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We show experimentally that multilayer graphene grown on the carbon terminated SiC�000�1� surface
contains rotational stacking faults related to the epitaxial condition at the graphene-SiC interface. Via first-
principles calculation, we demonstrate that such faults produce an electronic structure indistinguishable
from an isolated single graphene sheet in the vicinity of the Dirac point. This explains prior experimental
results that showed single-layer electronic properties, even for epitaxial graphene films tens of layers
thick.

DOI: 10.1103/PhysRevLett.100.125504 PACS numbers: 68.35.�p, 61.05.cp, 61.05.jh, 68.55.�a

An intriguing series of experiments suggests that a new
all-graphene based paradigm for electronic circuits may be
possible [1–6]. In this system, graphene sheets are litho-
graphically cut into ribbons to control the electronic struc-
ture [7–9], and to produce gates and wires from a single
material [1]. To become a viable technology, wafer-scale
graphene must be grown on a substrate while preserving
the electronic properties of an isolated graphene sheet. A
potential platform is epitaxial graphene on SiC(0001) [1]
or SiC�000�1� [5]. Multilayer graphene films furnace-grown
on SiC�000�1� (C-face), typically 10–20 graphene layers
thick, exhibit high carrier mobilities with characteristics of
highly doped (�4� 1012 cm�2) single-layer graphene
(Berry phase of �, antilocalization) [5,10]. Infrared trans-
mission measurements [11,12] are also consistent with
undoped single-layer graphene. The paradox is that graph-
itic AB stacking breaks the equivalency of sublattice atoms
in a graphene sheet [13,14] so that multilayer films should
not exhibit the graphenelike properties that are clearly
observed. While a buffer layer near the SiC interface and
its related charge transfer [15,16] could produce a doped,
high-mobility layer, the overlying graphene multilayer—
beyond a screening length of 1–2 layers—would remain
neutral [17]. Therefore, the source of single-layer elec-
tronic properties in the transport region and especially in
the undoped multilayer must be identified.

In this Letter, we show that nature provides a new
stacking sequence in C-face grown films that preserves
the electronic symmetry of an isolated graphene sheet.
Unlike Si-face films, C-face epitaxial graphene can grow
in multiple forms: layers rotated 30� (R30), or �2:20�

(R2�) from the SiC bulk �10�10	 direction. In contrast, Si-
face films orient only in the R30 phase (known as the
6
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R30� reconstruction in SiC coordinates) [18].

Surface x-ray diffraction (SXRD) and scanning tunnelling
microscopy (STM) data on C-face films confirm that all
three rotated phases are interleaved in the film, causing a
high density of stacking fault boundaries between the R30

and R2� layers. Ab initio electronic calculations for this
faulted stacking show that adjacent rotated planes become
electronically decoupled, preserving the Dirac dispersion
at the K-point, and thus maintain the electronic properties
of an isolated graphene sheet.

All substrates were 4H-SiC�000�1� prepared as reported
previously [19]. The SXRD experiments were performed
at the Advanced Photon Source on the 6IDB- andC-�CAT
beam lines at 16.2 keV photon energy. Reciprocal space
points are reported in the reciprocal lattice units (r.l.u.) of
the standard graphite hexagonal reciprocal lattice, q 

�ha�; kb�; ‘c��, where ja�j 
 jb�j 
 2�=�a

���

3
p
=2� and

jc�j 
 �2�=c�. The nominal lattice constants for graphite
are a 
 2:4589 �A, c 
 6:708 �A [20].

While it is known that graphene grows epitaxially only
in the R30 phase on the SiC�0001� Si-face, multilayer
graphene grown on the C-face was thought to have a
high degree of azimuthal disorder because of streaking in
low energy electron diffraction (LEED) images [18]. How-
ever, a detailed look at the diffraction shows that the source
of these streaks is not random rotational disorder. This is
demonstrated in the LEED image of Fig. 1(a), from a film
with �10 graphene layers. The pattern shows: (i) an ori-
ented R30 film evidenced by graphene spots rotated �30�

from the SiC �10�10	 direction and (ii) azimuthally diffuse
split arcs centered at 0� from the SiC �10�10	 direction. The
splitting is seen more clearly in Fig. 1(b) where a SXRD
azimuthal scan (� scan) around � 
 0� is taken at the
radial position of a graphite rod. The scan shows intensity
peaked at � 
 �2:2� with widths of �2:7�.

