 and LSE4. The energy bands of the 4H-SiC
bulk are toned by gray-shaded regions. (b), (c), (d), and (e) depict the Kohn-Sham (KS) orbitals at the Γ point for the LSE1,
LSE2, LSE3, and LSE4, respectively. The yellow and light blue isosurfaces correspond to positive and negative values of the
KS orbitals, respectively.

consider a periodic nanofacet on the vicinal 4H-SiC(0001)
surface with the Si face observed by atomic force mi-
croscope and transmission electron microscope [16]. The
nanofacet is formed on the surface inclining with the vici-
nal angle θ = 5.9◦ from (0001) basal planes on substrates
and faceted with specific facet angle φ angles between the
(112̄n) and (0001) directions. In order to simulate the
periodic (112̄n) nanofacets on the vicinal 4H-SiC(0001)
surface, we use a repeating slab model tilted by θ = 5.9◦

as shown in Fig. 1. The facet angle φ is controlled by
changing the width of each terrace surface. The each slab
consists of seven SiC bilayers and the four single-height-
steps consisting of one SiC bilayer are involved in the unit
cell. The unit length along the (11̄00) (parallel to the
edge) direction is taken to be 5.27 Å, which is the calcu-
lated lattice constant of the crystalline 4H-SiC. Periodic
images of the slab model are separated by the vacuum re-
gion with the thickness of 10 Å. We sample the 4-k points
along the step-edge direction for Brillouin-zone integra-
tion. The geometry optimization is carried out until the
remaining forces become less than 50 meV/Å. The posi-
tions of the bottom SiC bilayer passivated by H atoms are
fixed throughout the geometry optimization.

III. RESULTS AND DISCUSSION

We first investigate the electronic structure on the
(112̄n) (n = 12) nanofacet with the facet angle φ =
15.3◦ formed on the 4H-SiC(0001) vicinal surface. The
nanofacet with the angle φ = 15.3◦ is the most sta-
ble among those with several different angles [17] and
φ = 15.3◦ is close to experimentally observed facet an-
gle φExpt. = 12◦ [16]. Figure 2 (a) shows the electronic
band structure on the (112̄n) (n = 12) nanofacet. We find
dispersion-less isolated and doubly degenerated bands at
−1 eV and −1.5 eV. Figure 2 (b)-(e) describe the char-
acters of the KS orbitals at the Γ point for the isolated
bands. Interestingly, we find that the KS orbitals are
spatially localized around the step edges in the (112̄n)
(n = 12) nanofacet. Hereafter, these localized states
are referred to as the localized-step-edge (LSE) states.
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FIG. 3. Electronic band structures on the (112̄n) (n = 4) (a),
(n = 8) (b), (n = 24) (c), and (n = 32) (d) nanofacets formed
on the vicinal 4H-SiC(0001) surface. The facet angles of these
nanofacets are φ = 39.2, 22.3, 7.8, and 5.9◦, respectively. The
Fermi level is set to zero. The energy bands originated from
the LSE states are marked by red lines. In (a), they are labeled
as LSE1, LSE2, LSE3 and LSE4. The energy bands of the 4H-
SiC bulk are toned by gray-shaded regions.

We also find that many energy bands near the EF are
the states of dangling bonds on terraces at the (112̄n)
(n = 12) nanofacet, and valence bands of the 4H-SiC bulk
are located at more than 1.5 eV below the EF.

Next, we explore a behavior of the electronic structures
of (112̄n) nanofacets in terms of the distance between the
steps. Since the distance between atomic steps can be

232 http://www.sssj.org/ejssnt (J-Stage: http://www.jstage.jst.go.jp/browse/ejssnt/)



e-Journal of Surface Science and Nanotechnology Volume 13 (2015)

(a) (b)

(c) (d)

FIG. 4. Kohn-Sham (KS) orbitals on the (112̄n) (n = 4) nanofacet with the facet angle φ = 39.2◦ formed on the vicinal
4H-SiC(0001) surface. (a), (b), (c), and (d) describe the KS orbitals at the Γ point for the LSE1, LSE2, LSE3, and LSE4 as
marked in Fig. 3 (a), respectively. The yellow and light blue isosurfaces correspond to positive and negative values of the KS
orbitals, respectively.