The significance of the �2:2� preferred rotation is two-
fold. First, graphene is commensurate with the SiC sub-
strate when a 13� 13 graphene unit cell is rotated 30�

from SiC. The 13� 13 cell is �0:14% smaller than a SiC
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R30� cell. What has not been recognized is
that there are two other ways to orient a 13� 13 graphene
sheet that have the same commensurability with the SiC
6
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R30� structure. They occur when
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 jnA� �mB�j  ja�j; (1)

with n andm integers. A� and B� are the reciprocal lattice
vectors of the �6

���

3
p
� 6

���

3
p
�R30� structure [see Fig. 1(a)],

jA�j 
 jB�j 
 ja�SiCj=�6
���

3
p
� with a�SiC 
 2:3554 �A�1.

The rotation angle of the graphene relative to SiC can be
calculated for different m and n’s satisfying Eq. (1):

 cos� 
 �
���

3
p
=2��n�m��n2 �m2 � nm��1=2: (2)

Equation (1) is satisfied when �n;m� 
 �13; 0�, (8,7), or
(7,8). All three solutions give the SiC 6
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R30�

cell; the first with graphene rotated 30� relative to SiC
while the other two give graphene rotated�2:204� relative
to SiC. As Fig. 1(a) clearly shows, all three rotated phases
can appear in C-face grown multilayer graphene. The two
spots near � 
 0 are indexed as the (8=13, 7=13, ‘) and
(7=13, 8=13, ‘) graphene rods. For simplicity, we will refer
to them as the R2� rods.

The significance of these three phases is even greater if
we recognize that two stacked graphene sheets can be
rotated relative to each other in a number of ways that
make the two sheets commensurate [21]. The lowest en-
ergy commensurate rotation angles are precisely � 

cos�1�11=13� or cos�1�23=26�, i.e., 30� 2:204� [21].
This bi-layer structure corresponds to a graphene
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�R� 46:1�� cell. A schematic of such a fault pair is

shown in Fig. 2(a).
While the observation of three rotational phases is in-

teresting, it is their stacking that bears directly on the film’s
electronic properties. We now show that R30 and R2�

graphene sheets are interleaved to produce a high density

of R30=R2� fault pairs instead of occurring as AB stacked
R30 or R2� isolated domains. The most direct evidence for
this is a surface reconstruction measured by STM [see
Figs. 2(b) and 2(c)]. The images show a
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unit
cell rotated 46.1� from the graphene lattice with the lattice
constant a ����

13
p 
 8:9 �A shown in Fig. 2(a). The existence of

this structure means that at least one rotational fault pair
exists near the graphene surface. SXRD further shows that
these faults are not just near the surface but occur through-
out the film. Figure 3(a) shows x-ray radial scans through
the graphite (1, 0, ‘) rod (R30 rod) for different values of
qz 
 2�‘=c. The two peaks correspond to a normal gra-
phene (1, 0, ‘) surface rod and the other to a graphene
surface rod (1� �h, 0, ‘) with a compressed in-plane
lattice constant (R30 compressed rod). The peak separation
corresponds to an in-plane compression of �a=a 

�0:28� 0:01%. We emphasize that the strain is not due
the graphene-SiC lattice mismatch, which would increase
the in-plane lattice constant. Note also that the compressed
and uncompressed R30 rod widths are the same, meaning
that the ordered, atomically flat domain size of both types
of graphene sheets are similar (>3000 �A). This domain
size is a lower limit on the size of continuous graphene
sheets because graphene grows over the SiC steps [22],
destroying the effective x-ray coherence (estimates from
Raman, STM, and transport measurements indicate that

FIG. 2. (a) Schematic
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R46:1� fault pair unit cell
(dashed line). Dark circles are R30 C atoms (a and b are
graphene unit vectors). Gray circles are C atoms in the R2�

plane below, rotated 32.204� from the top plane. (b) STM image
of C-face graphene showing a periodic superlattice with a
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cell. (c) High resolution STM image (100 pA constant
current, �0:8 V sample bias) of the
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R46:1� unit
cell (solid line) and the principle graphene directions (dashed
lines). For display, Gaussian smoothing was used in (c) to reduce
the atomic corrugation (15–20 pm peak-to-peak in the raw data)
relative to the superlattice (�8 pm peak-to-peak).