adjusted by varying φ in the (112̄n) nanofacet, we com-
pare the electronic band structures of (112̄n) nanofacets
with several facet angles. Figure 3 shows the electronic
band structures on (112̄n) nanofacets with several facet
angles. We find that four energy bands coming from the
LSE states do not degenerate in the (112̄n) (n = 4) and
(n = 8) nanofacets with φ = 39.2 and 22.3◦, respectively
whereas they degenerate in the (112̄n) (n = 12), (n = 24),
and (n = 32) nanofacets with φ = 15.3, 7.8 and 5.9◦, re-
spectively. Moreover, we notice that the band degenera-
cies begin to occur in the facet angle smaller than φ =
15.3◦ which corresponds to the most stable nanofacet.
Our first-principles study previously predicted that the

(112̄n) (n = 4) and (n = 8) nanofacets with φ = 39.2 and
22.3◦ were energetically much unstable than the (112̄n)
(n = 12), (n = 24), and (n = 32) nanofacets with φ =
15.3, 7.8, and 5.9◦ [17]. Our previous study also showed
that the (112̄n) (n = 4) nanofacet with φ = 39.2◦ has
the longest terrace with the ABC stacking sequence from
the top most surface, and the surface with this stacking
sequence is more stable than that with other stacking se-
quences. Nevertheless, the (112̄n) (n = 4) and (n = 8)
nanofacets with relatively short step-step distance are
higher in energy than the (112̄n) (n = 12), (n = 24),
and (n = 32) nanofacets with relatively long step-step
distance.
According to the elastic theory [10], the step-step re-

pulsive interaction decreases with increasing the distance
between atomic steps and quadratically decays in the
long-enough step-step distance. Therefore, this suggests
that there is a step-step repulsive interaction which over-
whelms the stability of long ABC-stacking terraces of the
nanofacets with φ > 15.3◦.
In order to elucidate the reason for the splitting of en-

ergy bands of the LSE states and the instabilities in ener-
getics in the region of φ > 15.3◦, we depict the characters
of the KS orbitals in the (112̄n) (n = 4) nanofacet with
φ = 39.2◦. Figure 4 denotes the characters of the KS or-
bitals at the Γ point for the LSE1, LSE2, LSE3, and LSE4
as indicated in Fig. 3 (a). We find that the LSE states
overlap with each other and this causes the splitting of en-
ergy bands of the LSE states. In contrast, the KS orbitals
of the LSE states at the (112̄n) (n = 12) nanofacet with

φ = 15.3◦ don’t overlap with each other and the atomic
structure of each terrace near the step is the same, and in
this case the energy bands degenerate as shown in Fig. 2.

Based on the above results, we can deduce that the
overlap of the KS orbitals affects the stability of the
(112̄n) nanofacet. In other words, the electronic localiza-
tion near step edges implies that the step-step repulsive
interaction becomes negligibly small. Consequently, we
argue that the overlap between wavefunctions distributed
around each step edges is a possible origin of the step-step
repulsive interaction.

IV. SUMMARY

We performed first-principles electronic-structure cal-
culations on the (112̄n) nanofacets with several facet an-
gles formed on the vicinal 4H-SiC(0001) surface. In the
(112̄n) nanofacets in the range of φ ≤ 15.3◦, we found
peculiar electronic states localized around the step edges
and four energy bands originated from the localized-step-
edge states. We also found that these bands degenerated
in the regions of φ ≤ 15.3◦ and split in φ > 15.3◦. The
existence of the step-step repulsive interaction was impli-
cated by investigating the relation between the energetics
and surface stability in the (112̄n) nanofacet. For (112̄n)
nanofacets in the range of φ > 15.3◦ with substantially
short step-step distance, we clarified that the splitting
of these bands was caused by overlaps between wavefunc-
tions located near each step edge. Therefore, we suggested
that these overlaps are a possible origin of the repulsive
interaction between steps in (112̄n) nanofacets. These
findings and analyses greatly contribute to evolutions of
fundamental physics for surface science and surface nan-
otechnology.
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