FIG. 1. (a) LEED image acquired at 67.9 eV from
4H-SiC�000�1� with �10 graphene layers, showing only gra-
phene spots and diffuse arcs. Shown for reference are the SiC
�10�10	 direction and the SiC 6
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p
R30� reciprocal lattice

vectors A� and B�. (b) X-ray azimuthal scans of the diffuse
graphite arc around � 
 0 and jqj 
 ja�j.
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graphene domains are much larger, 4000–10 000 �A
[5,23]). This clearly demonstrates that the compressed
graphene is not due to lateral domain boundaries.
Evidence that the compressed graphene occurs at the rota-
tional stacking fault boundaries is presented below. Note
that the R2� rod widths [see Fig. 3(b)] are the same as the
R30 rods, indicating large sheets of this phase as well.

To show that the R2� rotated and compressed graphene
layers are interleaved in the R30 stack, we have investi-
gated the graphene stacking with SXRD. If the different
rotational phases existed as isolated domains, we would
expect them to be AB stacked. Figure 3(c) shows integrated
(radial and azimuthal) intensity modulation of the R30,
R30 compressed, and R2� rods as a function of ‘. The
modulation period and amplitude are due to the stacking
arrangement, which is clearly different for each rod. For
comparison, the expected instrument corrected intensity
for a 10-layer AB stacked film (solid line) is shown in
Fig. 3(c). While the R30 rod has some characteristic of AB
stacking, the R30 compressed and R2� rods do not. This
data, in conjunction with the STM results, clearly show
that the graphene grown on the C-face has rotated graphene
sheets interleaved in a multilayer graphene film.

A better fit to the R30 rod intensity can be made using a
model where random rotational faults are introduced into
the AB stack with a probability �. To describe all the data,
we allow both an in-plane lattice contraction (the source of
the compressed R30 rod) and an interplanar expansion of �
(with respect to the bulk spacing) at each fault pair bound-
ary. The interplanar expansion is revealed in the inset of
Fig. 3(c) where the experimental peak near ‘ 
 2 is seen to
be shifted to a slightly lower value. This expansion (1:8�
0:3%) is similar to azimuthally disordered turbostratic
graphite, where rotational faults cause significant interfer-
ence of �� states between rotated planes [20]. Note that
C-face graphene is not turbostratic since its domain sizes
are much larger than the best turbostratic graphite samples
(&1000 �A) and are not randomly oriented [24]. Also note
that the interplanar expansion coupled with the in-plane
contraction at the fault is consistent with graphite’s nega-
tive in-plane and positive out-of-plane thermal expansion
[25]. A weaker bond caused by the interlayer expansion at
the fault allows the in-plane bonds to contract [25,26].

A fit to the R30 rod intensity with � 
 0:38� 0:07=�
0:03 and � 
 0:06� 0:02 �A for a 10-layer film is shown
in Fig. 3(c). This model fits the data better than simple AB
stacking. We have also estimated � from the relative
intensities of all three rods at ‘ 
 0. This is because in a
random model at ‘ 
 0, the diffraction intensity is pro-
portional to the square of the probability of finding each
type of rotated layer: IR30=IR30comp
4�1���4=�4 and
IR30=IR2� 
 �1� ��

2=�2. This method gives slightly
higher fault densities, � 
 0:5� 0:06. Measurements
from samples with graphene films thicknesses of 8, 10,
and 30 layers give consistent values of � ranging from
0.45–0.6.

We expect significant changes in the electronic proper-
ties of the graphene films when the rotational fault density
is high. Because only 2 atoms/sheet out of 52 in the
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R� 46:1� faulted cell are in high symmetry atom--
over-atom positions, the interplanar interactions will be
weaker at the fault. To understand how the observed stack-
ing affects the electronic properties of these films, we have
performed an ab initio density functional theory (DFT)
calculation of the band structure of a R30=R2� freestand-
ing graphene fault pair. Calculations were performed using
the VASP [27] code and the generalized gradient approxi-
mation [28]. Ultra soft pseudopotentials [29] are used with
a plane wave basis cutoff equal to 211 eV. All calculations
were performed on the same bi-layer commensurate cell
shown in Fig. 2(a). The vacuum width is 24 Å. The total
energy of the rotated stacking cell is 1:6 meV=atom higher
than an AB cell. This energy difference is slightly smaller
than other estimates of this structure [21]. For bi-layers, the
interlayer distance is fixed to 3.39 Å. We have varied this
distance and found no qualitative change in the results.
This check was performed since DFT is known to poorly
describe van der Waals forces and gives theoretical gra-
phene interlayer spacings significantly larger than experi-
ment. However, the C-short ultrasoft pseudopotential used
here has been extensively tested and shown to correctly
describe the band structure of graphite [15,30]. Integration
over the Brillouin zone is performed on a 30� 30� 1 grid
in the Monckhorst-Pack scheme to ensure convergence of
the Kohn-Sham eigenvalues. Because of the faulted cell
symmetry, the K-points of the graphene 1� 1 cell are
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FIG. 3 (color online). (a) Radial (h) scans through the graphite
(h 
 1, 0, ‘) rod for different ‘ (see Fig. 1). Scans show two
peaks corresponding to the normal graphene (1, 0, ‘) rod and a
compressed graphene (1��h, 0, ‘) rod. (b) Comparison of
radial scans through the R30 and R2� rods at ‘ 
 0:1.
(c) Integrated intensity of the R30, R30-compressed, and R2�

rods. Solid line is a fit for 10 graphene layers AB stacked.
Dashed line is a fit for 10 graphene layers with a random
rotational fault model. Inset is an expanded view near ‘ 
 2.
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translated to the K-point of the
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R� 46:1�

Brillouin zone.
The results of this calculation are shown in Fig. 4 where

we compare the band structure for an isolated graphene
sheet, a graphene bi-layer with AB stacking, and the bi-
layer rotational fault pair of Fig. 2(a) [the �� K �M
directions are shown for the
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R� 46:1� cell].
The main differences in the electronic structure of the three
graphene forms appear in the dispersion curves near the
K-points. The band structure for an isolated graphene sheet
shows the known gapless linear dispersion (Dirac cone) of
the � bands at the K-point. The AB stacked bi-layer lifts
the sublattice symmetry, giving rise to splitting of the �
bands and a change to parabolic bands [13,14]. With the
rotational fault, the linear dispersion is recovered near the
K-points and is identical to the graphene dispersion (same
Fermi velocity). This implies that, in the rotated layers,
atoms on the A and B sublattices are effectively identical.
The linear dispersion at the K-point also holds for infinite
stacks of rotational graphene fault pairs. This result is simi-
lar to the conclusions of Lopes dos Santos et al. [31], who
considered much smaller rotations in a continuum model.

In conclusion, we show that multilayer graphene grown
on the carbon terminated face of 4H-SiC does not grow as
a simple AB stacked graphite film. Instead, graphene grows
with a high density of rotational faults where adjacent
sheets are rotated relative to each other. This is very differ-
ent from HOPG graphite were rotational faults are only
produced during sample cleaving [32]. Apparently, the
graphene-SiC interaction, or growth kinetics, makes pro-
duction of these faults more ubiquitous. We further show
that these stacking faults decouple adjacent graphene
sheets so that their band structure is nearly identical to
isolated graphene. Specifically, the Dirac dispersion at the
K-point is preserved even though the film is composed of
many graphene sheets. This may explain why magneto-
transport [5] and infrared magnetotransmission [11] ex-

periments on C-face grown graphene give results very
similar to those of an isolated graphene sheet.
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FIG. 4 (color online). Calculated band structure for three
forms of graphene. (i) isolated graphene sheet (dots),
(ii) AB . . . graphene bi-layer (dashed line), and (iii) R30=R2�

fault pair (solid line). Inset shows details of band structure at the
K-point.
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